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E. Augé, J. Dumarchez and J. Trân Thanh Vân

Contents

Foreword

I. Gravitational Waves
1. First generation detectors
First-generation interferometric gravitational-wave detectors

H. Grote

5

2. Data analysis: Searches
Searches for gravitational wave transients in the LIGO and VIRGO data
Searches for continuous gravitational wave signals and stochastic backgrounds in
LIGO and VIRGO data
Multimessenger astronomy
Searching for electromagnetic counterparts of gravitational wave transients
Searching for gravitational waves associated with gamma-ray bursts using the
LIGO/Virgo network
Toward an optimal strategy for detecting coincident optical and gravitational wave
signals from neutron star mergers

F. Robinet
C. Palomba

19
27

N.L. Christensen
M. Branchesi
M. Was

35
43
47

D.M. Coward

51

A. Mezzacappa
L. Gualtieri
L. Rezzolla

57
65
69

K. Belczynski
A. Le Tiec
I. Kowalska
C. Bambi

77
81
85
89

3. Sources of Gravitational Waves
Toward Computing the Gravitational Wave Signatures of Core Collapse Supernovae
Neutron Stars as Gravitational Wave Sources
General Relativistic Magnetohydrodynamic Simulations of Binary Neutron Star
Mergers
The coalescence rates of double black holes
Perturbative, post-newtonian, and general relativistic dynamics of black hole binaries
On the eccentricity OF NS-NS binaries
Compact objects with spin parameter a∗ > 1

4. Space Detectors
LISA Pathfinder and the LTP
LISA Pathfinder: In-orbit experiments and characterisation
LISA Pathfinder: an experimental analysis of the LPF free-fall performance
Search for GWs from white dwarf binaries in Mock LISA Data Challenge data

P. W. McNamara
M. Hewitson
W. J. Weber
A. Królak

95
103
109
113

R. L. Ward
B. Sathyaprakash
R. Nawrodt
A.M. Cruise
P. L. Bender

119
127
137
145
149

A. Bell
Y.-H. Lien

155
159

P. Kwee
J. Marque

165
169

A. Rocchi
J. Belfi
P. De Gregorio

173
179
183

5. Advanced Detectors
Advanced Virgo
Scientific potential of Einstein Telescope
Experimental approaches for the Einstein Telescope
Very high frequency gravitational wave science
Comparison of LISA and atom interferometry for gravitational wave astronomy in
space
Realisation of the ALIGO fused silica suspension
Systematic study of newtonian gravitational constant measurement in MAGIA experiment
Ultra-stable, high-power laser systems
High power input optics for advanced VIRGO
Thermal effects and their compensation in the
interferometric gravitational wave detector Advanced Virgo
Measuring the Virgo area tilt noise with a laser gyroscope
Gravitational wave detectors are driven away from thermodynamic equilibrium, why
should we care

II. Experimental Gravity
6. Short Range Gravity
Gravitation at short distances : theory
Casimir and short-range gravity tests
Testing the inverse square law of gravitation at short range with a superconducting
torsion balance
Short range tests with neutrons at ILL
Gravity Spectroscopy
Forca-G: A trapped atom interferometer for the measurement of short range forces

I. Antoniadis
S. Reynaud
E.C. Chalkley

191
199
207

V. Nesvizhevsky
T. Jenke
B. Pelle

211
221
227

A. Fienga
M.-T. Jaekel
B. Christophe
L. Iorio
A. Hees
M. Gai
P. Delva
P. Bender

233
241
249
255
259
263
267
271

D. Hardin

279

A. Blanchard
L. Blanchet
O. Bienaymé
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I.
Gravitational Waves

1.
First generation detectors

FIRST-GENERATION INTERFEROMETRIC GRAVITATIONAL-WAVE
DETECTORS

∗

H. GROTE∗ , D. H. REITZE+
MPI for Grav. Physics (AEI), and Leibniz University Hannover, 38 Callinstr.,
30167 Hannover, Germany
E-mail: hartmut.grote@aei.mpg.de
+

Physics Department, University of Florida,
Gainesville, FL 32611, USA
E-mail: reitze@phys.ufl.edu

In this proceeding, we review some of the basic working principles and building blocks of
laser-interferometric gravitational-wave detectors on the ground. We look at similarities and
differences between the instruments called GEO, LIGO, TAMA, and Virgo, which are currently
(or have been) operating over roughly one decade, and we highlight some astrophysical results
to date.

1

Introduction

The first searches for gravitational waves began in earnest 50 years ago with the experiments of
Joseph Weber using resonant mass detectors (‘Weber Bars’). 1 Weber’s pioneering efforts were
ultimately judged as unsuccessful regarding the detection of gravitational waves, but from those
beginnings interest in gravitational wave detection has grown enormously. For some decades
after, a number of resonant mass detectors were built and operated around the globe with
sensitivities far greater than those at Weber’s time. Some resonant bars are still in operation,
but even their enhanced sensitivities today are lower and restricted to a much smaller bandwidth
than those of the current laser interferometers.
Over the past decade, km-class ground-based interferometers have been operating in the
United States, Italy and Germany, as well as a 300 m arm length interferometer in Japan.
Upgrades are underway to second generation configurations with far greater sensitivities. With
further astrophysics ‘reach’, these detectors will usher in the era of gravitational wave astronomy
with the expectation of tens or possibly hundreds of events per year based on current rate
estimates. 2 (See also the contributions about Advanced detectors in this volume.)
Section 2 of this paper presents a brief introduction to ground-based gravitational wave
interferometry, detector architecture, and methods used to minimize the influence of external
perturbations. Section 3 surveys the currently operational (or operational until late 2010) interferometers, with a particular view on some unique features of the individual instruments.
Finally we give a brief review of the most significant observational results to date in Section 4.
Parts of this paper have been published as proceeding of the 12th Marcel Grossmann meeting. 3
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Figure 1: Generic layout example of a ground-based laser-interferometric gravitational-wave detector. The basic
building blocks are a laser, input optics (mode cleaner cavity, Faraday Isolator FI, mode matching telescope), and
a Michelson interferometer consisting of a beam splitter and two end test mass mirrors. Additional optics are:
Power recycling mirror, to resonantly enhance the circulating light power, Input test mass mirrors, to increase the
light storage time in the long arms, a signal recycling mirror to increase and optimize gravitational-wave signal
storage time. First-generation interferometers around the globe only use subsets of these optics, as detailed in
the text. Length- and alignment sensing photodiodes are shown, together with the detection photodiode at the
output port of the Michelson interferometer (or the signal recycling cavity, respectively).

2

Principles of ground-based Gravitational Wave Interferometers

Gravitational waves are strains, or changes in length per unit length, ∆L/L, which come about
due to the time dependence of the quadrupole mass moment, Iµν (t), of massive objects. From a
practical standpoint, astrophysical objects moving at relativistic speeds are needed to generate
gravitational waves of sufficient amplitude to enable detection by earth-based interferometers.
Several excellent references exist which describe gravitational waves and their intimate connection with astrophysics (see, for example, Ref. 4 and Ref. 5 and references therein). In this section,
we briefly describe the generic workings of laser-interferometric gravitational wave detectors.
Figure 1 displays the most general layout of a ground-based interferometer. A frequencyand amplitude-stabilized laser is phase-modulated via electro-optic modulation and injected
into a mode-cleaner triangular optical cavity to provide an additional level of frequency and
amplitude stabilization as well as to suppress pointing fluctuations of the input laser beam. The
mirrors in the mode cleaner cavity and all subsequent mirrors comprising the interferometer are
isolated from low-frequency ground motion by seismic isolation platforms and mirror suspensions
(see section 2.1). From the mode-cleaner, the beam passes through a Faraday isolator (FI)
which functions somewhat analogously to an optical ‘diode’, diverting back-reflections from
the interferometer to length and alignment sensing photodiodes and preventing the light from
entering the mode-cleaner. The FI is followed by a beam-expanding telescope which modematches the input laser mode into the interferometer cavity mode.
The basis for the interferometer architecture is a Michelson interferometer, consisting of a
beam splitter and the two end test mass mirrors, and a detection photodiode. A second FI
can be used to prevent light scattering from the photodiode back into the interferometer. To

minimize noise associated with amplitude fluctuations of the laser, the interferometer differential path length is set to interfere carrier light destructively at the detection photodiode such
that the quiescent state is nearly dark. A passing gravitational wave differentially modulates
the round-trip travel time of the light in the arms at the gravitational wave frequency which
in turn modulates the light intensity at the detection photodiode. In effect, the interferometer
transduces the dynamic metric perturbation imposed by the passing gravitational wave to photocurrent in the detection photodiode. The magnitude of photocurrent depends not only on the
amplitude, but also on the direction and polarization of the passing gravitational wave.
Beyond the simple Michelson configuration, the sensitivity of the interferometer can be further increased in three ways. By adding input test mass mirrors into each arm, Fabry-Perot
cavities are formed, effectively increasing the light storage time in the arms (or, in an alternative view, amplifying the phase shift for a given amount of displacement). Second, since the
recombined laser light at the beam splitter interferes constructively toward the laser, it can
be coherently recirculated back into the interferometer by a ‘power-recycling’ mirror located in
between the mode-matching telescope and the beam splitter. Finally, the gravitational signal
itself can be recycled by placing a ‘signal-recycling’ mirror between the beam splitter and the
detection photodiode to recirculate the light modulated by the gravitational wave into the interferometer, further increasing the light storage time and thus the depth of modulation by the
gravitational wave. The signal-recycling mirror also allows for tuning of the response curve of
the interferometer. By shifting the signal-recycling mirror a fraction of a wavelength from resonant recirculation (‘tuned’ operation), specific frequencies of the light are resonantly recycled
at the expense of others (‘detuned’ operation), allowing for enhanced sensitivities over specific
frequency ranges of interest.
Current interferometers are designed to be sensitive in the frequency range from approximately 10-50 Hz out to a few kHz. Fundamental noises limiting interferometer sensitivity depend
on the specifics of the interferometer design, and different interferometers have approached the
task of minimizing interferometer noise in different ways. However, the limiting sensitivity envelope for all ground-based detectors roughly breaks down as follows: seismic ground motion at
low frequencies, thermal noise due to the Brownian motion of the mirror suspension wires and
mirror coatings in the mid-frequency bands, and shot noise at high frequencies. In addition,
technical noise sources from length and alignment sensing and control systems can also limit
interferometer performance, in particular at the low-frequency end. To minimize phase noise
from light scattering off molecules, the components of the interferometer and the input optics
(mode-cleaner, FI, and telescope) are located in an ultrahigh vacuum system. Light scattering
off mirrors however, which can be reflected by seismically ’noisy’ components and then being
re-directed to interfere with the main interferometer beams, can also contribute to excess noise.
2.1

Seismic isolation and suspensions

√
A typical ambient horizontal ground motion on the surface of the earth is about 10−10 m/ Hz
at 50 Hz. Depending on the choice of sensitive frequency band, the test mass mirrors of
gravitational-wave interferometers have to be quieter by roughly 10 orders of magnitude at
these frequencies, motivating sophisticated seismic isolation systems.
The principle used to isolate optical components such as mirrors from ground motion is to
suspend the components as pendulums, making use of the attenuation provided by the pendulums displacement transfer function above the fundamental pendulum resonance frequency.
Most of the projects to date use cascaded multiple-pendulum chains, in order to increase the
amount of attenuation. Figure 2 shows two examples of cascaded pendulums as in use in Virgo
and GEO 600 (see section 3 below, for the individual projects), namely a), the Virgo ’super
attenuator’, and b), the GEO 600 suspension.

Figure 2: a) The Virgo ’super attenuator’ consists of multiple pendulum stages connected by single suspension
wires. Vertical isolation is provided by the ’mechanical filter’ stages, which act as pendulum masses, but also
hold the subsequent suspension wire by blade-springs. b) The GEO 600 suspension consists of 3 pendulum stages
(including the test-mass mirror). The upper two stages provide vertical isolation by steel springs holding the
suspension wires. Both suspension types a) and b) use fused silica fibres to suspend the test mass mirror from
the penultimate, or intermediate mass.

A Virgo super-attenuator 6 consists of multiple pendulum stages, which are connected to
each other by single suspension wires. In addition to the inherent horizontal isolation of the
pendulums, the intermediate pendulum masses, denoted as mechanical filters, provide vertical
isolation by a magnetic anti-spring mechanism. The penultimate mass holds the test-mass
mirror on 4 suspension slings, such that angular control can be applied to the mirror from the
penultimate mass. In addition to this, angular and longitudinal control forces can be applied
to the mirror by a reaction mass (not shown in Figure 2), suspended around the test mass.
Coils are attached to the reaction mass, applying forces to magnets glued onto the test mass.
The mechanical filter at the top of the suspension chain is supported by an inverted pendulum,
completing the supreme low-frequency passive isolation of the super-attenuator. Active feedback
control using position- and inertia sensors is required to keep the inverted pendulum at its
operating point. The GEO suspension is much more compact in total dimensions, and makes
use of three cascaded pendulum stages. Vertical isolation is provided by blade springs, holding
the suspension wires of the first and second pendulum stage. For two of the main test masses
GEO uses two similar pendulum chains closely located to each other, as shown in Figure 2. The
second pendulum chain serves as a reaction ’platform’ from which forces can be applied to the
test-mass chain without using force actuators referenced to the much larger ground motion.

2.2

Control

While suspended optics are supremely quiet in the measurement band of interest (i.e. above
10-50 Hz) the motion of the suspended optics is resonantly enhanced on the eigenmodes of the
suspensions, typically around 0.5 to a few Hz. Therefore, different techniques are employed
to reduce motion amplitudes of these modes. In many cases, actual mirror motion is measured
locally by shadow-sensors, CCD images, or optical lever configurations. Feedback is then applied
by coil/magnet actuators to damp the motion of pendulum components. This type of damping
can be applied at different levels of the suspension chain, preferably on one of the upper masses
to reduce re-introduced displacement noise in the measurement band.
To achieve the sensitivities required for gravitational wave detection, all of the interferometer
mirrors must be held to absolute positions of a picometer or less in the presence of several
sources of displacement noise. Global length sensing and control systems keep the cavities locked
on resonance, using sophisticated variants of the Pound-Drever-Hall cavity locking technique.
Phase modulation by the electro-optic modulator (see Figure 1) produces radio-frequency (RF)
sidebands on the laser light which serve as references (local oscillators) for sensing length changes
in the various length degrees of freedom. In addition, the alignment of the mirrors must be
maintained to a few nanoradians using a sensing and control system based on a spatial analog
of Pound-Drever-Hall locking.
Hundreds of control loops are thus necessary to keep the interferometer at its nominal
operating point. The procedure of bringing the interferometer to this highly-controlled state
is non-trivial, and all of the projects have spent many months to years to arrive at reliably
reproducible locking sequences, which have become highly automated in most cases.
3

First generation Detectors around the Globe

At the present time, there are five gravitational wave observatories — two LIGO sites in the
US, the Virgo and GEO 600 sites in Europe, and the TAMA 300 observatory in Japan (see
Figure 3). These observatories have been in operation for the past decade, and constitute the
first generation of large-scale interferometers. In this sense the term ’first generation’ refers to the
time at which these instruments have been built and are operating. However, as we will see below,
some of the instruments employ techniques which are technically more advanced than others.
These techniques are commonly described as ’second generation’ or ’advanced’ techniques, with
the anticipation that they will be widely implemented in the detector generations planned to
replace the existing ones. On these planned upgrades (see other papers in this volume) the
infrastructures including buildings, vacuum systems etc. will be re-used, but substantial parts
of the interferometer will be replaced with new systems.
3.1

LIGO

LIGO consists of two separately located facilities in the United States, one in Hanford, Washington and one in Livingston, Louisiana. The LIGO Hanford Observatory used to house two
interferometers, a 4–km arm length interferometer and a 2–km arm length interferometer. The
LIGO Livingston Observatory houses a single 4–km long interferometer. The 2–km interferometer in Hanford was taken out of operation in summer 2009, and the two 4–km interferometers
were taken out of operation in October 2010, to make way for the Advanced LIGO project (see
article on Advanced LIGO in this volume). Here we report on the LIGO interferometers up to
October 2010, referred to as Initial and Enhanced LIGO.
The three initial LIGO interferometers were identical in configuration, employing FabryPerot arm cavities and power-recycling (but not signal recycling). The seismic isolation system
of initial LIGO consisted of passive pre-isolation stacks, using alternating layers of metal and

Figure 3: Global map showing the locations of the first-generation laser-interferometric gravitational wave detectors: The LIGO interferometers in the US, the GEO 600 interferometer in Germany, the Virgo interferometer in
Italy, and the TAMA 300 interferometer in Japan.

constrained-layer damped metal coil springs in fluoro-elastomer seats. The test masses were
suspended as single-stage pendulums with the suspension point of the pendulums being preisolated by the passive spring/metal stacks. At the Livingston site, the higher environmental
(mainly anthropogenic) seismic noise made it necessary to install an additional active seismic
pre-isolation stage, making use of hydraulic actuators which move the bases of the spring/metal
stacks, to counteract seismic motion. 7
While conservative in the suspension design, the two LIGO 4–km interferometers have been
leading in peak sensitivity, as well as over
√ most of the frequency spectrum, with peak strain
−23
sensitivities of approximately 2 x 10 / Hz in the 150–200 Hz region. (See Figure 4 for the
strain sensitivities of the three LIGO interferometers during the S5 science run.) An alternative
way of characterizing interferometer sensitivity comes from considering how far a specific astrophysical source can be detected. A typical measure of this kind is the range as the distance to
which an interferometer can detect the last few moments of orbital decay (inspiral) and merger
of a 1.4–1.4 Msun (solar mass) binary neutron star system (for non-spinning neutron stars) with
a signal-to-noise ratio of 8. If an optimal orientation of the orbital plane of the neutron stars
with respect to the interferometer is assumed, the LIGO interferometers were capable of detecting 1.4–1.4 Msun binary neutron star coalescences out to approximately 35 Mpc during the S5
science run.
In the years from 2007 to 2009, the two 4–km instruments were partially upgraded (within
the enhanced LIGO project) to moderately increase their sensitivity and to test techniques, to
be used in the advanced LIGO project. The most important of these upgrades comprised:
• installation of a more powerful main laser, increasing the available power at the input
modecleaner from approx. 10 to 30 W, and the replacement of electro-optic modulators
and Faraday isolators to handle the increased power with out distorting the laser beam.
• upgrade of the thermal compensation system, required to compensate for optical distor-
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Figure 4: Representative strain sensitivities of the three LIGO interferometers during LIGO’s S5 science run. The
binary inspiral ranges are here given for an average orientation of the source with respect to the detector.

tions of the laser beams, caused by the high utilized laser power.
• the transition from heterodyne to homodyne readout of the gravitational-wave signal, and
the installation of an output-mode cleaner (an additional optical resonator in the output
beam) compatible with homodyne readout.
The achieved sensitivities of the two 4–km LIGO instruments up to their end of operation
were factors of about 1.4-1.6 better in the high-frequency region above several 100 Hz, compared
to the sensitivities shown in Figure 4. The range to detect binary neutron star coalescences was
increased from 35 Mpc to about 50 Mpc for an optimal orientation of the source.
A much more detailed overview of the LIGO interferometers can be found in Ref. 8 .
3.2

Virgo

The Virgo interferometer located in Cascina, Italy (near Pisa), is operated by a joint consortium
of Italian, French, Dutch, Polish, and Hungarian scientists. 9,10 The Virgo interferometer topology
is identical to that of the LIGO interferometers, consisting of power-recycling and employing
Fabry-Perot arm cavities. The Virgo arms are 3 km in length. A very distinct difference to
LIGO is the use of the ‘super-attenuator’ as seismic isolation system, as described in section 2.1.
As a result of the sophisticated low-frequency isolation, the Virgo interferometer possesses
the best strain sensitivity in the low 10–40 Hz band. Virgo was designed to be slightly less
sensitive than the LIGO 4 km interferometers in the 40–1000 Hz band, and comparably sensitive
above 1 kHz. The Virgo interferometer also enjoys a higher duty cycle than LIGO due to its
enhanced seismic isolation, which allows allocation of required actuation forces along different
points in the suspension chain. Virgo strain sensitivity curves are shown in Figure 5.
Virgo conducted its first long-duration science run (designated VSR1) during the period
May - October 2007. Virgo and LIGO entered into a data sharing agreement prior to the
VSR1 run, joining the LIGO and GEO 600 interferometers; since May 2007, Virgo, LIGO,
and GEO 600 have been conducting joint science runs and coordinated run planning. Upon

Figure 5: Representative strain sensitivities of Virgo, as of July 2009 and June 2011 (VSR4). In the period after
2009, monolithic suspensions were implemented and the finesse of the arm cavities was increased. The sensitivity
to binary neutron star inspirals is about 10 Mpsec for average source orientation. Due to its unique low-frequency
sensitivity Virgo achieves a range of more than 70 Mpc for 100–100 Msun black-hole binary systems with an
average source orientation.

completion of VSR1, Virgo entered into a period of upgrades to improve detector sensitivity and
test advanced techniques. In 2009/2010 Virgo has implemented monolithic fibre suspensions 11
directly bonded to the mirrors, to lower thermal noise. Further, the finesse of the Fabry-Perot
arms was increased and thermal compensation systems for radius-of-curvature adjustment were
implemented, in order to optimally match the radii-of curvature of the test masses. A science
run together with the GEO 600 detector has started on 3rd June 2011 (VSR4/S6e), and is
scheduled to last 3 months. After this period, Virgo is starting the advanced Virgo project (see
contribution about advanced Virgo in this volume).
3.3

GEO 600

GEO 600 12 is a British-German project located 20 km south of Hannover, Germany. The detector
has arm lengths of 600 m and consists of a Michelson interferometer with power- and signal
recycling. GEO 600 has no Fabry-Perot cavities in the arms, but once folded arms, resulting in
an effective arm length of 1.2 km. GEO uses triple suspensions as described in section 2.1, and
the final stage uses fused silica fibres 13 since 2001. GEO is the only project to use electro-static
drives to actuate on the main test masses. Other actuation points using coil/magnet actuators
are located at the intermediate mass level and at the upper mass level (see Figure 2 b) for
the suspension stages). Like for the super-attenuator, this arrangement allows for actuation
at different points in the suspension chain, and is a key element for a robust locking of the
interferometer. The GEO detector is highly automated and achieved a high duty cycle in the
24/7 run mode of S5 of more than 90 %.
The initial GEO detector was operational until summer 2009, when an upgrade program
called GEO-HF started. The GEO-HF upgrade focuses on techniques to increase the shot-noise
limited sensitivity of GEO. Yet, noise reduction at frequencies below 500 Hz will be done to
potentially reach the thermal noise limit of dielectric test-mass coatings. The main points of the
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Figure 6: Representative strain sensitivities of the GEO 600 detector. During the fifth science run of the LSC
(S5), GEO has been operating with a peak sensitivity around 500Hz, where the signal recycling cavity was tuned
to have maximal signal enhancement. Since 2009, GEO operates signal recycling with maximal sensitivity at ’DC’
and since 2010 with a higher signal-recycling bandwidth. Together with other improvements, this resulted in a
higher sensitivity in the shot-noise limited region above approx. 500 Hz, as shown by the trace from June 2011
(S6e).

GEO-HF upgrade comprise (see also 14 ):
• the transition from heterodyne readout to homodyne readout for the gravitational-wave
signal, and the installation of an output-mode cleaner compatible with homodyne readout.
• transition from the detuned signal recycling, having the peak sensitivity around 500 Hz
to tuned signal recycling with the peak (shot-noise limited) sensitivity at ’DC’. This goes
together with an increase of bandwidth of the signal recycling cavity from about 200Hz to
1 kHz.
• installation of a more powerful main laser, and change of some input optics to accommodate
an increased laser power of up to 25 W incident onto the main interferometer.
• injection of squeezed vacuum into the output port of GEO 600, to lower the shot noise. 15,16
Figure 6 shows strain sensitivities of GEO 600 from 2006 (during the S5 science run) and
from 2011, after the GEO-HF upgrade √
had been under way since about 2 years. GEO now
reaches a strain sensitivity of 2 ∗ 10−22 / Hz around 1 kHz, and is comparable sensitive to the
Virgo detector at higher frequencies.
3.4

Tama 300

TAMA 300 is a 300 m arm length interferometer located near Tokyo, Japan and is operated by a
consortium of Japanese scientists. TAMA 300 employs a Fabry-Perot arm cavity power-recycled
Michelson architecture similar to LIGO and Virgo. Although not as sensitive as other large-scale
interferometers in operation today, TAMA 300 was the first interferometer to conduct a science
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Figure 7: Strain sensitivity of TAMA 300 as of September 2008.

run (August 1999) and has completed eight science runs in the 1999–2004 time frame, with over
1000 hours of accumulated data.
In recent years, TAMA has undergone an extended period of upgrades. TAMA 300’s location
within a major metropolitan area subjects the interferometer to large amounts of seismic noise.
Thus, a two-stage active seismic attenuator system has been developed to mitigate ground noise
coupling to the interferometer. 17 Because of its short arm length and high level of seismic
disturbance, TAMA√300 is most sensitive in the 1–1.5 kHz band, achieving a strain sensitivity
approaching 10−21 / Hz. The TAMA 300 strain sensitivity curve as of September 2008 is shown
in Figure 7. Experience from operating TAMA is utilized in the design of the Large Cryogenic
Gravitational-Wave Observatory LCGT in Japan (see contribution in this volume).
4

Astrophysics with the Global Network

Ground-based interferometers have been actively searching for gravitational wave emission from
different astrophysical sources for almost a decade. Searches are classified broadly along four
types of sources: i) compact binary systems (inspiral, merger, and ring-down), ii) continuously
emitting systems (rapidly spinning neutron stars), iii) stochastic sources (noise, eg, the primordial gravitational wave background), and iv) ‘burst’ sources whose waveforms are unknown or
poorly modeled. Analysis methods and algorithms are specifically tailored to each source class.
The first observational results on searches for inspiraling compact binaries were published by
the TAMA collaboration. 18 A thorough review of recent gravitational wave observational results
can be found in Ref. 8 . Here, we simply present a few highlights from recent papers.
4.1

GRB 070201

Gamma ray bursts (GRBs) are intensely bright emissions of γ-rays arising from compact objects,
primarily observed at cosmological distances. Most of the observed short hard GRBs are thought
to have binary black hole-black hole (BH-BH), black hole-neutron star (BH-NS), or neutron starneutron star (NS-NS) mergers as their progenitors, although no definitive experimental evidence
exists to associate short hard GRBs with binary mergers. The simultaneous observation of a
GRB and gravitational wave signal would provide confirmation that binary mergers are a source

of GRBs.
GRB 070201 was an exceptionally short hard GRB observed in the x-ray spectrum by satellites in the Interplanetary Network (IPN). The error box had significant overlap with the M31
(Andromeda) galaxy (located 730 kpc from the Milky Way galaxy), thus making it a prime candidate for gravitational wave searches. Data from the LIGO Hanford detectors were analyzed in
a 180 s time window around GRB 070201 using both template-based searches for binary mergers
and burst search algorithms. 19 No signal was found, and LIGO was able to exclude a compact
binary BH-NS, NS-NS merger progenitor of GRB 070201 located in M31 at > 99% and 90%
confidence levels, respectively. The analysis did not rule out a soft gamma repeater (SGR) in
M31, but was able to place a limit on energy conversion to gravitational wave of less than 4 x
10−4 Msun .
4.2

Beating the Spindown Limit on the Crab Pulsar

Spinning neutron stars can emit gravitational waves if they possess ellipticities arising from
crustal deformations, internal hydrodynamic modes, or free precession (‘wobble’). Groundbased gravitational wave detectors are potentially sensitive to gravitational wave emissions from
neutron stars in our galaxy. The Crab pulsar (PSRB0531+21, PSRJ0534+2200), located 2
kpc distant, is a particularly appealing candidate for gravitational wave emission because it
is relatively young and rapidly slowing in rotation (‘spinning down’). While the predominant
energy dissipation mechanisms are magnetic dipole radiation or charged particle emission in the
pulsar’s magnetosphere, the measured braking index of the Crab pulsar suggests that neither
dipole radiation or particle ejection can account for the rotational braking.
Using a subset of data from LIGO’s S5 science run, the LIGO Scientific Collaboration
searched for gravitational wave emission from the Crab pulsar during a nine month duration
during which no pulsar timing jumps occurred. 20 No gravitational waves were observed, and the
data was used to set upper limits on the strain h = 3.35 × 10−25 and ellipticity ǫ = 1.79 × 10−4 .
The limit on strain is significant in that it implies no more than 5.5% of the energy emitted by
the Crab pulsar is in the form of gravitational waves. An updated analysis by the LIGO and
Virgo collaborations using a more extensive data set have reduce the upper limit on radiated
gravitational wave energy to approximately 2%. 21
4.3

The Primordial Gravitational Wave Background

A stochastic gravitational wave background could arise from an incoherent superposition of point
source emitters or from the remnant gravitational wave emission from the Big Bang. Electromagnetic observations of the cosmic microwave background have provided the best knowledge so
far of the early universe, however they are limited to probe the universe after the recombination
era when the universe became transparent to electromagnetic radiation. Searches for primordial
gravitational waves are thus particularly significant from a cosmological standpoint since they
directly probe the universe at its earliest epoch.
Recent results by the LIGO Scientific and Virgo Collaborations have placed the most stringent direct observational limit on a stochastic gravitational wave background from the primordial
universe. By cross-correlating data from the LIGO Livingston and Hanford 4–km interferometers during the S5 science run, an upper limit of Ω0,GW < 6.9 × 10−6 on the energy density of
stochastic gravitational waves (normalized to the closure energy density of the universe) assuming the gravitational wave background is confined within the 50–150 Hz frequency band. 22 This
limit is the best experimental limit in the LIGO frequency band, beating the limit inferred from
the Big Bang Nucleosynthesis by almost a factor of 2.
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2.
Data analysis: Searches

SEARCHES FOR GRAVITATIONAL WAVE TRANSIENTS IN THE LIGO
AND VIRGO DATA
F. ROBINET, for the LIGO Scientific Collaboration and the Virgo Collaboration
LAL, Univ. Paris-Sud, CNRS/IN2P3, Orsay, France.
In 2011, the Virgo gravitational wave (GW) detector will definitively end its science program
following the shut-down of the LIGO detectors the year before. The years to come will be
devoted to the development and installation of second generation detectors. It is the opportune
time to review what has been learned from the GW searches in the kilometric interferometers
data. Since 2007, data have been collected by the LIGO and Virgo detectors. Analyses have
been developed and performed jointly by the two collaborations. Though no detection has
been made so far, meaningful upper limits have been set on the astrophysics of the sources
and on the rate of GW events. This paper will focus on the transient GW searches performed
over the last 3 years. This includes the GW produced by compact binary systems, supernovae
core collapse, pulsar glitches or cosmic string cusps. The analyses which have been specifically
developed for that purpose will be presented along with the most recent results.

1

Introduction

Gravitational waves (GW) were predicted by Albert Einstein 1 with his theory of general relativity. It shows that an asymmetric, compact and relativistic object will radiate gravitationally.
The waves propagate with a celerity c and their amplitude is given by the dimensionless strain h
which can be projected over two polarizations h+ and h× . The existence of GW was indirectly
confirmed through observations on the binary pulsar PSR 1913+16 discovered in 1974. This
binary system has been followed-up over more than 30 years and the orbit decay can be fully
explained by the energy loss due to the gravitational wave emission 2 . The great challenge of
this century is to be able to detect gravitational waves directly by measuring the space-time
deformation induced by the wave. The Virgo 3 and the two LIGO 4 interferometric detectors are
designed to achieve this goal. Thanks to kilometric arms, Fabry-Perot cavities, sophisticated
seismic isolation, a high laser power and the use of power-recycling techniques, the LIGO and
Virgo detectors were able to reach their design sensitivity which is to measure h below 10−21 over
a wide frequency band, from tens to thousands of Hz (and below 10−22 at a few hundreds Hz).
Such sensitivity over a large range of frequencies offers the possibility to detect gravitational
waves originating from various astrophysical sources which will be described in Section 2.
The searches for GW in LIGO-Virgo were historically divided into four analysis groups. The
physics of these groups does not really match the type of GW sources but rather the expected
signals. This has the advantage to develop efficient searches adapted to the signal seen in the
detector. The CBC group is specifically searching for signals resulting from the last instants
of the coalescence and the merging of compact binary systems of two neutron stars, two black
holes or one of each. The expected signal is well-modeled, especially the inspiral part, so that
the searches are designed to be very selective. On the contrary, the burst group performs

more generic searches for any type of sub-second signals. This unmodeled approach offers a
robustness to the analyses and remains open to the unexpected. Doing so, the burst group
covers a large variety of GW sources for which the expected signals are poorly known. This
includes the asymmetric core bounce of supernovae, the merging of compact objects, the starquakes of neutron stars or the oscillating loops of cosmic strings. This paper will focus on the
work performed within the CBC and the burst group and present the searches for short-duration
GW signals. C. Palomba will describe the searches for continuous signals and for a stochastic
background of GW 5 . Section 3 will detail the different aspects of a multi-detector GW transient
search while Section 4 will highlight some of the latest results of the analyses.
Very early on, the Virgo and LIGO collaborations chose to share their data and to perform
analyses in common in order to maximize the chance of detection. Indeed, having several
detectors in operation presents many advantages such as performing coincidences, reconstructing
the source location, having a better sky coverage or estimating the background for analyses. This
close collaboration started in 2007 with the Virgo first science run VSR1 (2007) and LIGO S5
(2005-2007) run and continued until recently with the following science runs VSR2 (2009), VSR3
(2010) and S6 (2009-2010). In October 2010, the LIGO detectors shut-down to install the second
generation of detectors which should resume science in 2015. Virgo will perform one more science
run, VSR4, during the summer jointly with the GEO 600 6 detector in Germany. After that,
Virgo will start the preparation for the next phase with Advanced Virgo.
As the first generation of interferometers is about to take an end, the analyses performed so
far were not able to claim a detection. However it was possible to set astrophysically relevant
upper limits and this paper will present some of them. Moreover the pioneering work performed
to build efficient analyses pipelines will be a great strength for the Advanced detector era and
the first steps of gravitational wave astronomy.
2
2.1

Sources, signals and searches
The coalescence of binary objects

The coalescence of stellar compact binary systems is often seen as the most promising candidate
for a first detection. Indeed, such objects have been extensively studied and the expected
waveform is rather well-modeled. The inspiral phase, up to the last stable circular orbit, can
be reliably described with a post-Newtonian approximation 7 . The signal is expected to sweep
upwards in frequency and to cross the detector bandwidth for a short period of time (from a
few ms to tens of s). This is followed by the merger of the two bodies whose waveform can be
derived from numerical relativity 8 even though this part of the waveform is the least known
of the evolution of the binary. Finally, the resulting black hole is excited and loses part of its
energy by radiating gravitationally. Black hole pertubation theory is well able to predict the
ringdown waveform 9 and the signal is expected to be in the detector sensitive band for masses
larger than 100 M⊙ .
The search for coalescence signals, led by the CBC group, takes two free parameters into
account: the masses of the two binary components. The low-mass search covers a total mass
range between 2 and 35 M⊙ where most of the energy is contained in the inspiral phase. As a
complement, the high-mass search probes the 25-100 M⊙ total mass region where the signal-tonoise ratio is significant mostly during the merger and ringdown phase. A ringdown-only search
is also performed for very high-mass systems (75-750 M⊙ ) in which case it is possible to use the
spin as an additional parameter. The merger and the ringdown signals are also included in the
burst searches. The robust nature of the burst analyses offers a nice complement to the CBC
searches, especially for the merger phase for which the waveform is less reliable.
Astrophysical rates for compact binary coalescence are still uncertain since they are based

on a few assumptions like the population of observed double pulsars in our galaxy. A plausible
rate for the coalescence of two neutron stars could be somewhere between 0.01 to 10 Myr−1
Mpc−3 . These numbers offers a chance for a detection which could span between 2 × 10−4 and
0.2 events per year 10 with the initial detector sensitivities.
2.2

Supernovae core collapse

The core bounce of supernovae could also be an interesting source of GW bursts. In this case,
the GW production is a complex interplay of general relativity, nuclear and particle physics.
Recent studies 11 show that various emission mechanisms could come into play. The coherent
motion of the collapsing and bouncing core during the proto-neutron star formation could be
asymmetric enough to produce GW. Then the prompt convective motion behind the hydrodynamic shock in the central part of the star due to non-axisymmetric rotational instabilities
could also trigger some GW radiation. Recent 2- or 3-dimensional simulations 11 are able to
extract complex waveforms but they are extremely parameter-dependent and not robust enough
to be used directly in a GW search. In this case again, the burst’s unmodeled searches are
well-suited. Some studies are in progress to decompose the supernova signatures over a basis of
main components which could be then searched in the data 12 .
2.3

Isolated neutron stars

Instabilities of isolated neutron stars can also produce GW bursts which could be detected by
earth-based interferometers. The invoked mechanism corresponds to the excitation of quasinormal mode oscillations which couple to GW emission. This excitation could occur as a consequence of flaring activity in soft-gamma repeaters (SGR) resulting from intense magnetic fields
13 . Another possibility comes from the merging of a binary system of two neutron stars. In
that case a massive neutron star can be formed. Often excited, it could radiate gravitational
waves. Fractures or star-quakes of the neutrons star crust are other possible scenarios for the
quasi-normal mode oscillations of the star. F-modes oscillations are the preferred mechanism to
produce GW in case of neutron stars. Hence, ringdown waveforms are often used in the searches
with a high frequency (from 500 Hz to 3 kHz) and a short damping time (from 50 ms to 500
ms).
2.4

Cosmic strings

The hypothetic existence of cosmic strings 14 could be proven by looking for a signature in the
GW spectrum. Indeed, gravitational radiation is the main mechanism for the cosmic string
network to lose its energy. When intersecting with each other, strings can form loops which
oscillate and produce some cuspy features with a strong Lorentz boost. Cosmic string cusps are
therefore a powerful source of GW. Gravitational waveforms are very well predicted 15 and this
motivates a dedicated search in the LIGO/Virgo data. In case of no detection, it is possible to
set constraints on the string tension which is the main parameter to describe the cosmic string
network.
2.5

External triggers

GW emission often results from violent events in the universe. Therefore, these events could also
be seen through other channels like electro-magnetism or neutrino emission. The coincidence of a
GW event with another type of trigger could critically increase the confidence into the veracity of
the event. Moreover the knowledge of the position and/or the time of the event can considerably
enhance the sensitivity of the searches. For instance, a gamma-ray burst (GRB) trigger could be

an indication that either a binary system merged or a hyper-massive star collapsed. Dedicated
analyses over GRB triggers are performed and are presented by M. Was in these proceedings 16 .
3
3.1

How to extract a GW signal
Trigger production

As discussed above, many LIGO/Virgo GW searches benefit from the knowledge of the expected
waveform. In this case, match-filtering techniques can be used to produce the GW triggers. One
first needs to define a template bank where the reference waveforms are covering the parameter
space (the component masses for the CBC searches, for example). The distance from one
template to the next must be small enough to insure a negligible loss of efficiency but large
enough to limit the total number of templates and the computational cost. Then each template
is slid over the detector gravitational wave strain hdet (t) and the match between the two is
computed as a function of time. If this match exceeds a given threshold then a trigger is
produced and a signal-to-noise ratio (SNR) is defined.
Most of the burst searches cannot rely on a modeled waveform. The main procedure is to
perform a time-frequency analysis. It consists in tiling the time-frequency plane and in looking
for an excess of energy in clusters of pixels. Again, a threshold on the energy is set to define
triggers.
With an ideal detector, if no GW event is present in the detection strain, the distribution
of the SNR should follow a Gaussian statistic. Then a GW event could be detected if its SNR
is much larger than the noise SNR distribution. In reality the noise of the detector displays a
non Gaussian behavior and the tail of the distribution is composed by many detector artefacts
called glitches. Therefore, using only a single detector output, a genuine GW event cannot be
disentangled from the noise. When performing a multi-detector analysis, it is possible to set in
coincidence different parameters of the search like the time of the trigger or any discriminative
variables describing the event. This significantly reduces the tail of the background. However the
remaining distribution of events is still not Gaussian and the accidental background distribution
needs to be evaluated to quantify confidence of a given event.
3.2

Background estimation

There is a reliable way to evaluate the accidental background distribution when performing a
multi-detector analysis. It consists in time-sliding the data of one detector with respect to the
other and looking at the time-coincident triggers which cannot contain any real signal. This
gives a fair estimation for the background provided that the time shift is larger than the duration
of the expected signals and that the noise is locally stationary. With the resulting distribution
one can set a detection threshold corresponding to a fixed false alarm rate.
3.3

Data quality

After having performed coincidences between detectors, the background tail is still the main
limiting factor for the searches. It is crucial to understand the origin of the glitches to remove
them safely and to be able to lower the detection threshold as much as possible. The data
quality groups in Virgo 17 and LIGO 18 play a major role in the analysis. They study the
couplings between the detection channel and the auxiliary channels to define efficient vetoes
to reduce the number of glitches in the tails. Interferometers are sensitive instruments to the
environment so it is imperative to monitor disturbances of different natures: acoustic, magnetic,
mechanical etc. Then selective vetoes based on environmental channels are produced to increase
the sensitivity of the searches.

3.4

Upper limits

Until now, no GW detection has been made. However upper limits can be obtained provided that
the efficiency of the search is known. To achieve this, analyses pipelines are run on the detector
data streams where fake signals have been injected. The number of recovered injections provides
the efficiency of the search. In case of template searches, the modeled waveforms are injected
to cover the parameter space. Then upper limits can be given as a function of the physical
parameters. For unmodeled searches generic waveforms are injected with varying parameters.
For instance, for the burst all-sky analyses, sine-Gaussian, Gaussian, ringdowns and cosmic
string cusps signals are injected. Because of the unmodeled nature of the search, the upper
limits are given on the rate as a function of the GW amplitude for a specific set of waveforms.
4
4.1

Selection of results
Limits on the rate of binary coalescence

The first search for gravitational waves from compact binary coalescence with the coincidence
of the LIGO and Virgo data was performed on S5 and VSR1 data19 . It covers the low-mass
region (from 2 to 35 M⊙ ). No detection resulted from this search and upper limits on the rate
of compact binary coalescence were estimated. If the spin is neglected and assuming a mass of
1.35 ± 0.04 M⊙ for the neutron star and 5.0 ± 1.0 M⊙ for the black hole, the upper limits at
90% confidence level are:
S
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where BNS stands for binary neutron stars, BHNS for black hole neutron star binary and BBH
for binary black holes. L10 corresponds to 1010 times the blue solar luminosity (typical for a
galaxy) which is expected to be proportional to the binary coalescence rate (blue luminosity
density 20 : (1.98 × 10−2 ) L10 Mpc−3 ). Upper limits can also be produced in mass bins and are
presented on Figure 1.

Figure 1: The 90% rate upper limits as a function of mass. The first figure gives the upper-limit on the rate of
coalescence from BBH system as a function of the total mass of the system. The second figure gives the BHNS
upper-limit as a function of black hole mass, assuming a fixed neutron star mass of 1.35 M⊙ .

Recently, the high-mass search (from 25 to 100 M⊙ ) has also been completed and full coalescence waveforms have been used 21 . The analysis has been performed only on LIGO data
since the Virgo sensitivity was not sufficient for these high mass systems during VSR1. Upper
limits have been placed on the merger rate of binary black holes as a function of the component
masses. For example, for two black holes with a component mass between 19 and 28 M⊙ the
merger rate should not exceed 2.0 Myr−1 Mpc−3 at 90 % confidence.

4.2

All-sky burst search

The all-sky search for unmodeled gravitational-wave bursts has been performed on the LIGO
and Virgo data for S5 and VSR1 science runs 22 . This is a null result for a detection and upper
limits have been estimated in terms of an event rate versus strength for several types of plausible
burst waveforms as presented on Figure 2. The signal strength is measured with hrss defined
as:
hrss =

sZ

+∞

−∞

dt (|h+ (t)|2 + |h× (t)|2 ).

(4)

Figure 2: Selected exclusion diagrams showing the 90% confidence rate limit as a function of signal amplitude
for sine-Gaussian with a quality factor of 9 and various frequencies (left) and Gaussian of different widths (right)
waveforms for the results of the entire S5 and VSR1 runs compared to the results reported with the previous runs
(S1, S2, and S4).

4.3

GW associated to neutron stars

There are several new LIGO/Virgo results dealing with the physics of neutron stars. The
search for GW associated with the timing glitch of the Vela pulsar (PSR B083345) has recently
been published 23 . Upper limits have been placed on the peak intrinsic strain amplitude of
gravitational wave ring-down signals, depending on which spherical harmonic mode is excited
as shown in Table 1.
Spherical Harmonic Indices
l = 2, m = 0
l = 2, m = ±1
l = 2, m = ±2

h90%
2m

90% (erg)
E2m

1.4 × 10
1.2 × 10−20
6.3 × 10−21

5.0 × 1044
1.3 × 1045
6.3 × 1044

−20

Table 1: The Bayesian 90% confidence upper limits on the intrinsic strain amplitude and energy associated with
each spherical harmonic mode of oscillation assuming only a single harmonic (i.e. value of |m|) is excited.

An external triggered search has been conducted on electromagnetic triggers from six magnetars which are neutron stars powered by extreme magnetic fields 24 . These rare objects are
characterized by repeated and sometimes spectacular gamma-ray bursts which could also be a
source of GW. The upper limits for band- and time-limited white noise bursts in the detector
sensitive band, and for f-mode ringdowns (at 1090 Hz), are 3.0 × 1044 d21 erg and 1.4 × 1047 d21
erg respectively, where d1 = d0501 /1kpc and d0501 is the distance to SGR 0501+4516 which is
likely to be ∼ 1 kpc from Earth. These limits on GW emission from f-modes are an order of
magnitude lower than any previous results, and approach the range of electromagnetic energies
seen in SGR giant flares for the first time.

4.4

Cosmic string upper limits

The burst group tries to constrain the cosmic string parameter space by looking for GW emitted
by cuspy features of oscillating loops 25 . The first analyses of the S4 LIGO data reports upper
limits on the Gµ-ε plane where Gµ is the string tension and ε is a parameter for the loop size.
Figure 3 shows the region of the parameter space which can be rejected for a cosmic string
reconnection probability of 10−3 . The up-coming analysis of S5/S6-VSR1/VSR2/VSR3 should
be able to place the most stringent limits on the cosmic string models.
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Figure 3: Plot of the upper-limit results of the S4 cosmic string analysis for a reconnection probability of 10−3 .
Areas to the right of the red curves show the regions excluded at the 90% level. The dotted curves indicate
the uncertainty. The black and blue curves limit the regions of parameter space unlikely to result in a cosmic
string cusp event detected in S4: a cosmic string network with model parameters in these regions would result in
less than one event (on average) surviving the search. The black curve was computed using the efficiency for all
recovered injections. The blue curve shows regions of parameter space unlikely to result in a cosmic string cusp
being detected in a year long search with the initial LIGO sensitivity estimate.
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Conclusion

Searches for GW transient signals in Virgo and LIGO data have reached maturity. No GW
detection can be claimed yet but significant astrophysical upper limits can be extracted from
the data covering a large variety of sources. The data-taking campaigns are now over for the
first generation of GW detectors but some more analysis results are expected to be released in
the next months. The most recent data of S6/VSR2-3 are being analyzed and new results are
about to be published.
The second generation of detectors is now in preparation and the GW science should resume
in 2015. With an increased sensitivity of about a factor 10, we should expect to extend the
visible volume of sources by a factor 1000. This offers a great opportunity for a detection.
Even with the most pessimistic scenarios, advanced detectors should be able to detect GW. For
instance, it is reasonable to expect a rate for binary neutron star coalescences of about 40 events
per year.
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12. C. Röver et al, Phys. Rev. D 80, 102004 (2009).
13. R. C. Duncan and C. Thompson, Astrophys. J. 392, L9 (1992).
14. A. Vilenkin and E. Shellard, Cambridge University Press (2000).
15. T. Damour and A. Vilenkin, Phys. Rev. Lett. 85, 3761 (2000).
16. M. Was (LIGO Scientific Collaboration and the Virgo Collaboration), submit. to these
proceedings.
17. F. Robinet (LIGO Scientific Collaboration and the Virgo Collaboration), Class. Quant.
Grav. 27, 194012 (2010)
18. N. Christensen (LIGO Scientific Collaboration and the Virgo Collaboration), Class.
Quant. Grav. 27, 194010 (2010)
19. J. Abadie et al (LIGO Scientific Collaboration and the Virgo Collaboration), Phys. Rev.
D 82, 102001 (2010)
20. R. K. Kopparapu et al, Astrophys. J. 675, 1459 (2008)
21. J. Abadie et al (LIGO Scientific Collaboration and the Virgo Collaboration), to appear in
Phys. Rev. D, arXiv:1102.3781.
22. J. Abadie et al (LIGO Scientific Collaboration and the Virgo Collaboration), Phys. Rev.
D 81, 102001 (2010).
23. J. Abadie et al (the LIGO Scientific Collaboration), Phys. Rev. D 83, 042001 (2011).
24. J. Abadie et al (LIGO Scientific Collaboration and the Virgo Collaboration), to appear in
ApJ Lett, arXiv:1011.4079.
25. B. Abbott et al (the LIGO Scientific Collaboration), Phys. Rev. D 80, 062002 (2009).

SEARCHES FOR CONTINUOUS GRAVITATIONAL WAVE SIGNALS AND
STOCHASTIC BACKGROUNDS IN LIGO AND VIRGO DATA
C. PALOMBA for the LIGO Scientific Collaboration and the Virgo Collaboration
Istituto Nazionale di Fisica Nucleare, sezione di Roma, I-00185 Roma, Italy
Abstract
We present results from searches of recent LIGO and Virgo data for continuous gravitational
wave signals (CW) from spinning neutron stars and for a stochastic gravitational wave background
(SGWB).
The first part of the talk is devoted to CW analysis with a focus on two types of searches. In
the targeted search of known neutron stars a precise knowledge of the star parameters is used to
apply optimal filtering methods. In the absence of a signal detection, in a few cases, an upper
limit on strain amplitude can be set that beats the spindown limit derived from attributing spindown energy loss to the emission of gravitational waves. In contrast, blind all-sky searches are
not directed at specific sources, but rather explore as large a portion of the parameter space as
possible. Fully coherent methods cannot be used for these kind of searches which pose a non trivial
computational challenge.
The second part of the talk is focused on SGWB searches. A stochastic background of gravitational waves is expected to be produced by the superposition of many incoherent sources of
cosmological or astrophysical origin. Given the random nature of this kind of signal, it is not
possible to distinguish it from noise using a single detector. A typical data analysis strategy relies
on cross-correlating the data from a pair or several pairs of detectors, which allows discriminating
the searched signal from instrumental noise.
Expected sensitivities and prospects for detection from the next generation of interferometers
are also discussed for both kind of sources.

1

Introduction

The most recent results obtained in the search of CW and SGWB have used data from LIGO S5 1
and Virgo VSR2 2 runs. S5 run involved all three LIGO detectors, Hanford 4km (H1), Hanford
2km (H2) and Livingston 4km (L1), and took place from November 2005 to September 2007 with
an average single-interferometer duty cycle of 73.6%, an average two-site coincident duty cycle of
59.4% and an average triple-interferometer duty cycle of 52.5%. Virgo (V1) VSR2 run took place
from July 2009 to January 2010 with a duty cycle of 80.4%. At low frequency, say below 70 Hz,
VSR2 sensitivity was better than S5. At intermediate frequency, between 70 Hz and 500 Hz, S5
sensitivity was better than VSR2. At frequency above about 500 Hz the sensitivity of the two runs
were very similar.
In 2010 two more scientific runs, LIGO S6 and Virgo VSR3, took place. The data are being
analyzed and some interesting results have already been obtained, but are still under internal
review, so we will not discuss them here.
A generic gravitational wave (GW) signal is described by a tensor metric perturbation h(t) =
h+ (t) e+ + h× (t) e× , where e+ and e× are the two basis polarization tensors. The form of the two
amplitudes depends on the specific kind of signal.

2

The search for continuous gravitational wave signals

Rapidly spinning neutron stars, isolated or in binary systems, are a potential source of CW. To emit
GW some degree of non-axisymmetry is required. It can be due to several mechanisms including
elastic stress or magnetic field which induce a deformation of the neutron star shape, free-precession
around the rotation axis or accretion of matter from a companion star. The size of the distortion,
I −I
typically measured by the ellipticity ǫ = xxIzz yy , which is defined in terms of the star principal
moments of inertia, can provide important information on the neutron star equation of state.
The signal emitted by a tri-axial neutron star rotating around a principal axis of inertia is
characterized by amplitudes


1 + cos2 ι
cos Φ(t);
h× (t) = h0 cos ι sin Φ(t),
(1)
h+ (t) = h0
2
The angle ι is the inclination of the star’s rotation axis with respect to the line of sight and Φ(t) is
the signal phase function, where t is the detector time, while the amplitude h0 is given by
h0 =

4π 2 G Izz ǫf 2
,
c4
d

(2)

being d the star distance and f the signal frequency (twice the star rotation frequency). While we
expect f < 2 kHz and d <10 kpc, the typical value of the ellipticity is largely unknown. Standard
equations of state (EOS) of neutron star matter foresee maximum value of the ellipticity 3 of
the order of ǫmax ≈ 5 · 10−6 . For some ’exotic’ EOS a maximum value ǫmax ≈ 10−2 − 10−4 is
foreseen 4, 5, 6 .
The signal frequency gradually decreases due to the intrinsic source spin-down, caused by elecromagnetic and hopefully gravitational energy losses. The received signal phase is affected by
the Doppler modulation due to the detector-source relative motion and by some relativistic effects.
Moreover, the signal is also affected by the amplitude and phase modulation due to the detector
beam-pattern functions F+ (t; ψ), F× (t; ψ), which depend on the polarization angle ψ, on the source
position in the sky and on the detector position and orientation on the Earth.
Assuming that the observed spin-down f˙ of a given neutron star is totally due to the emission
of GW, an absolute upper limit to the amplitude of the GW signal, called spin-down limit, can be
derived 7 :
s
|(f˙/Hz s−1 )|
−1
sd
−19
,
(3)
h0 = 8.06 · 10
I38 dkpc
(f /Hz)
where I38 is the star’s moment of inertia in units of 1038 kg m2 and dkpc is the star’s distance from
the Sun in kiloparsecs. Going below the spin-down limit means we are putting a constraint on the
fraction of spin-down energy due to the emission of GW.
Two types of CW searches have received the most effort up to now: targeted searches and wide
parameter searches.
In the targeted searches the source parameters (α, δ, f, f˙, ...) are assumed to be known with high
accuracy. The search for known pulsars belongs to this category. This kind of search is computationally cheap and a fully coherent analysis, based on matched filtering, over long observation time
is feasible. Various methods of implementing matched filtering have been developed 8, 9, 10 . In order
to make a coherent analysis over long times Doppler, Einstein and possibly Shapiro effects must be
accurately compensated. Radio-astronomic observations can be used to accurately track the GW
signal phase evolution (assuming the GW signal is phase locked to the EM pulses). Moreover, they
are also important to know if a glitch, i.e. a sudden jump in frequency and frequency derivative,
occurred during the period of data to be analyzed.
The sensitivity of a coherent search, i.e. the minimum signal amplitude detectable over an
observation time Tobs , with a false alarm probability of 1 % and a false dismissal probability of
10 % and taking also an average over source and detector parameters, is given by
s
Sn (f )
(4)
h0,min ≈ 11
Tobs
where Sn (f ) is the detector noise spectrum. The exact value of the coefficient depends on the
specific analysis method employed.

A coherent search for CW using LIGO-S5 data has been recently done for more than 100
pulsars 11 but the resulting upper limits have beaten the spin-down limit for only the Crab pulsar
and have grazed it for PSRJ0537-6910 (less than a factor of 2 above). For the Crab the analysis
was carried out both assuming the polarization parameters ι, ψ are unknown (uniform priors) and
that they are known with values estimated from x-ray observations 12 (restricted priors). Updated
ephemeris from Jodrell Bank were used. The 95% degree-of-belief upper limits are h95%
= 2.4·10−25
0
95%
−25
(restricted prior) corresponding to a star ellipticity of ∼ 10−4 .
(uniform prior) and h0 = 1.9·10
These results are below the spin-down limit by a factor of about 7, and constrain the fraction of
spin-down energy due to the emission of GW to about 2% (assuming the canonical value for the
star moment of inertia, 1038 kg · m2 ). We expect to improve the upper limit on the Crab pulsar
by jointly analysing data from LIGO S5, S6 runs and Virgo VSR2, VSR3, VSR4 runs (this last
tentatively scheduled for summer 2011).
Virgo VSR2 data have been used for a coherent search of CW from the Vela pulsar. Updated
ephemeris have been computed using TEMPO2 software from the time-of-arrivals of EM pulses
observed by Hobart and Hartebeesthoek radio-telescopes. The excellent seismic isolation of Virgo
detector allows for a very good sensitivity at low frequencies thus making the spin-down limit potentially beatable. Results of this analysis are described in 13 .
In the wide parameter searches the analysis is done over a portion of the source parameter
space as large as possible. In particular, we would like to search for unknown sources located
everywhere in the sky, with signal frequency as high as 2 kHz and with values of spin-down as large
as possible. This kind of analysis is computationally bound. Fully coherent methods which would
allow to reach the ‘best’ search sensitivity, like the ones used for targeted searches, are unfeasible
due to the computing power limitation. Various incoherent methods have been developed in which
the data are divided in small Fourier transformed segments which are then properly combined to
compensate for Doppler and spin-down for a particular source location 14− 19 . In the so-called
hierarchical methods coherent (over relatively short periods) and incoherent steps are alternated
in order to increase sensitivity 23, 24 . The output of an analysis is given by a set of candidates,
i.e. points in the source parameter space with high values of a given statistic and which need a
deeper study. Typically coincidences are done among the candidates obtained by the analysis over
different data sets in order to reduce the false alarm probability 25, 26 . The surviving candidates
can be then analyzed coherently over longer times in order to discard them or confirm detection.
The basic sensitivity of a wide parameter search is given by
s
25
Sn (f )
h0,min ≈ 1/4
(5)
Tcoh
N
where N is the number of segments in which the data are divided, each of length Tcoh . The exact
value of the numerical factor depends again on the specific incoherent method used and weakly also
on the parameter space that is being considered.
Early LIGO S5-data have been analyzed with two different methods. No GW signal has been
detected but interesting upper limits have been placed. A search using the first 8 months of S5 has
been described in 27 . It covered the whole sky, the frequency band 50 − 1100 Hz and a range of
spin-down values between −5 · 10−9 Hz/s and 0. At the highest frequency the search would have
been sensitive to the GW emitted by a neutron star placed at 500 pc with equatorial ellipticity
larger than 10−6 . In Fig. 1 the upper limits as a function of frequency are shown. Another search,
using the Einstein@Home infrastructure - a volunteer distributed computing project 28 , was done
over the first 2 months of S5 26 . The analysis consisted in matched filtering over 30-hours data
segments followed by incoherent combination of results via a concidence strategy. The explored
parameter space consisted in the full sky, frequency range 50 − 1500 Hz, spin-down range between
−2 · 10−9 Hz/s and 0. This search would have been sensitive to 90 % of signals in the frequency
band 125 − 225 Hz with amplitude greater than 3 · 10−24. The search sensitivity, estimated through
the injection of software simulated signals, is shown in Fig. 2.
Various improvements to the wide parameter search pipelines are being implemented in order
to have a better sensitivity at fixed computing power 20, 21, 22 .
Other kinds of searches have been or are being developed and applied to detector data: directed
searches, searches for accreting neutron stars, searches for neutron stars in binary systems, transient searches for short-lived signals. In particular, directed searches are somewhat intermediate
between targeted and all-sky. To this category belong, e.g., the search for sources with known
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Figure 1: Minimum (H1 or L1) 95% confidence level upper limits on signal amplitude for equatorial, intermediate and
polar declination bands. Lower curves corresponds to best neutron star orientation, upper curves to worst neutron star
orientation. Figure adapted from PRL 27 .
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Figure 2: Estimated sensitivity of the Einstein@Home search for early LIGO S5 data. The three curves show the source
amplitude h0 at which 10% (bottom), 50% (middle), 90% (top) of the simulated sources would be confidently detected.
Figure adapted from PRD 26 .

position but unknown frequency (like the compact objects in supernova remnants) and the search
over relatively small sky area (like the galactic center or globular clusters). An interesting upper
limit has been obtained in the analysis of ∼ 12 days of S5 data searching for GW signals from the
supernova remnant Cassiopeia A 29 . The source position is known and a coherent search over the
frequency range 100 − 300 Hz and a wide range of spin-down values has been done establishing a
95% confidence upper limit below the indirect limit based on energy conservation and age of the
remnant. This search established also the first upper limit on r-modes amplitude.
With Advanced LIGO and Virgo detectors the spin-down limit on GW emission from known
pulsars will be beatable for tens of objects and in few cases the minimum detectable ellipticity will
be below 10−5 and down to 10−8 , a range of values which is sustainable also by standard neutron
star EOS. Concerning all-sky searches, nearby gravitars (say, a few hundreds of parsecs away) would
be detectable for ellipticity larger than a few units in 10−8 . Objects with ellipticity of the order of
10−6 would be detectable up to the Galactic center (see, e.g., Fig. 41 of 19 after up-scaling by a
factor of about 10 the distance associated to red curves).
3

The search for stochastic gravitational wave backgrounds

Typically, two kinds of stochastic gravitational wave backgrounds (SGWB) are considered. Cosmological backgrounds, due to processes taking place in the very early stages of Universe evolution,
like amplification of vacuum fluctuations, phase transition, cosmic string cusps. These kinds of
backgrounds are expected to be stationary, gaussian, unpolarized and, in a first approximation,
isotropic. Astrophysical backgrounds, due to the superposition of many unresolved sources, since
the beginning of stellar activity, like core collapse to supernovae or the final stages of compact
binary mergers. The assumption of isotropy would not hold, if of galactic origin, and an astrophysical background could also be not gaussian, if the number of contributing sources is not very large.
Detection of a background of cosmological origin may allow us to probe time scales and energy not
accessible with conventional astronomy or accelerators. Even in case of non-detection important
constraints to model parameters can be established. An astrophysical background, interesting in its
own right, could in fact be a foreground obscuring the cosmological background in some frequency
band. See references in the review papers by Maggiore 30 and Regimbau 31 for a more detailed
description of various possible sources of SGWB.
A SGWB is usually characterized by the dimensionless parameter
ΩGW (f ) =

1 dρgw
ρc dlnf

(6)
3H 2

where ρgw is the gravitational wave densitiy, f is the frequency in the observer frame and ρc = 8πG0
is the critical energy density to close the Universe (H0 is the Hubble constant). It is also useful,
in particular to make easier the comparison with detector sensitivity, to express the background in
terms of the signal energy spectral density
Sh (f ) =

3H02
ΩGW (f )
4π 2

(7)

In Fig.3 theoretical predictions (for given model parameters, see figure caption) of various SGWB
of cosmological origin and observational bounds are shown.
The signal would appear as excess noise in a single detector. In principle, to conclude that
a SGWB is really present one should exclude that the excess noise is not due to some source of
noise not taken into account. The difficulty in doing this is also increased by the fact that the
signal-to-noise ratio does not increase with the observation time, differently from what happens
in the search for continuous signals. On the other hand, the signal would show up as a coherent
stochastic process between two or more detectors. Then, a typical analysis strategy consists in
cross-correlating the data from multiple detectors. By indicating with s1 (t), s2 (t) the data streams
from two detectors, the cross-correlation is
Y =

Z

+Tobs /2

−Tobs /2

dt

Z

+Tobs /2

−Tobs /2

dt′ s1 (t)s2 (t′ )Q(t − t′ )

(8)

where Q(t − t′ ) is a filter function chosen to maximize the signal-to-noise ratio. In the frequency
domain the optimal filter function takes the form
˜ ) ∝ Γ(f )Ωgw (f )
Q(f
f 3 S1 (f )S2 (f )

(9)

where S1 , S2 are the power spectral noise density of the two detectors and Γ(f ) is the overlap
reduction function which takes into account the fact that the two detectors can see a different
signal because they are at a different location or because they have a different angular sensitivity.
In particular, if the separation between the two detectors is much larger than the signal reduced
wavelength, the correlation is strongly suppressed. On the other hand, if the distance among two
detectors is very small, or if they are co-located, the identification of coherent disturbances is not
a trivial task. The sensitivity of a pair of detectors is usually given in terms of the minimum
detectable amplitude for a flat spectrum 32 :
Ωmin ≈

34
√
2
H0 Tobs

Z

0

∞

Γ2 (f )
df
6
f S1 (f )S2 (f )

−1/2

(10)

where a false alarm rate of 1% and a false dismissal rate of 10% have been considered.
The full-S5 data set from LIGO detectors has been analyzed to search for a SGWB crosscorrelating data from the detector pairs H1-L1 and H2-L1 33 . The effective observation time was
∼ 293 days. The analysis was focused on the frequency band 41 − 170 Hz, which includes about
99% of the instrumental sensitivity. A bayesian 95% degree of belief upper limit has been set,
taking the S4 posterior as a prior:
Ωgw (f ) < 6.9 · 10−6
(11)
Models to explain the element
abundance observation constrain total energy at the time of the BigR
Bang nucleosynthesis to Ωgw (f )d(ln f ) < 1.5 · 10−5 . Allocating all the energy to the analyzed
frequency band implies an upper bound of 1.1 · 10−5 . Then the limit of Eq. 11 beats the indirect
limits provided by Big-bang nucleosynthesis and cosmic microwave background, see Fig.3. This
result constrains also models of cosmic super-strings, in which the gravitational background is due
to the superposition of many cusp burst signals 34 , excluding regions in the Gµ − ǫ plane, as shown
in Fig.4.
The analysis of data from the pair H1-H2 is also underway. From one hand having two co-located
detectors would give a sensitivity improvement of about one order of magnitude. On the other,
the presence of correlations between the two data streams reduces the gain. A big effort is being
done in order to identify all the environmental contributions to the H1-H2 cross-correlation. Also
the search for non-isotropic backgrounds is being considered, and an analysis method optimized for
this kind of signal, called radiometer analysis 35 , has already produced results for S4 and is being
applied to S5 data.
Advanced detectors should push the upper limit a couple of orders of magnitude below the current limit thus further constraining the parameter space of various models of cosmological SGWB,
see Fig.3. In particular, for cosmic super-string models they could exclude regions of Gµ > 10−11
and ǫ > 10−10 . They should be also able to put constraints on Pre-Big-Bang models by excluding
regions in the f1 − µ plane.
4

Conclusions

The search for continuous gravitational wave signals and stochastic gravitational wave backgrounds
in LIGO and Virgo data has already produced several upper limits of astrophysical interest, altough
no detection. New results will come soon by analyzing most recent data and using improved analysis
pipelines. The development of more sensitive and robust methods will follow in the next years in
order to be ready for the advanced detectors era.
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MULTIMESSENGER ASTRONOMY
N.L. CHRISTENSENa
for the LIGO Scientific Collaboration and the Virgo Collaboration
Physics and Astronomy, Carleton College,
Northfield, Minnesota 55057, USA

Multimessenger astronomy incorporating gravitational radiation is a new and exciting field
that will potentially provide significant results and exciting challenges in the near future.
With advanced interferometric gravitational wave detectors (LCGT, LIGO, Virgo) we will
have the opportunity to investigate sources of gravitational waves that are also expected to be
observable through other messengers, such as electromagnetic (γ-rays, x-rays, optical, radio)
and/or neutrino emission. The LIGO-Virgo interferometer network has already been used
for multimessenger searches for gravitational radiation that have produced insights on cosmic
events. The simultaneous observation of electromagnetic and/or neutrino emission could be
important evidence in the first direct detection of gravitational radiation. Knowledge of event
time, source sky location, and the expected frequency range of the signal enhances our ability
to search for the gravitational radiation signatures with an amplitude closer to the noise floor
of the detector. Presented here is a summary of the status of LIGO-Virgo multimessenger
detection efforts, along with a discussion of questions that might be resolved using the data
from advanced or third generation gravitational wave detector networks.

1

Introduction

The era of gravitational wave (GW) astronomy has begun. The LIGO 1 and Virgo 2 GW
interferometric detectors have demonstrated their ability to operate at or near their initial
design sensitivities. LIGO’s sixth scientific run, S6, and Virgo’s third scientific run, VSR3, were
recently completed; GEO 600 3 also acquired data during this period. The LIGO Scientific
Collaboration (LSC) and the Virgo Collaboration have been working together in their effort to
detect binary inspiral 4, 5 , burst 6,7 , continuous wave 8,9 , and stochastic background 10 signals, as
well as GWs associated with electromagnetic (EM) events (such as a γ-ray burst, GRB) 11,12 .
In 2014, a new generation of detectors, with an even better ability to observe the universe,
a
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will come on-line; advanced LIGO (aLIGO) 16 and advanced Virgo (AdV) 17 will work toward
achieving a factor of 10 better sensitivity than the initial detectors. The Large-scale Cryogenic
Gravitational wave Telescope (LCGT) is expected to also come on-line around 2015 18 . A truly
global network of advanced detectors will be simultaneously operating in the second half of this
decade. The initial ground based laser interferometers were sensitive to GWs in the frequency
band from 20 Hz (for Virgo, 40 Hz for LIGO) up to 8 kHz, while the lower frequency for the
advanced detectors should drop to 10 Hz.
The existence of GWs was predicted by Einstein 13 , and confirmed through observations
on the binary pulsar PSR 1913+16. This binary system was discovered in 1974 by Taylor and
Hulse 14 , and subsequent observations by Taylor and Weisberg 15 have shown that the decay of the
orbit matches perfectly with what is predicted via energy loss by GW emission. GW detectors,
like LIGO and Virgo, hope to observe GWs produced by astrophysical sources. The observation
of these GWs will provide information about the astrophysical event. LIGO, Virgo, and other
detectors will not be just GW detectors, they will also be the new generation of astronomical
observatories. It is possible that some sources of GWs may not emit EM radiation; for example,
imagine the oscillations of a newly formed black hole. Other sources, like a supernova, will likely
emit both EM radiation and GWs, and the observation of the GWs in coincidence with EM
observations could give new insight about the source. EM observations of the universe are done
with radiation having frequencies above 10 MHz. On the other hand, GW observations will be
from frequencies below 10 kHz; this should provide very different information about the universe.
Since GWs are weakly interacting, any waves produced will traverse the universe without being
scattered or absorbed; this gives another unique opportunity for scientists to see new phenomena
in our universe. In this article we discuss how LIGO and Virgo are searching for GW signals
in coincidence with EM events. This is an example of multimessenger astronomy. Searches
are conducted for GWs at times of observed EM events (the external trigger strategy) 11,12 .
Since GW data from LIGO and Virgo is non-stationary 19,20 , finding a GW signal candidate
in coincidence with an EM transient will increase confidence that the signal is astrophysically
produced, and not a spurious noise event.
LIGO and Virgo have developed another strategy for finding GW events in association with
EM transients. During a period of joint data collection directional information was sent to EM
observatories soon after outlier events were observed in the LIGO-Virgo data; these initial tests
took place from Dec 17 2009 to Jan 8 2010, and Sep 4 to Oct 20 2010. When interesting GW
triggers were generated, numerous EM observatories have been notified within 30 minutes as
part of an EM follow-up effort 21 .
There are a number of possible sources for an EM signal accompanying a GW. Long GRBs
are likely associated with massive star collapse 22 , producing γ-rays then subsequent x-ray and
optical afterglows. A double neutron star (NS) or NS/blackhole merger could be the source of
short GRBs 23 (with prompt γ-rays and maybe weak, isotropic afterglows). Other interesting
phenomena include soft gamma repeater (SGR) flares; these are highly magnetized (1015 G)
neutron stars that emit γ-ray flares sporadically 29 .
In addition, many astrophysical events will produce detectable high and low energy neutrinos;
neutrino events will be another important multimessenger area. LIGO and Virgo are currently
working with IceCube 24,25 and ANTARES 26,27 in the search for GW signals at the time these
neutrino observatories register events. It is suspected that high energy neutrinos could be
emitted from long GRBs 22 , short GRBs 23 , low-luminosity GRBs 28 , or even choked GRBs 30 .
Core collapse supernovae have prompt low energy neutrino emission (along with delayed optical
signals). In the future, with the advanced detectors, it will be fruitful to search for GWs in
coincidence with low energy neutrinos from supernovae 31 .
Multimessenger observations could help to address and perhaps resolve a number of open
questions in astrophysics 32 . For example:

* What is the speed of GWs? (subluminal or superluminal?)
* Can GW detectors provide an early warning to EM observers? (to allow the detection of early
light curves.)
* What is the precise origin of SGR flares? (what is the mechanism for GW and EM emission
and how are they correlated?)
* What happens in a core collapse supernova before the light and neutrinos escape?
* Are there electromagnetically hidden populations of GRBs?
* What GRB progenitor models can we confirm or reject?
* Is it possible to construct a competitive Hubble diagram based on GW standard sirens? 33,34
These are just a few of the astrophysical problems that LIGO and Virgo hope to address with
their multimessenger studies. The remainder of this paper is organized as follows. In Sec. 2
there is a summary of the multimessenger results to date by LIGO and Virgo. Sec. 3 summarizes
methods for searching for GW events in coincidence with EM transients, while Sec. 4 does the
same for neutrino events. A conclusion is given in Sec. 5.
2

LIGO - Virgo Multimessenger Results

LIGO and Virgo have already published astrophysically important multimessenger papers; while
no GWs were observed, the upper limits that have been set do provide significant constraints on
the systems in question 11,12,35,36,37 . Virgo and LIGO have developed methods whereby searches
are conducted for GWs at times of GRBs. By constraining the GW search to a relatively short
period (typically tens to hundreds of seconds) the background rejection is improved, and the
sensitivity for GW detection is increased. Long GRB events are assumed to be produced by
massive star collapse, and GW searches by LIGO and Virgo use their unmodeled burst search
pipelines 12,35,36,37 . The coalescence of a neutron star - neutron star, or neutron star - black
hole binary system is suspected to be the source of the short GRBs; the LIGO-Virgo compact
binary coalescence and burst pipelines are both used to search for GWs from short GRBs 11 .
Even by not seeing a GW signal in association with a GRB, important astrophysical statements can be made. For example, LIGO and Virgo were able to set lower limits on source
distances for 22 short GRBs during LIGO’s fifth and Virgo’s first scientific runs (S5, VSR1)
based on the assumption that these were neutron star - neutron star, or neutron star - black
hole binary coalescences 11 . For the same S5/VSR1 period, LIGO and Virgo were able to set
upper limits on the amplitude of GWs associated with 137 GRBs, and also place lower bounds
on the distance to each GRB under the assumption of a fixed energy emission in GWs; the search
was conducted for burst waveforms (< 1s) with emission at frequencies around 150 Hz, where
the LIGO - Virgo detector network had its best sensitivity 37 . The average exclusion distance
for the set of GRBs was about 15 Mpc.
The short-duration, hard-spectrum GRB 070201 had an EM determined sky position coincident with the spiral arms of the Andromeda galaxy (M31). For a short, hard GRB as this
was, possible progenitors would be the merger of two neutron stars, a neutron star and a black
hole, or a SGR flare. No GW candidates were found in LIGO data within a 180 s long window
around the time of this GRB 38 . The results imply that a compact binary progenitor of GRB
070201 was not located in M31.
SGRs intermittently emit brief (≈ 0.1s) intense bursts of soft γ-rays, often with peak luminosities up to 1042 erg/s; intermediate bursts with greater peak luminosities can last for seconds.
Rare giant flare events can even be 1000 times brighter than common bursts 39 . SGRs could
be good sources of GWs. These magnetars are likely neutron stars with exceptionally strong
magnetic fields (up to 1015 G). The SGR bursts may be from the interaction of the stars magnetic field with its solid crust, with crustal deformations, catastrophic cracking, excitation of the
stars nonradial modes, and then emission of GWs 40 . The sources are also potentially close by.

LIGO has conducted searches for short-duration GWs associated with SGR bursts. There was
no evidence of GWs associated with any SGR burst in a sample consisting of the 27 Dec 2004
giant flare from SGR 1806-20 36 , and 190 lesser events from SGR 1806-20 and SGR 1900+14 41 .
An innovative technique was also used to look for repeated GW bursts from the storm of flares
from SGR 1900+14; the GW signal power around each EM flare was stacked, and this yielded
per burst energy limits an order of magnitude lower than the individual flare analysis for the
storm events 42 .
3

Electromagnetic Transients

There are numerous scenarios where one could expect a GW signal to appear at the same time as
an EM event. LIGO and Virgo have recently pursued two strategies to try and find coincident
GW and EM events. One is to look for GWs in LIGO and Virgo data at times when EM
observatories have registered a transient signal. In the other, LIGO and Virgo have sent times
and sky locations to numerous EM observatories with a 30 minute latency; these correspond to
LIGO and Virgo triggers that have been determined to be statistically significant.
3.1

External Trigger Strategy

Presently there is a search of recent data from LIGO’s sixth scientific run (S6) and Virgo’s second
and third scientific runs (VSR2 and VSR3) for GWs in association with GRBs; LIGO and Virgo
are examining events recorded by Swift 43 and Fermi 44 . Because the time and sky position of
the GRB are known, this has the effect of reducing the background noise, and improving the
sensitivity of the GW search. LIGO and Virgo have also commenced with an effort to find GWs
in association with GRBs where the GW signal extends for a time scale of many seconds, to
weeks 46 ; the search for these intermediate duration signals has not been previously attempted.
For long GRBs 22 LIGO and Virgo use their unmodeled burst pipeline 6,7 to search for
GW signals (since the assumption is that the source is a massive star collapse), while for short
GRBs 23 they use both the coalescing compact binary search 4, 5 and unmodeled burst pipelines.
The GRBs provide information on the sky position and event time; this simplifies the analysis
of the GW data since the time delay between the different GW detectors is known. This also
significantly diminishes the data set to be analyzed, reduces the noise background, and therefore
increases the sensitivity of the search by about a factor of two 45 . For short GRBs a time window
for the GW search about the GRB is several seconds; for long GRBs the time window is dictated
by GRB astrophysics, and for the LIGO - Virgo search is −600s to +60s. LIGO and Virgo results
for GRB events during S6-VSR2/3 will for forthcoming soon.
3.2

EM Followups

During two recent periods (17 Dec 2009 to 8 Jan 2010, and 4 Sep 2010 to 20 Oct 2010, within
S6-VSR2/3) LIGO and Virgo worked with a number of EM observatories, testing a new method
whereby GW data was rapidly analyzed 21 . The time and sky location of statistically significant
GW triggers were sent to EM observatories within 30 minutes. Wide EM field of view observations are important to have, but sky location information that is as accurate as possible is also
necessary. For this effort the start of the pipeline consisted of triple coincident (from the two
LIGO detectors and Virgo) unmodeled burst, or compact binary coalescence triggers. Within
a period of 10 minutes it was determined whether the events were statistically significant or
not, and whether the quality of the data from the GW observatories was good. The significance above threshold for an event was determined via comparisons with background events.
The target false alarm rates were 1 event per day for the initial test period, then reduced to
0.25 event per day for the second test period (excluding Swift 43 and the Palomar Transient

Factory 47 , where the rate was 0.1 event per day). Information on known globular cluster and
galaxy locations were then used to further restrict the likely sky position of the potential source;
only sources out to a distance of 50 Mpc were considered to be possible. Within 30 minutes of
the initial registration of the potential GW event, the significant triggers were manually vetted
by on-call scientific experts, and scientific monitors in the the observatory control rooms. If a
potential GW trigger passed all of the tests the direction information was then sent to various EM observatories, including a number of optical observatories: The Liverpool telescope 48 ,
the Palomar Transient Factory 47 , Pi of the Sky 53 , QUEST 59 , ROTSE III 54 , SkyMapper 55 ,
TAROT 56 , and the Zadko Telescope 57 . Trigger information was also sent to the Swift X-ray
observatory 43,58 , and the radio network LOFAR 49 . Part of the research work from LIGO and
Virgo has also involved the development of image analysis procedures able to identify the EM
counterparts. In the initial S6-VSR2/3 test period there were 8 potential GW events where
the information was passed onto the EM observatories, and observations were attempted for
4 of them; for the second test period there were 6 potential GW events, and 4 of them had
EM observations attempted. The full results from this EM follow-up effort will be published in
the near future. This EM follow-up effort during S6-VSR2/3 was a successful milestone, and a
positive step toward the advanced detector era where the chances of GW detections will be very
enhanced, and these rapid EM observations, when coupled with the GW data, could provide
important astrophysical information on the sources.
Long and short GRB afterglows peak a few minutes after the prompt EM/GW emission 50,51 ,
and it is critical to have EM observations as soon as possible after the GW trigger validation.
Kilo-novae model afterglows peak about a day after the GW emission 52 , so EM observations a
day after the GW trigger would be an important validation for these type of events. In order
to discriminate between the possible EM counterpart (to the GW source) from contaminating
transients repeated observations over several nights are necessary to study the light curve.
4

Neutrinos

Many of the energetic astrophysical events that could produce GWs are also expected to emit
neutrinos. LIGO and Virgo are currently investigating methods to use observations of high and
low energy neutrinos to aid in the effort to observe GWs.
4.1

High Energy Neutrinos

High energy neutrinos (HENs) are predicted to be emitted in astrophysical events that also
produce significant amounts of GWs, and by using the time and sky location of observed HENs
the ability to confidently identify GWs will be improved. HENs should be emitted in long GRBs;
in the prompt and afterglow phases, HENs (105 − 1010 GeV ) are expected to be produced by
accelerated protons in relativistic shocks 22 . HENs can also be emitted during binary mergers
involving neutron stars 23 . HENs and GWs could both come from low luminosity GRBs; these
would be associated with an energetic population of core-collapse supernovae 28 . There is a
class of events where GWs and HENs might be observed in the absence of a GRB observation,
namely with choked GRBs; these could plausibly come from baryon-rich jets. Because the
environment could be optically thick, the choked GRB events may be hidden from conventional
EM astronomy, and HENs and GWs will be the only messengers to reveal their properties 30 .
LIGO and Virgo are presently working with IceCube 24,25 and ANTARES 26,27 to see if there
are HEN events in coincidence with GW signals in LIGO (S5 and S6) and Virgo (VSR1, VSR2
and VSR3) data. The HEN event time, sky position, and reconstructed energy information
enhance the sensitivity of the GW search. During S5 and VSR1 IceCube had 22 of its strings in
operation, while ANTARES had 5 strings. IceCube reached its full complement of 86 strings near

the time of the end of S6 and VSR3, while ANTARES reached 12 strings. IceCube can provide
a neutrino trigger sky location to about 1 degree squared accuracy; then by using catalogs of
galaxy positions, including distance, the trigger information from the LIGO and Virgo data
can provide a joint test statistic, and reduced false alarm rate. For example, there would be a
false alarm rate of about 1 in 435 years for a one-second coincidence time window and spatial
coincidence p-value threshold of 1% 60,61 . The size of the time window to be used about the
neutrino trigger is a critical parameter in the search, and will need to be larger than 1 s; taking
into account the physical processes that could result in neutrino, γ-ray, and GW emission, it
was determined that a conservative ±500s time window would be appropriate 62 . The results of
this research effort be published soon.
A potential problem for a neutrino - GW search occurs with long GRBs, where HENs from
relativistic shocks might be emitted between a few hours (internal shocks 28 ) to a few days
(external shocks 22 ) after the GW emission caused by core bounce 60 . For these events a larger
time window will be necessary (days) which will increase the false alarm rate. Better sky position
accuracy, either through an improved neutrino detector or an expanded GW detector network
(for example with the coming network of advanced detectors), would help to address this issue.
4.2

Low Energy Neutrinos

Low energy neutrinos (LENs) will be an important multimessenger partner to GWs for core
collapse supernovae (CCSN). LIGO and Virgo are developing search methods involving LENs,
especially for the advanced detector era. A range of 3 to 5 Mpc is admittedly at the edge of
detectability for aLIGO and Super-K 63 ; at this distance the supernovae rate becomes about
1/year 64 . A weak coincident signal in both GWs and LENs may be convincing, especially if
there were also an optical signal. For a galactic supernova, the neutrino signal will be large,
and LIGO and Virgo would do a standard external trigger search (GRB search) with a tight
coincidence window. A CCSN produces 10-20 MeV neutrinos (all flavors) over a few 10s of
seconds. It is expected that all three neutrino flavors would be created; GWs and neutrinos
would be emitted promptly in the CCSN, while EM radiation could be delayed. The neutrino
and GW information would truly provide a probe of the physics of the core collapse 65 . The
onset of the signal could probably be determined to better than 1 s. Detectors, such as SuperK 63 , would detect of order 104 neutrinos for a CCSN at the galactic center. The optical (EM)
signature of a CCSN could be obscured; for example, SN 2008iz in M82 was missed via optical
observations 66 . With just EM information the exact time of the core collapse bounce could be
uncertain to many hours. A tight coincidence window provided by neutrino observations could
be used to establish a correlation with GWs. In the advanced GW detector era the sensitivity
range of GW and neutrino detectors will be similar, and it is a research goal of LIGO and Virgo
that LEN information will be used in association with data from the advanced GW detectors.
5

Conclusions

There is an active effort by LIGO and Virgo to find GWs in coincidence with EM or neutrino
counterparts. Numerous studies have already been conducted using LIGO and Virgo data from
the initial generation of detectors, and more results will be forthcoming soon. AdV 17 , aLIGO 16 ,
and GEO-HF (an upgraded GEO, with improved high frequency response) 3,67 should be on-line
in 2014 and start trying to achieve their enhanced sensitivities. LCGT 18 could be operating in
2015. A global network of advanced detectors will be simultaneously observing in the second
half of this decade, and multimessenger techniques using EM and neutrino event information
will improve the probability for detecting GWs. By using GW, EM and neutrino observations
all together there will be a tremendous opportunity to decipher the astrophysics pertaining to

many different types of cataclysmic events in the universe.
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DiSBeF, Università degli Studi di Urbino “Carlo Bo”, 61029 Urbino, Italy
INFN, Sezione di Firenze, 50019 Sesto Fiorentino, Italy
A. KLOTZ
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A pioneering electromagnetic (EM) observation follow-up program of candidate gravitational
wave (GW) triggers has been performed, Dec 17 2009 to Jan 8 2010 and Sep 4 to Oct 20
2010, during the recent LIGO/Virgo run. The follow-up program involved ground-based and
space EM facilities observing the sky at optical, X-ray and radio wavelengths. The joint
GW/EM observation study requires the development of specific image analysis procedures
able to discriminate the possible EM counterpart of GW trigger from background events. The
paper shows an overview of the EM follow-up program and the developing image analysis
procedures as they are applied to data collected with TAROT and Zadko.

1

Introduction

The LIGO 1 and Virgo 2 detectors aim at the first direct detection of gravitational waves from very
energetic astrophysical events. The most promising sources are mergers of neutron stars (NS)
and/or stellar mass black holes (BH) and the core collapse of massive stars. More exotic sources
include cosmic string cusps. It is likely that a fraction of the large energy reservoir associated to
those sources be converted into electromagnetic radiation. This possibility is a feature of several
astrophysical scenarios. For instance, Gamma-Ray Bursts (GRBs) are thought to be associated
with the coalescence of NS-NS or NS-BH binaries or the collapse of very massive stars (see 3 and
references therein). Another scenario associated with compact object mergers is the prediction 4
of an isotropic EM emission from supernova-like transients powered by the radioactive decay of
heavy elements produced in merger ejecta (this is referred to as the kilonova model). There are
models that predict that cusps produce electromagnetic radiation 5 .
In this respect, multi-messenger GW and EM astronomy is a very promising field of research. An electromagnetic counterpart discovered through a follow-up of a gravitational wave
candidate event would considerably increase the confidence in the astrophysical origin of the
event. The detection of an EM counterpart would give the precise localization and possibly lead
to the identification of the host galaxy and redshift. Furthermore, EM and GW observations

provide complementary insights into the progenitor and environment physics. In the long term
combined measurements of the luminosity distance through GW radiation and redshifts through
EM observations may allow a new way of estimating some cosmological parameters.

2
2.1

Enabling EM Follow-up of Candidate GW Events
Selection of Candidate GW Events

A first program of EM follow-up to GW candidates took place (Dec 17 2009 to Jan 8 2010
and Sep 4 to Oct 20 2010) during the last LIGO/Virgo observation periods, thanks to the
development of a low-latency GW data analysis pipeline that uses real time gravitational wave
triggers to obtain prompt EM observations to search for the EM counterparts.
One of the challenges of successfully obtaining “target of opportunity” EM observations
is to identify the GW candidates quickly: the data from the three operating detectors (the
two LIGOs and Virgo) must be transferred and analyzed in near-real time. As soon as the data
become available, three search algorithms (Omega Pipeline, coherent Wave Burst both described
in 6,7 and Multi Band Template Analysis 8 ) run over the data. For each generated trigger, the
direction of arrival of the wave (and hence potential sky position of the source) is estimated
using a method based on differences in arrival time at each detector. The event candidates
are collected in the Gravitational-wave candidate event database (GraCEDb). Two software
packages LUMIN and GEM select statistically significant triggers and determine the telescope
pointing positions. This process typically takes ∼10 minutes. It is followed by a manual event
validation. A team of trained experts is on duty and their role is to rapidly coordinate with
scientists at the GW detectors to evaluate the detector performances. If no problem is found
the alert is sent to telescopes. The entire process is typically completed within 30 minutes. The
triggers selected as GW candidates for EM follow-up are the ones detected in triple coincidences
and with a power above a threshold estimated from the distribution of background events. A
full description of the GW trigger selection and the entire EM follow-up process will be detailed
in 9 .
2.2

Sky Pointing strategy

The uncertainty in the source direction reconstruction scales inversely with the signal-to-noise
ratio 10 . GW events near the detection threshold are localized into regions of tens of square
degrees. Generally, the error regions have a non-trivial geometrical shape, often formed of
several disconnected patches. Follow-up EM-telescopes with a wide Field Of View (FOV) are
thus required. However, the majority of those telescopes have a FOV which is much smaller than
the GW angular error box. Additional priors are necessary to improve the location accuracy
and increase the chance that the actual source be in the selected FOV. The observable Universe
is limited to an horizon of 50 Mpc, taking into account the detector sensitivity to the signals
coming from NS binaries 11 . The observation of the whole GW error box is not required 12 , but
it can be restricted to the regions occupied by Globular Clusters and Galaxies within 50 Mpc,
listed in the Gravitational Wave Galaxy Catalog 13 . Tens of thousands of galaxies are included
within this horizon and the GW observable sources are more likely to be extragalactic.
To determine the telescope pointing position, the probability sky map based on GW data
is “weighted” taking into account the mass and the distance of nearby galaxies 14 and globular
clusters. It is assumed that the probability of a given galaxy being the host of the actual source
i) is directly proportional to the galaxy’s mass (the blue luminosity is used as proxy for the mass
and thus for the number of stars) and, ii) is inversely proportional to the distance.

2.3

Follow-up EM Observatories and Observation Strategy

The follow-up program involved ground-based and space EM facilities: the Liverpool Telescope,
the Palomar Transient Factory (PTF), Pi of the Sky, QUEST, ROTSE III, SkyMapper, TAROT
and the Zadko Telescope observing the sky in the optical band, the Swift satellite with X-ray and
UV/Optical telescopes and the radio interferometer LOFAR. The observing strategy employed
by each telescope will be described in 9 .
The cadence of EM observations is guided by the expected EM counterpart. The optical
afterglow of an on-axis GRB peaks few minutes after the EM/GW prompt emission. The
kilonova model predicts an optical ligth curve that peaks a day after the GW event, due to the
time that the out flowing material takes to become optically thin. The agreement with the EM
facilities allowed observations as soon as possible, the day after the GW event and, repeated
observations over longer time-lag to follow the transient light curve dimming.
During the recent winter and summer LIGO/Virgo runs a total of 14 alerts have been sent
out to the telescopes and 8 of them led to images being taken.
3

Optical Transient Search in the Wide-Field Telescope Observations

Once the follow-up observations are completed, the collected set of images needs to be analyzed to
decide the presence or not of an optical transient of interest. The analysis method is conceptually
similar to one used to study a GRB afterglow with a main difference: the arc minute localization
of the current generation gamma-ray observatories allows a significant reduction of the search
area with respect to the GW observations.
Searching for optical transients in a large sky area requires the development and use of specific
image analysis procedures able to discriminate the EM counterpart from background/contaminant
events. Several analysis pipelines are being developed and tested by groups within the LIGO
Scientific Collaboration and the Virgo Collaboration in partnership with astronomers.
This section describes one of the considered approaches based on the cross-correlation of
object catalogs obtained from each image. The resulting pipeline has been designed and tested
with the images collected by the two TAROT and the Zadko telescopes.
TAROT 15 are two robotic 25 cm telescopes with a FOV of 3.5 square degrees located in
Calern (France) and in La Silla (Chile). In case of a GW alert, TAROT followed a nominal
observation schedule including six consecutive images with 180 second exposures during the
first night and same for the three following nights. An exposure of 180 seconds corresponds to
a red limiting magnitude of 17.5 under ideal conditions. Zadko 16 is a 1 meter telescope with a
FOV of 0.17 square degrees located in Gingin (Western Australia). For each GW trigger, Zadko
followed a nominal observation schedule including a mosaic of five fields with six consecutive
images during the first night and same for the three following nights. A 120 sec exposure
corresponds to a red limiting magnitude of 20.5 under ideal conditions.
The main steps of the fully automated analysis pipeline are as follows:
1) extraction of the catalog of objects visible in the images using SExtractor 17 ;
2) removal of “known objects” listed in USNO-A2.0 or USNO-B star catalogs that are complete
down to a fainter magnitude than the collected images by using a positional cross-correlation
tool match 18 ;
3) trace objects in common to several image catalogs by using a cross-positional check. This
results in a light curve for each traced object;
4) rejection of “rapid contaminating transients” (like cosmic rays, asteroids or noise): the presence is required in at least four consecutive images;
5) rejection of “background transients”: the objects are selected in the image regions associated
with the galaxies within 50 Mpc. A circular region with a diameter equal to 4 times the major

axis galaxy size is used. This is to take into account the possible offset between the host galaxy
center and the optical transients (observed up to tens of kpc for GRBs);
6) rejection of “contaminating events” like galaxies, variable stars or false transients by analyzing the light curves. The code selects the objects that show a luminosity dimming with time.
Assuming that the dimming is described by a single power-law L ∝ t−β , corresponding to a
linear variation in terms of magnitude equal to m = 2.5β log10 (t) + C, a “slope index” 2.5β is
defined and evaluated for each objects. The expected “slope index” for GRB afterglows and
kilonova-like light curves is around 2.5-3. In practice, a conservative cut is applied by selecting
as the possible EM counterparts the objects with the “slope index” larger than 0.5. This value
has been checked using Monte Carlo simulations.
The preliminary results on the pipeline sensitivity indicate for a survey red limiting magnitude of 15.5 that the majority of GRB afterglows can be detected further away the GW horizon
distance of 50 Mpc, while the kilonova objects can be detected up to a distance of 15 Mpc.
These results are obtained by repeatedly running the pipeline over sets of TAROT and Zadko
images where fake on-axis GRB and kilonova optical transients were injected.
Estimates of the rate of false detections may be deduced from the occurence of detected
optical transients that would be unrelated to the GW event and observed by chance in the field.
The contaminant transients that are able to pass the light-curve cut include some rapid variable
Cepheid stars and Active Galactic Nuclei.
4

Concluding remarks

The present paper reports on the first EM follow-up program to GW candidates performed by
the LIGO/Virgo collaborations together with partner observatories. This follow-up program is
a milestone toward the advanced detector era. With a ten-fold improvement of sensitivity 19 , the
number of detectable sources increases by a factor of 103 . It is likely that advanced detectors
will make the first direct detection of GWs. The observation of an EM counterpart may be a
crucial ingredient in deciding the astrophysical nature of the first event.
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Searching for gravitational waves associated with gamma-ray bursts using the
LIGO/Virgo network
M. Was, for the LIGO Scientific Collaboration and the Virgo Collaboration
LAL, Univ Paris-Sud, CNRS/IN2P3, Orsay, France.
Gamma-ray bursts are among the most violent events observed in the universe; their progenitors could also emit copious amounts of gravitational waves. We discuss the astrophysical
motivations and prospects of searching for gravitational waves associated with gamma ray
bursts in data collected in 2009-2010 by the LIGO and Virgo network of gravitational wave
detectors.

Gamma-ray bursts (GRBs) are among the most violent events observed in the universe. The
energy released by the progenitors into γ-rays is estimated to be of the order of 10−3 M c2 , and
this energy is released in a matter of seconds. The duration of the γ-ray emission is characterized
by T90 , the time length over which the 5th to 95th percentile of the total photon count in the
∼ 15 − 300 keV energy range is collected by a γ-ray satellite. The distribution of the duration
has a bimodal structure, and GRBs are observationally classified by their duration into short
GRBs (T90 < 2 s) and long GRBs (T90 > 2 s). However, one should note that there is no clear
cut separation between the two families at the 2 s duration threshold 1 .
The most popular model for explaining GRBs is the beamed emission by a relativistic jet.
For long GRBs the progenitor is thought to be the core collapse of a massive rapidly spinning
star, which in extreme cases might form a black hole or a magnetar and launch the relativistic
jet along the rotation axis. For short GRBs the central engine which launches the jet is thought
to be the coalescence of a neutron star with either another neutron star or a black hole. In both
cases the central engine could emit copious amounts of gravitational waves.
When analyzing data from gravitational wave detectors such as LIGO 2 and Virgo 3 a crucial
question for improving the search is what are the expectations on the sought signal. In particular
for the case of searching for gravitational waves emitted by GRB progenitors, the questions to
answer are what are the expected signal time of arrival with regard to the GRB, and what
waveform and polarization of the potential gravitational wave is expected. We look at these two
questions in the next sections.

1

Gravitational wave emission and polarization

In this section we discuss the expectations one should have for the gravitational waves potentially
associated with a GRB observation. We separate the discussion for the case of the compact
binary coalescence model (short GRBs) and the extreme stellar collapse model (long GRBs).

1.1

Compact binary coalescence

The gravitational waves emitted by the inspiral of a neutron star and another compact object
is well understood, and precise waveforms can be derived using the post-newtonian expansion
formalism 4 . The gravitational wave emission at the time of the merger and afterwards is not
well known, among others due to the uncertainty in the neutron star equation of state. However
for current gravitational wave detectors only the inspiral part is of importance, as the merger
and post-merger GW emission is at higher frequencies resulting in a much smaller signal to noise
ratio. The inspiral gravitational wave signal enters the sensitive band of current detectors at
most 50 s before the merger.
A GRB observation means that the opening angle θj of the relativistic jet includes the
observer, hence the rotation axis of the binary has an inclination angle that is smaller than θj .
The opening angle for short GRBs is estimated to be typically 5,6 θj ∼ 10◦ − 50◦ . For orbital
inclination angles smaller than 60◦ the emitted gravitational waves are approximately circularly
polarized, with an amplitude discrepancy between the “plus” and “cross” polarizations of at
most 20%.
1.2

Extreme stellar collapse

The collapse of a star is notoriously difficult to model or simulate, moreover the GRB progenitors
models corresponds to extreme cases of stellar collapse with very rapid rotation, which requires
full 3D modelling. Hence the gravitational wave emission for long GRBs is poorly known.
Many possible emission channels have been proposed. A first family comes from numerical
simulations of the stellar collapse, which are by necessity simplified in some aspects (microphysics, number of dimensions, ...). These numerical simulation predict gravitational emission 7
of at most ∼ 10−8 M c2 , which if compared to the most sensitive point in the current detectors
spectrum correspond to a detection range 8 of ∼ 10 kpc. Hence these models are not relevant
for the detection of gravitational waves from extra-galactic progenitors.
A second class of models come from analytical estimation of extreme scenarios. These models
predict an energy radiated in gravitational waves of up to 10−2 M c2 and correspond to various
rotational instability scenarios. For (proto)-neutron star central engines these could be bar
mode instabilities 9 , or fragmentation of the neutron star 10 . For central engines consisting of
a black hole with dense accretion disk the instabilities could involve disk fragmentation 11 or
disk precession 12 . A common aspect of these extreme models is that emission is coming from
a rotating quadrupole mass moment. Given that for long GRBs the typical jet opening angles
are estimated 6,13 to be θj ∼ 5◦ − 10◦ , the gravitational emission associated with long GRBs in
these models is expected to be circularly polarized.
2

Gravitational wave - GRB coincidence

The expected time of arrival between gravitational waves and GRBs is also crucial. Obtaining
a small coincidence window while keeping all the plausible emission scenarios allows to reduce
the background without losing any sensitivity, when searching for gravitational waves associated
with a GRB.
2.1

Compact binary coalescence

For the compact binary coalescence a central engine composed of a black hole surrounded by
a dense disk should be formed on a viscous time scale and launch a jet in less than 1 s after
the merger 14 . In the standard fireball internal shock model 1 the expected delay between the
jet launch and the γ-ray emission is of the order of the GRB variability time scale, which is

shorter than the duration ≤ 2 s of the short GRB. Hence the merger time should be within
[−3 − T90 , 0] s of the GRB trigger time, and the inspiral gravitational wave emission spread
within [−53 − T90 , 0] s of the GRB trigger time.
2.2

Extreme stellar collapse

For the stellar collapse scenario several models have been proposed for the central engine and
have not been ruled out by observations 15 : type I and type II collapsars 16 and the millisecond
magnetar model 17 . Each of these models has difficulties with explaining some of the observed
GRB properties and the actual picture of GRB progenitors remains unclear. In particular the
predictions on the timing of the different parts of the GRB progenitor emissions are not precise,
we will mention here only the most extreme contribution that would cause a large time delay
between the time of arrival of GWs and γ-rays.
The type II collapsar model has the largest time span with a two step central engine 16 . The
star collapses first to a proto neutron star, which forms a black hole through fall back accretion
up to 100 s later. Gravitational wave and γ-ray emission might be produced at either of these
two stages. The propagation of the jet through the stellar envelope at sub-relativistic speed may
take as long as 100 s. After break-out the jet accelerates to relativistic speed. In the standard
fireball model with internal shocks the γ-ray emission is delayed by the GRB variability time
scale compared to the jet break-out, that is at most 100 s later. In the Poynting flux dominated
jet of the electromagnetic model 18 , the GRB is emitted with a similar delay. In total, in the
most extreme cases the gravitational wave emission may happen up to several hundred seconds
before the GRB trigger, and at the latest throughout the γ-ray emission.
3

Analysis

This astrophysical models discussion has consequences on how gravitational wave data analysis
is performed. For the compact binary coalescence model of short GRBs the waveform is well
known, hence a template based search is performed for binary systems of total mass between 2
and 40 M . For gravitational wave candidates the recovered merger time should coincide with
a short GRB trigger time within a [−5, 1] s window to account for the astrophysical delay and
detection timing uncertainty. Such a search has been performed previously using LIGO-Virgo
data from 2005-2007 19 , and is currently being finalized for the 2009-2010 data set. On the
2005-2007 data set a typical exclusion distance of ∼ 7 Mpc for neutron star - black hole system
was obtained 19 . This exclusion was performed without assuming any orientation for the binary
system, but that assumption will be used for the 2009-2010 data set. Overall an improvement
of a factor ∼ 2 in the exclusion distance is expected for this new data set.
For the extreme stellar collapse models, the only reliable astrophysical input is that a detectable gravitational wave should be circularly polarized. This polarization constraint is now
used with a coincidence window of [−600, max(60, T90 )] s to search for gravitational waves associated with both long and short GRBs. The results of the analysis of the 2009-2010 data set
are currently being finalized. For the previous data set, the circular polarization assumption
was not used and a shorter coincidence window was used 20 . Expanding the coincidence window
allows to fully include all possible gravitational wave emission models, whereas using the circular polarization assumption one can constructs powerful noise rejection tests. For circularly
polarized signals at the optimal frequency the lack of detection in the 2005-2007 data put a
typical exclusion distance of ∼ 12 Mpc assuming that an energy of 10−2 M c2 is carried by the
gravitational wave 20 . For the latest data set a slight improvement in these exclusion distances
is expected, unless a gravitational wave is found.
The two approaches (template vs. unmodelled) are complementary as one is tailored for one

particular well understood model for which it is more sensitive, whereas the second is broad
scope and includes most available models of joint gravitational wave and GRB emission.
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Toward an optimal strategy for detecting coincident optical and gravitational wave
signals from neutron star mergers
D.M. Coward and E.J. Howell
School of Physics, University of Western Australia,
Crawley WA 6009, Australia
A pan-spectral approach to gravitational wave detection is one of the most prioritized goals in
the gravitational wave community. Observations of an optical source coincident with gravitational wave emission detected from a binary neutron star merger will improve the confidence of
detection, provide host galaxy localisation, and test models for the progenitors of short gamma
ray bursts. We employ optical observations of three short gamma ray bursts, GRB050724,
GRB050709, GRB051221, to estimate the detection rate of a coordinated optical and gravitational wave search for neutron star mergers. We use the sensitivity limits of two robotic
telescopes, TAROT (m=18) and Zadko (m=21) that have participated in the optical follow-up
of LIGO/Virgo triggers in 2010. For a broad distribution of short gamma ray burst beaming
angles the optimal strategy for identifying the optical emissions is a combination of rapid response triggered searches followed by deep imaging at late times if an afterglow is not detected
within several days of the trigger.

1

Introduction

The search for gravitational waves is entering a new era. Combining an optical search with
coincident gravitational wave (GW) observatory data is one of the most prioritized search techniques in the gravitational wave community. It allows gravitational wave candidates that are too
weak to claim detection based on gravitational wave data alone to be associated with an optical
signal that could provide strong confirmation. In principle a joint electromagnetic-gravitational
wave search for binary neutron star mergers (NS-NS) reduces the gravitational wave amplitude
detection threshold by a factor of about 1.5.
One expected EM counterpart of a NS-NS merger is a short gamma ray burst (SGRB). The
favoured model for SGRBs is a compact object merger triggering an a burst of collimated γ-rays
2 powered by accretion onto the newly formed compact object. The outflow is eventually decelerated by interaction with interstellar matter to produce a fading x-ray and optical afterglow.
After Γ decreases to Γ ∼ θj−1 , where θj is the jet opening half angle, the radiation beam is wider
than the outflow, so the afterglow becomes observable from angles greater than θj .

Because the coalescing binary NSs are expected to radiate GWs in the sensitivity band of
Advanced LIGO/Virgo, coincident GW-EM observations of SGRBs will determine if the engine is
a NS-NS or NS-BH binary merger. Furthermore, the rates of EM and coincident GW detections
could constrain the distribution of jet collimation angles of SGRBs, crucial for understanding
energetics. This is possible because the binary inclination angle to the line of sight is a GW
observablea . A direct consequence of collimation is that the rate of (both long and short) GRB
afterglows should be higher than those observed as prompt bursts (see Coward et al. (2011) 1
for a more detailed description of this effect on coincidence detection rates).
1.1

SGRB observations

In order to constrain the detection rate, we require localisation (including redshift), beaming
angles and the optical flux values for our sample of bursts. We use three SGRBs that have
estimates for these parameters: namely GRB 050709, GRB 050724, and GRB 051221A.
GRB 050709: From comparison of X-ray and optical data, a jet break is present in the optical
at about 10 days after the burst 3 . On the other hand, 4 claimed that the light curves were not
displaying such a break. We note however that they excluded one optical data point within their
fit, arguing it was coincident with a late X-ray flare. However, the data point they excluded was
9.8 days after the burst, compared to 16 days for the X-ray flare. We assume the explanation
of Fox et al. (2005), noting that the detection of the jet-break is supported by only one data
point.
GRB 050724: From radio and near infrared data, 5,6 claimed evidence of a jet break about 1
day after the burst. The X-ray light curve is consistent with no jet break up to 22 days after
the event.
GRB 051221A: The detection of the jet break was observed in X-ray only 7 . A jet-break is
clearly visible in the light curve at about 5 days post-burst.

2

Coincident detection rates

To estimate the optical flux of a SGRB as the EM counterpart of a NS-NS coalescence, we use
the plausible estimates of 8 for the Advanced LIGO/Virgo sensitivity distances and detection
rates of NS-NS coalescences. Taking a rate density of NS-NS coalescences ∼ 10−6 Mpc−3 yr−1
and DH = 445 Mpc, they find Ds ≈ 200 Mpc and a detection rate Rdet ∼ 40 yr−1 . This rate
could potentially be increased by considering the improved signal to noise ratio for a coincident
GW and optical search. The estimated increase in signal to noise ratio is about 1.5, assuming
a narrow coincidence window, but the optical afterglows may not be imaged until hours after
the GW trigger. Nonetheless, the afterglows should be relatively bright at the distances we
are considering so it is possible that light curves could be extracted and extrapolated to earlier
times. Hence, we assume the sensitivity distance increases by a factor of 1.5, to 300 Mpc, so
that Rdet ∼ 135 yr−1 .
Table 1 shows the derived parameters, including θjo using the observed jet break times
andextrapolated R-band magnitudes at 1 hr post burst at 300 Mpc. We point out that the
optical data used in the references to derive the beaming angle and break times is uncertain,
and we do not account for optical bumps and flares that can be significant, especially at early
times. Nonetheless, it is clear from Table 1 that if one of the well localised SGRBs occurred
a

In practice, for sources not associated with host galaxies, the inclination angle has a strong degeneracy with
distance, particularly for angles less than 45o .

Table 1: The main observed and derived parameters of GRB 050724, GRB 050709 and GRB 051221. Magnitudes
are converted from flux (Jy) to the AB magnitude system using mAB = -2.5 log(F ) + 8.9 at a source distance of
300 Mpc.

GRB
050724
050709
051221

log Eiso
50.21
49.06
50.95

z
0.26
0.16
0.55

R-mag (1 hr)
12.7
17.2
13.7

θjo
25
14
7

GRB 051221
GRB 050709
GRB 050724
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Figure 1: Three model light curves for GRB 050724, GRB 050709 and GRB 051221 extrapolated to a source
distance of 300 Mpc, the horizon limit for the Advanced LIGO/Virgo detector network. The beaming angles
and break times for the model bursts are (25o , 22d), (14o , 10d), (7o , 5d) respectively. Power law indices before
and after the breaks are (−1.5, −2), (−1.25, −2.83) and (−1, −2) respectively. The horizontal dashed lines from
bottom to top are the approximate sensitivities for an (8-10)m class telescope, Zadko Telescope (1m) and TAROT
(0.25m) respectively.

within Ds , and was on-axis, it would be bright at early times and easily detected by modest
aperture telescopes.
3

Results and discussion

Using the light curve characteristics for GRB 050724, GRB 050709 and GRB 051221, we extrapolate the light curves beyond the jet-break times to constrain detection limits, rates and cadence
times using the sensitivities of TAROT, Zadko and an (8 − 10)m class telescope. Figure 1 shows
the temporal evolution of the three R − band light curves at a source distance of 300 Mpc, and
published values for the decay indices. The three curves are quite different, GRB 050724 and
GRB 051221, are relatively bright at early times, and can be seen from days to some tens of
days by meter class telescopes.
The figure also shows the maximum time, tmax , that the telescopes could detect the SGRB
afterglows. This sets the limit on the cadence times for imaging. GRB 051221 has the brightest
afterglow and is potentially detectable the longest time; tmax ∼ 11d for Zadko. Given that
the GW error ellipse is of order degrees in size, identification of a transient is more feasible for

this afterglow type. Unfortunately, they occur at a rate of 1 yr−1 , and given optical selection
effects may be missed altogether. GRB 050724 like events, occurring at an optimistic rate of 13
yr−1 , would be detectable up to 5d by Zadko. This would allow time for surveying degree size
fields and multiple telescopes at different longitudes to perform follow-up imaging. Coward et
al. (2011)1 , extends this work to show that SGRB afterglows could be observed off-axis at late
times by telescopes sensitive to m = 21 − 26.
The first attempts for a triggered search of the optical counterparts of NS-NS coalescences
using GW detectors are just commencing. There are many uncertainties and issues that will need
careful consideration for these types of searches. Firstly, our results show that the coincident
detection rate depends critically on the beaming angle distribution. For nearly isotropic optical
emission, similar to GRB 050724, the coincident rates are very promising and will improve the
confidence of the GW detection and provide much needed localisation.
Another important issue for the joint searches is the large errors in the GW source localisation, which can extend to some tens of degrees. To address this, the GW triggered search
strategy may use the estimated horizon distance of the detector network to reduce the number of
potential host galaxies, as opposed to a ‘blind’ error box that extends to cosmological distances.
Another problem that manifests with large coincidence error boxes is the increasing chance of
detecting false coincident optical transients. False coincident sources may include supernovae,
flare stars, variable active galactic nuclei and even Earth orbiting space debris. Fortunately,
some of these sources can be excluded in the analysis because of the sensitivity distance of GW
searches and the expectation that the strongest GW sources will be associated with catalogued
host galaxies.
The science pay-off for joint optical and GW observations is enormous and provides motivation to address the issues discussed here in more detail. Now is the time to determine the
optimal strategies for optical follow-up in readiness for the more sensitive GW searches in the
following years. To accomplish this will require a more comprehensive understanding of optical
selection effects, the false alarm rate expected from SGRBs within the error ellipses of GW
networks, and techniques to improve the localisation of the host galaxy.
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Toward Computing the Gravitational Wave Signatures
of Core Collapse Supernovae
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We present the gravitational wave signatures of three non-parameterized core collapse supernova explosion models for 12, 15, and 25 M non-rotating progenitors. The signatures exhibit
four distinct stages. The third stage, induced by mass accretion onto the proto-neutron star
owing to neutrino-driven convection and the SASI, dominates. The total gravitational wave
energy emitted rises quickly as the SASI develops at ∼ 200 ms after bounce in all three models and levels off as explosion develops and the convection- and SASI-induced mass accretion
powering the explosions and gravitational wave emission decreases. We decompose the gravitational wave signatures spectrally and show that the signal is within AdvLIGO’s bandpass
for a Galactic event. The fundamental limitation of the current models and their associated predictions is the restriction to axisymmetry. Counterpart three-dimensional models are
forthecoming.

1

Introduction

Recent advances in multidimensional core collapse supernova modeling and the promise of a
gravitational wave detection by AdvLIGO 1 for a Galactic event engender an optimism that
core collapse supernovae will be much better understood in the near future, that more detailed
predictions of their gravitational wave emission will therefore be possible in that time frame,
and that, consequently, a Galactic core collapse supernova event will both be identifiable in
gravitational waves and used to probe the extreme environments present at the center of such
explosions.
Colgate and White 2 were the first to propose that core collapse supernovae could be neutrino
driven and performed the first numerical simulations of these events. More recently, the discovery by Wilson 3 of the delayed revival of the core collapse supernova shock wave by neutrino
heating provided the framework for contemporary core collapse supernova theory—the majority
of models performed in the last two decades are centered around this phenomenon (for a review,
see Mezzacappa 4 and Janka et al. 5 ).
Core collapse supernovae are spatially three-dimensional events involving turbulent magnetohydrodynamics in interaction with an intense flux of neutrinos and antineutrinos emanating

from the proto-neutron star, of all three flavors. The neutrinos behave in a fluid-like manner only in the deepest regions of the core. A multidimensional kinetic description in phase
space, which encompasses the three dimensions of space and the three dimensions of momentum
space required to uniquely specify a neutrino’s location, direction of propagation, and energy, is
required more generally. In addition, the thermodynamic state on which the magnetohydrodynamics rests is described by a complex nuclear, leptonic, and photonic equation of state (EOS),
and the neutrino–matter interactions are commensurately complex and difficult to model with
realism. Thus, core collapse supernova models have evolved in sophistication and dimensionality painstakingly. However, the rate of progress has certainly increased, particularly with the
introduction of two- and three-dimensional models.
The first target of core collapse supernova theory is arguably the explosion mechanism.
Without first-principles predictions of explosion, it is certainly difficult to discuss core collapse
supernova gravitational wave emissions quantitatively. Fortunately, a consensus is emerging
based on the results of ongoing two-dimensional models that neutrinos aided by the recently
discovered core collapse supernova standing accretion shock instability (SASI) 6 can power such
explosions (see Bruenn et al. 7 , Marek and Janka 8 , and Suwa et al. 9 ). Components of the gravitational wave signatures of core collapse supernovae are associated with various explosion epochs:
(1) stellar core collapse and bounce, (2) the prompt convection epoch, (3) the development of
other proto-neutron star instabilities and neutrino-driven convection, (4) SASI development and
the development of the large-scale flows the SASI induces, and (5) explosion.
The underlying theory of gravitational wave emission by core collapse supernovae has been
developed over the past two decades by various groups (see the references cited here; for a
comprehensive review, see Ott 10 ). Based on this foundation, recent work by Yakunin et al.
11 provided the first view of the gravitational wave signatures for all epochs of gravitational
wave emission mentioned above, based on first-principles non-parameterized models, albeit in
the context of two dimensional models. Their results are discussed here.
2

Underlying Formalism

The transverse-tracefree part (TT) of the gravitational strain can be written as
hTijT =

X
1 m=2
d
r m=−2 dt


2



I2m t −

r
c



fij2m ,

(1)

where the mass quadrupole (as a function of retarded time) is computed by
I2m

16πG √
=
3
5c4

Z

∗ 2
τ00 Y2m
r dV.

(2)

τ00 is the corresponding component of the linearized stress-energy tensor, and f 2m (θ, φ) are
the spherical harmonics. In the weak-field case, we approximate τ00 ' ρ, where ρ is the restd2
mass density. Following Finn and Evans 12 to reduce the second time derivative A2m ≡ dt
2 I2m =
d
13
dt N2m and using the continuity equation as in Blanchet et al. , we calculate N2m as in Equation
(34) in Finn and Evans 12 . In axisymmetric cases, N20 is the only non-null component, and we
evaluate its time derivative numerically. The wave amplitude is related to the dimensionless
gravitational strain, h+ , by
r
A20
1 15
sin2 θ
,
(3)
h+ =
8 π
r
where r is the distance to the source and θ is the angle between the symmetry axis and the
observer’s line of sight. (We will assume sin2 θ = 1.) To compute the gravitational waves
produced by anisotropic axisymmetric neutrino emission, we use the formalism of Epstein 14 and
Müller & Janka 15 :
Z
Z
4G t 0 π 0
dL(θ0 , t0 )
TT
hν = 4
dt
dθ Ψ(θ0 )
,
(4)
c r 0
dΩ0
0

with Ψ(θ) given in Kotake et al. 16 . The direction-dependent differential neutrino luminosity,
dL/dΩ, is calculated at the outermost radial grid zone. In order to determine the detectability
of the gravitational waves, we calculate the characteristic gravitational wave strain for a given
frequency f using 17
1
hc (f ) =
r

s

2
2 G dEGW (f ) dEGW (f )
c3 (2πf )2
Ã20 (f ) ,
=
2
3
π c
df
df
G 16π

(5)

with
2
dEGW (f )
c3 (2πf )2
Ã20 (f ) ,
=
df
G 16π

(6)

where dEGW (f ) /df is the gravitational-wave energy spectrum and Ã20 (f ) is the Fourier transform of A20 (t).
3

Our Code

CHIMERA contains five primary modules: hydrodynamics, neutrino transport, self-gravity, a
nuclear equation of state, and a nuclear reaction network (see Bruenn et al. 7 for details).
The hydrodynamics is evolved via a Godunov finite-volume scheme—specifically, a Lagrangian
remap implementation of the piecewise parabolic method 18 . Neutrino transport along our
radial rays is computed by means of multigroup flux-limited diffusion (in the “ray-by-ray-plus”
approximation 19 ), with a flux limiter that has been tuned to reproduce Boltzmann transport
results to within a few percent 20 . A spectral Poisson solver is used to determine the gravitational
field 21 , with general relativistic corrections to the spherical component 22 . The Lattimer–Swesty
(LS) EOS 23 is used for matter in NSE above 1.7 × 108 g/cm3 . (The runs documented here
assumed a bulk compressibility of 180 MeV.) Below this density, matter in NSE is described
by 4 species (neutrons, protons, helium, and a representative heavy nucleus) in a corrected
and improved version of the Cooperstein EOS 24 , extended to regions where the composition is
determined externally by a reaction network. Continuity with the LS-EOS is achieved by use
of a common electron–positron EOS (a revised and extended version of that in Cooperstein 24 )
and establishment of a common zero for the mass energy. For regions not in NSE, an EOS with
a nuclear component consisting of 14 α-particle nuclei from 4 He to 60 Zn, protons, neutrons, and
an iron-like nucleus is used. An electron–positron EOS with arbitrary degeneracy and degree of
relativity spans the entire density–temperature regime of interest. The nuclear composition in
the non-NSE regions of these models is evolved by the thermonuclear reaction network of Hix
and Thielemann 25 . Finally, a complete weak interaction set is used in the neutrino transport
evolution, including neutrino–antineutrino pair emission from nucleon–nucleon bremsstrahlung
and angle and energy exchange from scattering on electrons and nucleons (see Bruenn et al. 7
for a complete list).
The history of field variables for a given parcel of material, crucial for nucleosynthesis, is lost
for Eulerian hydrodynamics schemes, such as the one deployed in CHIMERA. To compensate
for this, and to allow post-processed nuclear network computations, the tracer (or test) particle
method 26 has been implemented. The tracer particles are equally distributed on the spherical
grid (40 particles/row x 125 rows) at the pre-collapse phase and follow the flow in the course
of the Eulerian simulation, recording their temperature and density history by interpolating
the corresponding quantities from the underlying Eulerian grid 26 . Each particle is assigned a
constant mass (1/5000 of the progenitor mass) and the gravitational wave signal it produces is
calculated taking the quadrupole integral. Comparing the gravitational wave signal corresponding to a given group of tracers with the signal produced by the bulk matter motion allows us to
identify what part of the fluid generates a specific gravitational wave feature.

Figure 1: Left: Entropy distribution at 244 ms after bounce in our 15 M model. A large, low-entropy (bluegreen) accretion funnel at an angle quasi-orthognal to the symmetry axis and high-entropy (yellow-orange-red)
outflows below the shock, along the symmetry axis, are evident. Right: Shock radius as a function of time for
three regions: the north pole (solid blue), the equatorial plane (dotted black), and the south pole (dashed red).

4

Gravitational Wave Predictions

We performed three axisymmetric two-dimensional core collapse supernova simulations, beginning with 12, 15, and 25 M non-rotating progenitors 27 . Successful explosions were obtained
in all three cases. (Details are provided in Bruenn et al. 7 .)
A clear gravitational wave signature, in four parts (left column of Figure 2), emerges: (1) A
prompt signal, which is an initial and relatively weak signal that starts at bounce and ends at
between 50 and 75 ms post-bounce. ( 2) A quiescent stage that immediately follows the prompt
signal and ends somewhere between 125 ms and 175 ms after bounce. (3) A strong signal, which
follows the quiescent stage and is the most energetic part of the gravitational wave signal. This
stage ends somewhere between 350 ms and 450 ms after bounce. (4) A tail, which starts before
the end of the strong signal at about 300 ms after bounce and consists of a slow increase in rh+ .
Computations of the gravitational waveforms covering the first three of four phases (prior
to explosion) based on non-parameterized models have also been reported by Marek et al. 28 ,
and waveforms covering all four phases and based on parameterized explosions were reported
by Murphy et al. 29 .
The prompt signal arises from two phenomena: Prompt convection inside the proto-neutron
star generates a high-frequency signal that is superimposed on a lower-frequency component.
The low-frequency signal from 20 ms to 60 ms after bounce originates at the shock radius, which
is at ∼100 km at this time and well outside the proto-neutron star. The separation of these two
components is clearly seen in the inset of Figure 3.
The quiescent stage corresponds to the period after prompt convection has ceased and before
neutrino-driven convection and the SASI have developed. It is followed by a strong signal. The
strong signal arises from neutrino-driven-convection- and SASI-induced funnels impinging on
the proto-neutron star surface (see Figure 1) and has two components (also described in Marek
et al. 28 ): The low-frequency component arises from the modulations in the shock radius as
the SASI develops and evolves. The high-frequency component is generated when the neutrinodriven-convection- and SASI-induced accretion flows strike the proto-neutron star. The shock
modulations affect the kinetic energy of the accretion flows and, consequently, the amplitude of
the gravitational waves generated when these flows hit the surface. Hence the high-frequency
modulations are beneath a low-frequency envelope.
All of our gravitational wave signals end with a slowly increasing tail, which reflects the gravitational memory associated with accelerations at the prolate outgoing shock (see also Murphy
et al. 29 ).
Looking at hchar (Figure 2 right), the peak at ∼ 700 − 800 Hz is associated with the highfrequency component of rh+ , which in turn is associated with the accretion downflows hitting

Figure 2: The left column shows the gravitational wave strain times the distance to the observer versus postbounce time for non-rotating progenitors of 12, 15, and 25 M . The signal is split into matter- (red-solid) and
neutrino-generated (blue-dashed) signals. Note that the scales are different for these two signals. The insets show
the first 70 ms after bounce. The right column shows the corresponding characteristic strain for both the matter
(red) and the total (black) signals, compared to the AdvLIGO sensitivity curve.

Figure 3: Contributions to the matter-generated gravitational wave signal from two different regions in our 15
M model: the proto-neutron star (r < 30 km) and the region above the proto-neutron star (r > 30km). The
latter includes the region of neutrino-driven convection, the SASI, and the shock.

the proto-neutron star surface, as discussed above. A precise association of the signal at lower
frequencies with phenomena in the post-bounce dynamics will require a detailed analysis using
tracer particles and will be left to a subsequent paper. The lower-frequency modulations (the
envelope) in rh+ , which in turn are associated with the SASI-induced shock modulations, will
certainly be an important component of this lower frequency signal (see Marek et al. 28 ).
The amplitudes of the gravitational waves from neutrino emission are negative from bounce
to ∼ 180 − 220 ms after bounce and then increase dramatically, becoming positive throughout
the end of the simulation. The positive sign is consistent with a relative dominance of neutrino
emission along the poles 16 . The change in sign from negative to positive correlates with the
formation of the funnel-like downflows of dense matter, which increase neutrino opacities in the
equatorial plane (orthogonal to the symmetry axis; see Figure 1). Note that the amplitude
of the neutrino-generated gravitational wave signal is much larger than the matter-generated
gravitational wave signal. However, these gravitational waves have relatively low frequencies,
and their contribution to the total characteristic strain is only significant at frequencies below
20 Hz (see also 15,16,30,31 ).
The total emitted gravitational wave energy in our models is shown in Figure 4. In all three
cases, the energy rises quickly at ∼ 200 ms after bounce, consistent with the development of the
SASI and the initial SASI-induced increase in shock radius (see Figure 1). The rate of increase
of emitted energy decreases considerably as explosion develops and the accretion powering the
explosions and gravitational wave emission in our models decreases.
5

Shortcomings and Next Steps

While approximations have been made in important components of our models (e.g., the use of
ray-by-ray versus multidimensional neutrino transport), the imposition of axisymmetry is the
most significant shortcoming. The simulations delineated here, and their associated gravitational wave predictions, must be reconsidered in three spatial dimensions. A hint as to how

Figure 4: Energy emitted by gravitational waves during the first 500 ms after bounce for all three models.

the extension to three dimensions may impact the results shown here can be obtained by considering, comparatively, the two- and three-dimensional SASI simulations of Blondin et al. 6,32
In two dimensions, with axisymmetry imposed, the dominant SASI mode is the l = 1 mode
and explosions occur preferentially along the symmetry axis, leading to prolate explosions. The
linearly increasing and positive memory exhibited in all of the gravitational wave signatures
discussed here, a consequence of the prolate nature of our explosions, is a consequence of the
axisymmetry imposed in our models. In three spatial dimensions, the SASI is more complex,
with both l = 1 and m = 1 modes present, leading in turn to less prolate explosions. Thus, at
the very least, we should expect the DC offset reported here to be grossly affected as we move
to three spatial dimensions. The gravitational wave phase prior to the DC offset would also
likely be affected in a significant way given this phase is strongly correlated with the development of neutrino-driven convection and the SASI, with a higher-frequency component resulting
from convection- and SASI-induced accretion funnels impinging on the proto-neutron star and
a lower-frequency component associated with the SASI modulation of the shock wave itself.
The difference between the development of convection and the SASI in two and three spatial
dimensions will likely affect both the low- and high-frequency components quantitatively. This
has been studied recently by Kotake et al. 31 .
In addition to the imposition of axisymmetry, we also have not yet considered nonrotating
progenitors and, consequently, our predictions for stellar core bounce gravitational wave signatures are surely underestimated, although we do not expect these signatures to dominate the
signatures highlighted here. Moreover, current stellar evolution theory does not predict rapid
rotation for massive stars 33 .
Nonetheless, the simulations outlined here mark a distinct step forward toward the goal
of making detailed predictions of the gravitational wave emission of core collapse supernovae.
Three-dimensional simulations using CHIMERA are ongoing, and the gravitational wave predictions of these runs await report in a future publication.
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Neutron Stars as Gravitational Wave Sources
Leonardo Gualtieri
Dipartimento di Fisica, “Sapienza” Università di Roma
& Sezione INFN Roma1, P.A. Moro 5, 00185 Roma, Italy
Neutron stars, among the most extreme objects in the universe, are very promising sources
for the gravitational wave detectors of the present and next generation. On the other hand,
gravitational waves can give us unvaluable information on neutron stars, since we do not
know the behaviour of matter in their inner core. Detection of the gravitational emission
from neutron stars could teach us something about the nature of hadronic interactions. I
discuss some neutron star processes associated to gravitational wave emission, looking at both
aspects: whether the neutron star can produce detectable gravitational waves, and whether a
gravitational wave detection could tell us something about the neutron star equation of state.

1

Introduction

Neutron stars (NSs) can be considered as the “ground state” of matter: they are the most
compact self-graviting stellar objects in nature. Several quantities reach extreme values in NSs:
• The density can reach, at the center, ρ ∼ 1015 g/cm3 , larger than nuclear density.
• The surface gravitational potential, of the order of GM/R ∼ (0.1 − 0.3)c2 ; therefore,
general relativity has to be included to model a NS.
• The rotation rate reaches (in the fastest spinning NSs) ν ∼ 700 Hz.
• The magnetic field strength reaches (in “magnetars”, i.e. strongly magnetized NSs) B ∼
1015 G on the surface, and probably even larger values in the interior.
• The electromagnetic luminosity can reach, in violent events like giant flares, peaks as large
as Lγ ∼ 1047 erg/s.
All these features make NSs very promising sources of gravitational waves (GWs). Since most
processes involving NSs have characteristic frequencies ranging from some tens of Hz to some
kHz, they are relevant sources for ground based interferometers (LIGO, VIRGO)a , which are
sensitive in this range of frequency, in their advanced configurations.
On the other hand, GWs can give us unvaluable information on NSs. We probably know
how matter is organized in the crust of a NS (and maybe in the outer core, too), but our
understanding of their inner core, where matter reaches supranuclear densities, is very poor.
Indeed, in these conditions hadron interactions play a crucial role; neglecting such interactions
and considering neutron Fermi pressure only, one would find a NS maximum mass of ∼ 0.7 M⊙ ,
a
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in contrast with the observations of M ∼ (1.2 − 2.0) M⊙ . Our lack of knowledge on the NS
equation of state (EOS) in the inner core reflects our ignorance on the non-perturbative regime
of quantum cromo-dynamics. We do not even know the particle content of the core: Hadrons?
Hyperons? Meson condensates? Deconfined quark matter?
Unfortnuately, supranuclear densities cannot be reproduced in the laboratory, and electromagnetic signals do not carry direct information about the physics of NS inner cores; our only
hope to have observative data on this extreme regime relies on GWs, which are mainly generated
where the star is most dense, and are nearly unaffected by interaction with interstellar matter
and energy. For instance, knowing the radius of NSs we would learn a lot about its EOS, but
it is very difficult to get a “clean” observation of a NS radius in the electromagnetic spectrum;
detection of gravitational waves from NS oscillations, instead, would allow us to estimate the
radius, and then to set constraints on the NS EOS (see Sec. 2).
I will discuss some processees involving NS as GWs sources, trying to answer to the following
questions: Can detectable GWs be produced? Would a GW detection tell us something about
the EOS of NSs? The answer to both questions is potentially affirmative for NS oscillations
(discussed in Sec. 2) and coalescences of NS binary systems (discussed in Sec. 3). I will not
discuss, instead, NS deformations: even though they are a promising source of GWs, it would
be very difficult to infer information on the NS EOS from the gravitational signal they produce.
2

Gravitational wave asteroseismology

When a neutron star is perturbed, it oscillates and (if the oscillations are non-radial and nondipolar) it emits gravitational waves. The perturbation can be due to a variety of different
processes, like glitches, accreting matter or, when the NS is born, the shock originating from
the gravitational collapse. These oscillations occur with characteristic frequencies and damping
times, which do not depend on the nature of the exciting perturbation, but only on the structure
of the NS; they are called quasi-normal modes (QNMs).
Similarly to normal modes of Newtonian stars, QNMs are classified in terms of the main
restoring force which brings a displaced element of matter back to equilibrium; we have g-modes
if the main restoring force is buoyancy, p-modes if it is pressure; the fundamental mode (f mode) has an intermediate character between g-modes and p-modes. Typically, NS g-modes
have frequencies of some hundreds of Hz; the f -mode of 1 − 2 kHz; and p-modes of a few kHz.
Furthermore, there are pure space-time modes, the w-modes, with higher frequencies; r-modes,
associated with the stellar rotation; and other classes of modes associated to the magnetic field
and to the elastic properties of the crust.
The detection of the GWs emitted by an oscillating star will allow us to measure the frequencies and damping times of the QNMs, which carry the imprint of the NS EOS. The study of
the structure of NSs through the observation of their proper oscillations by gravitational wave
detectors, is named gravitational wave asteroseismology.
The case of cold, old NSs has been studied in a series of articles in the last decade 1 , which
have been focussing onto the g, f, p modes of spherically symmetric stars. It was found that
a GW detection from a pulsating star would allow to: (i) infer the value of the NS radius,
which would strongly constrain the EOS; (ii) discriminate between different possible EOS; (iii)
establish whether the emitting source is a NS or a quark star, constraining, in the latter case,
the quark star EOS. More recently different kinds of oscillations have been modeled, including
more and more physics in the game: the star rotation 2 , magnetic fields and elastic properties
of the crust 3 , superfluidity 4 .
Oscillations of hot, young proto-neutron stars (PNSs) are a very interesting source of GWs.
Indeed, they are likely to be strongly excited by the processes associated to the gravitational
collapse, and they can give information not only on the PNS EOS, but also on the thermo-

dynamical properties, and on the neutrino dynamics, of the PNS. They have been studied in
5,6 . In these works, the first minute after the core bounce is considered, and the evolution is
treated as a sequence of quasi-stationary configurations. In 5 the thermodynamical variables and
the lepton fraction are determined by solving Boltzmann’s equation, and the EOS is obtained
within the mean field approximation 7 . In 6 , instead, a microscopic EOS is employed, obtained
within the Brueckner-Hartree-Fock nuclear many-body approach 8 ; Boltzmann’s equation is not
solved: different entropy and lepton fraction profiles are considered, in order to understand how
the QNMs depend on the thermodynamical and composition variables.
By comparing the QNMs of old, cold NS 1 with that of hot, young PNS 5,6 , one finds that:
• In cold, old NSs the f -mode has the shortest damping time (νf ∼ 1 s); thus, it is expected to
be the best candidate for QNM detection by gravitational interferometers. Since νf ∼ 1−2
kHz, it falls in the detector bandwidth (∼ 100− ∼ 1000 Hz) only marginally. The p- and
g-modes are unnlikely to be detected, since p-modes have higher frequencies, and g-modes,
when present, have very large gravitational damping times, and are then damped by other
dissipative mechanisms, like viscosity and heat transport.
• The frequency of the g-mode in a hot, young PNS carries information on the entropy
profile of the star: higher frequencies correspond to larger entropy gradients.
• In hot, young PNSs the f -mode has lower frequency (which is better for GW detection)
than in older and colder NSs, but its damping time is larger (which is worst for GW
detection). It is not clear which of the two effects prevails.
• In the first seconds of the PNS life, g-mode excitation is a promising source of GWs. Indeed,
its damping time is comparable with the damping time of the f -mode. These damping
times, of the order of seconds, are smaller than the dissipation timescale associated to
non-gravitational processes (like viscosity, heat transport, neutrino diffusion, etc.). More
generally, when the PNS is very hot the lowest order g- f - and p-modes cluster, acquiring
similar frequencies and damping times.
In order to make solid statements about the QNMs of PNS, further studies are required, to
include in the model the cooling of the star and its rotation. We remark that including rotation
should yield lower values of the frequencies and the damping times of the QNMs 2 , i.e. a more
likely detection of the GW signal.
3

Gravitational waves from neutron stars in binaries

The coalescence of binary systems with neutron stars (NS-NS and black hole (BH)-NS binaries)
is one of the most promising GW sources for advanced LIGO/VIRGO. Recent studies have
shown that the gravitational signal from these processes can carry the imprint of the NS EOS.
In the latest stage of a BH-NS coalescence, the neutron star is disrupted by the BH tidal
field. If this occurs when the NS has not yet reached the innermost circular orbit about the BH,
it forms an accretion torus; otherwise, it directly plunges in the BH horizon. In the former case,
the gravitational signal is characterized by a cut-off frequency νc , corresponding to the stellar
disruption 9,10 . The presence of this cut-off, and its value, strongly depends on the NS EOS; its
observation would give us valuable information about the behaviour of matter in the NS core.
This problem has been studied both in the framework of numerical relativity (numerical
integration of Einstein’s equations coupled with hydrodynamical equations) 11 and using semianalytical approaches 10,12 . As shown in 10 , if we know the mass and angular momentum of the
black hole, and measure the cut-off frequency νc , it would be possible to estimate the NS radius
with an error of few percent, thus discriminating between different possible equations of state.

In NS-NS binaries, the signature of the EOS is expected to be even stronger. As shown
in 13 , even in the early inspiral phase the stars are significantly affected by tidal deformation.
The post-Newtonian analysis of 13 shows that it is possible to extract from the GW signal the
tidal deformability λ, which measures the stellar quadrupole deformation in response to the
perturbing tidal field of the companion. This parameter strongly depends on the features of the
NS EOS. The dependence of the merger phase on the EOS has been studied in 14 , using the
techniques of numerical relativity; the outcome of the merger (a black hole, or a hypermassive
neutron star) crucially depends on the equation of state of the coalescing NSs.
The detection of GWs from NSs will then be of utmost importance, not only to understand
the behaviour of astronomical objects, but also to have a deeper insight on the behaviour of
matter at supranuclear densities, shedding light on the nature of hadronic interactions.
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We report on our recent general-relativistic simulations of magnetized, equal-mass neutronstar binaries and on the role that realistic magnetic fields may have in the evolution of these
systems. In particular, we study the evolution of the magnetic fields and show that they can
influence the survival of the hypermassive neutron star produced at the merger by accelerating
its collapse to a black hole. We also show how the magnetic field can be amplified and that
this can lead to the production of the relativistic jets observed in short gamma-ray bursts.

1

Introduction

The numerical investigation in full general relativity (GR) of the merger of binary neutron stars
(BNSs) has produced a series of new and interesting results in the last years. 1 Thanks to several
numerical improvements, it has been indeed possible to start to investigate the full dynamics of
these systems including the formation of tori around rapidly rotating black holes (BHs) 2,3,4,5
which could not be modeled via Newtonian simulations. This progress has allowed the beginning
of an accurate investigation of whether BNS mergers could indeed be behind the central engine
of short γ-ray bursts (GRBs). 6,7,8 Fully GR simulations have shown that the end result of BNS
mergers is the formation of a rapidly spinning BH surrounded by a hot torus. Driven by neutrino
processes and magnetic fields, such a compact system may be capable of launching a relativistic
fireball with an energy of ∼ 1048 erg on a timescale of 0.1 − 1 s. 9 Moreover, BNSs are also one
of the most powerful sources of gravitational waves (GWs) that will be detected in the next
few years by advanced LIGO and advanced Virgo. 10 GR simulations of BNSs have then started
to provide accurate templates that can be used to infer properties of the NSs composing the
binaries, such as the equation of state (EOS) of NSs, once their GWs will be detected. 11 Here
we review some of the main results we published recently 5,8 and that describe the merger of
magnetized equal-mass BNSs. We will show how magnetic fields can affect the dynamics of
these systems and their role in powering short GRBs.

Table 1: Properties of the eight equal-mass binaries considered: baryon mass Mb of each star; total ADM mass
MADM ; initial orbital angular velocity Ω0 ; mean coordinate radius re along the line connecting the two stars;
maximum initial magnetic field B0 , where ∗ is 8, 10 or 12.

Binary
M1.45-B*
M1.62-B*

2

Mb (M )
1.445
1.625

MADM (M )
2.680
2.981

Ω0 (rad/ms)
1.78
1.85

re (km)
15.0 ± 0.3
13.6 ± 0.3

B0 (G)
0 or 1.97 × 10∗
0 or 1.97 × 10∗

Numerical and Physical Setup

All the details of the mathematical and numerical setup used for producing the results presented
here are discussed in depth in our previous publications 5,8 and here we limit ourselves to a brief
overview.
We have used the general relativistic magnetohydrodynamic (GRMHD) Whisky code 12,13,14 ,
which solves the equations of GRMHD on dynamical curved backgrounds. In particular Whisky
makes use of the Cactus framework which provides the evolution of the Einstein equations for
the metric expressed in the BSSN formulation. 15 The GRMHD equations are solved using high
resolution shock capturing schemes and in particular by using the Piecewise Parabolic Method
(PPM), 16 and the Harten-Lax-van Leer-Einfeldt (HLLE) approximate Riemann solver 17 to
compute the fluxes. In order to guarantee the divergence-free character of the MHD equations
we have employed the flux-CD approach, 18 but with one substantial difference, namely, that we
use as an evolution variable the vector potential instead of the magnetic field. 5 The system of
GRMHD equations is closed by an EOS and we have employed the commonly used “ideal-fluid”
EOS, in which the pressure p is expressed as p = ρ (Γ − 1), where ρ is the rest-mass density, 
is the specific internal energy and Γ is the adiabatic exponent.
Both the Einstein and the GRMHD equations are solved using the vertex-centered AMR
approach provided by the Carpet driver. 19 The results presented below refer to simulations
performed using 6 levels of mesh refinement with the finest level having a resolution of h =
0.1500 M ' 221 m and covering each of the two NSs, while the coarsest grid extends up to
r = 254.4 M ' 375.7 km and has a resolution of h = 4.8 M ' 7.1 km. For all the simulations
reported here we have used a reflection-symmetry condition across the z = 0 plane and a πsymmetry condition across the x = 0 plane.a
Finally, the initial data 2,20 were produced by Taniguchi and Gourgoulhon 21 with the multidomain spectral-method code LORENE. b Since no self-consistent solution is available for magnetized binaries yet, a poloidal magnetic field is added a-posteriori and it is initially confined
inside each of the NSs. 20,5 The main properties of the initial data are listed in Table 1 and we
have considered two classes of binaries differing in the initial masses, i.e., binaries M1.45-B*,
and binaries M1.62-B*. For each of these classes we have considered four different magnetizations (indicated by the asterisk) so that, for instance, M1.62-B12 is a high-mass binary with a
maximum initial magnetic field B0 = 1.97 × 1012 G.
3

Results

In order to highlight some of the most salient aspects of the binary dynamics we will focus on
the high-mass models M1.62-B* since they describe all the aspects of a typical BNS merger. The
main difference with the low-mass models 1.45-B* is that the latter will collapse to a BH on a
Stated differently, we evolve only the region {x ≥ 0, z ≥ 0} applying a 180◦ -rotational-symmetry boundary
condition across the plane at x = 0.
b
http://www.lorene.obspm.fr
a

Figure 1: Snapshots at representative times of the evolution of the high-mass binary with initial maximum
magnetic field of 1012 G, i.e., M1.62-B12. The first panel shows the initial condition, the second one the moment
of the merger and the third one the HMNS formed after it. The rest-mass density is visualized using volume
rendering (colors from red to yellow) while the white lines are the magnetic field lines inside the stars. The last
three panels show instead the evolution of the torus after the collapse of the HMNS to BH (white sphere at the
center). In these last three panels the white lines are the magnetic field lines in the region close to the spin axis
of the BH and the green lines are the magnetic field lines in the torus. Figure published in Rezzolla et al 2011.

Figure 2: Left Panel: Evolution of the maximum of the rest-mass density ρ normalized to its initial value for
the high-mass models. Right panel: Lifetime of the HMNS formed after the merger in the high-mass case as a
function of the initial magnetic field. The error bar has been estimated from a set of simulations of unmagnetized
binary NS mergers at three different resolutions; in particular, we have assumed that the magnetized runs have
the same relative error on the delay time of the corresponding unmagnetized model. Indicated with a dashed line
is the continuation of the delay times to ultra-high magnetic fields of 1017 G. Figure published in Giacomazzo et
al 2011.

much longer timescale 4 and, because of the much higher computational cost, we have followed
those models only for ≈ 10ms after the merger and hence before their collapse to BH.
A synthetic overview of the dynamics is summarized in Fig. 1, which shows snapshots at
representative times of the evolution of the high-mass binary with an initial maximum magnetic
field of 1012 G, i.e., M1.62-B12. The rest-mass density ρ is visualized using volume rendering
with colors from red to yellow, while the white lines represent the magnetic field lines. The
first panel shows the initial conditions with the two NSs having a purely poloidal field contained
inside each star. The second panel shows the time when the two NSs enter into contact (t ≈ 7ms)
and when the Kelvin-Helmholtz instability starts to curl the magnetic field lines producing a
strong toroidal component. 20,5 The third panel shows the HMNS formed after the merger, while
the three last panels show the evolution of the formed BH and of the torus surrounding it. In
the last three panel the green lines refer to the magnetic field in the torus and the white ones
to the field lines near the spin axis of the BH. We will comment on these three last panels later
in this section.
All the high-mass models studied here form tori with masses between ≈ 0.03M (model
M1.62-B10) and ≈ 0.09M (model M1.62-B8) which are sufficiently massive to be able to power
a short GRB. The mass and spin of the BH formed from the merger of all the high-mass models
2
are respectively MBH ≈ 2.9M and JBH /MBH
≈ 0.8. As mentioned before, we did not evolve
the low-mass models until collapse to BH, but our previous studies 4 have shown that such
models can form tori of similar or even larger masses.
An important effect of the magnetic field is that by redistributing the angular momentum
inside the HMNS it can accelerate its collapse to BH. 5 While magnetic fields as low as ∼ 108 G
are too low to affect the dynamics, magnetic fields ∼ 1010 G or larger can instead shorten the
life of the HMNS. This is shown in Fig. 2 where in the left panel we show the evolution of the
maximum of the rest-mass density ρ normalized to its initial value for all the high-mass models.
The first minimum in the evolution of the maximum of ρ corresponds to the time of the merger of
the two NS cores. The HMNS that is subsequently formed oscillates for few ms before collapsing

Figure 3: Left panel: Evolution of the maximum of the temperature T (top) and of the maximum of the Lorentz
factor (bottom). The two vertical dotted and dashed lines represent respectively the time of the merger and of
the collapse to BH. Right panel: Evolution of the maximum of the magnetic field in its poloidal (red solid line)
and toroidal (blue dashed line) components. The bottom panel shows the maximum local fluid energy indicating
that an unbound outflow (i.e., Eloc > 1) develops and is sustained after BH formation. All the panels refer to the
high-mass model M1.62-B12. Figure published in Rezzolla et al 2011.

to a BH which happens when the maximum of ρ grows exponentially. As one can see from this
figure the evolution of ρ in the case with a magnetic field ∼ 108 G (blue dot-dashed line) is
almost identical to the unmagnetized case (solid black line). The models with higher values of
the magnetic field instead collapse much earlier (magenta long-dashed line, model M1.62-B12
and red short-dashed line, model M1.62-B10). In the right panel of Fig. 2 we plot instead the
lifetime of the HMNS formed after the merger of the high-mass models as a function of the initial
magnetic field. The fact that this curve exhibits a minimum should not come as a surprise. As
said before low magnetic fields do not change the lifetime τd and so the curve is expected to
be flat for low magnetic fields, i.e., smaller than ∼ 108 G. Stronger magnetic fields, i.e., larger
than ∼ 1016 G, will instead increase the total pressure in the HMNS and extend its lifetime. 20
Intermediate field values instead do not sufficiently contribute to the the total pressure in the
HMNS, but are still sufficient to redistribute its angular momentum and accelerate its collapse
to BH. From this figure it is also clear that if we were able to determine the lifetime of the
HMNS (by measuring for example the delay between the merger and the collapse to BH in the
GW signal), we would then be able to infer approximatively the strength of the magnetic field.
3.1

Jet formation

By continuing the evolution of the high-mass model M1.62-B12 far beyond BH formation we
were also able to show for the first time that BNS mergers can generate the jet-like structures
that are behind the emission of short GRBs. 8 In particular the last three panels of Fig. 1 show
the evolution of the rest-mass density and magnetic field lines in the torus and around the BH
formed after the collapse of the HMNS. In these panels the white lines are the magnetic field
lines in the region close to the spin axis of the BH and the green lines are the magnetic field
lines in the torus. It is evident that after the formation of the BH, the magnetic field lines
change from the “chaotic” structure they had in the HMNS (third panel in Fig. 1) to a more
ordered structure with a mainly toroidal field in the torus (green lines) and a mainly poloidal
field along the spin-axis of the BH (white lines). It has been already shown in the past that such
a configuration can launch the relativistic jets that are thought to be behind the short GRBs, 22
but it is the first time that it has been shown that such configuration is the natural result of the

Figure 4: the GW signal shown through the ` = 2, m = 2 mode of the + polarization, (h+ )22 , (top part) and the
MHD luminosity, LMHD , (bottom part) as computed from the integrated Poynting flux and shown with a solid
line for the high-mass model M1.62-B12. The corresponding energy, EMHD , is shown with a dashed line. The
dotted and dashed vertical lines show the times of merger (as deduced from the first peak in the evolution of the
GW amplitude) and BH formation, respectively. Figure published in Rezzolla et al 2011.

merger of magnetized BNSs.
The left panel of Fig. 3 shows on the top the evolution of the maximum of the temperature
and on the bottom the maximum Lorentz factor. Soon after the merger and because of the shocks
produced the temperature grows to ∼ 1010 K and remains almost constant during the lifetime
of the HMNS. During the collapse the temperature increases further and reaches maximum
values of ∼ 1012 K in the torus. Such an high temperature could potentially lead to a strong
emission of neutrinos. The maximum Lorentz factor after the collapse to BH is associated to
matter outflow along the boundaries of the funnel created by the magnetic field lines. In the
bottom-right panel of Fig. 3 we also show the maximum local fluid energy and it highlights that
this outflow is unbound (i.e., Eloc > 1) and persists for the whole duration of the simulation.
Even if the Lorentz factor of this outflow is still low compared to the typical values observed in
short GRBs, much larger values could be obtained by including the emission of neutrinos or via
the activation of mechanism, such as the Blandford-Znajek mechanism 23 , which could produce
relativistic jets. 22
A quantitative view of the magnetic-field growth is shown instead in the top-right panel of
Fig. 3, which shows the evolution of the maximum values in the poloidal and toroidal components. Note that the latter is negligible small before the merger, reaches equipartition with the
poloidal field as a result of a Kelvin-Helmholtz instability triggered by the shearing of the stellar
surfaces at merger 20 , and finally grows to ' 1015 G by the end of the simulation. At later
times (t >∼ 22 ms), when the instability is suppressed, the further growth of the field is due to
the shearing of the field lines and it increases only as a power-law with exponent 3.5 (4.5) for
the poloidal (toroidal) component. Although the magnetic-field growth essentially stalls after
t ' 35 ms, further slower growths are possible 24 , yielding correspondingly larger Poynting fluxes.
Indeed, when the ratio between the magnetic flux across the horizon and the mass accretion rate
becomes sufficiently large, a Blandford-Znajek mechanism 23 may be ignited; 22 such conditions
are not met over the timescale of our simulations, but could develop over longer timescales.
We have also computed the GW signal emitted by this model as well as an estimate of the
electro-magnetic emission. In the top panel of Fig. 4 we show indeed the GW signal, while
in the bottom part we plot the evolution of the MHD luminosity, LMHD , as computed from
the integrated Poynting flux (solid line) and of the corresponding energy, EMHD , (dashed line).

Clearly, the MHD emission starts only at the time of merger, it is almost constant and equal
to ≈ 1044 erg/s during the life of the HMNS, and increases exponentially after BH formation,
when the GW signal essentially shuts off. Assuming that the quasi-stationary MHD luminosity is
∼ 4×1048 erg/s, the total MHD energy released during the lifetime of the torus is ∼ 1.2×1048 erg,
which, if considering that our jet structure has an opening half-angle of ∼ 30◦ , suggests a lower
limit to the isotropic equivalent energy in the outflow of ∼ 9 × 1048 erg. While this is at the low
end of the observed distribution of gamma-ray energies for short GRBs, larger MHD luminosities
are expected either through the additional growth of the magnetic field via the on-going winding
of the field lines in the disk (the simulation covers only one tenth of taccr ), or when magnetic
reconnection (which cannot take place within our ideal-MHD approach), is also accounted for.
Even if we did not follow the entire evolution of the torus, by measuring its accretion rates we
estimated that its lifetime would be ≈ 0.3 seconds and consequently in good agreement with the
duration of short GRBs.
4

Conclusions

We have reported on some of the main results obtained from the first general relativistic simulations of magnetized BNSs with astrophysically realistic magnetic fields. 5,8 We have shown for the
first time how the magnetic fields can impact the evolution of the HMNS formed after the merger
and that fields equal or larger than ∼ 1010 G accelerate its collapse to BH. We have shown that
all the systems that collapse to BH form tori sufficiently massive to power short GRBs and that
the magnetic field structure around the BH has those characteristics that are necessary in order
to launch relativistic jets. A detailed analysis of our results has also shown a good agreement
with observations, even if the introduction of more physical ingredients (e.g., neutrino emission
and more realistic EOS) will be required in order to increase the accuracy of this model.
Acknowledgments
We thank the developers of Lorene for providing us with initial data and those of Cactus and
Carpet for the numerical infrastructures used by Whisky. Useful input from M. A. Aloy, J. Granot, I. Hinder, C. Kouveliotou, J. Read, C. Reisswig, E. Schnetter, A. Tonita, A. Vicerè, and
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1
2

We present the summary of the recent investigations of double black hole binaries in context of
their formation and merger rates. In particular we discuss the spectrum of black hole masses,
the formation scenarios in the local Universe and the estimates of detection rates for gravitational radiation detectors like LIGO and VIRGO. Our study is based on observed properties
of known Galactic and extra-galactic stellar mass black holes and evolutionary predictions.
We argue that the binary black holes are the most promising source of gravitational radiation.

1

Population Synthesis Coalescence Rates

We employ the StarTrack population synthesis code (Belczynski et al. 2002, 2008) to perform
several Monte Carlo simulations of binary evolution with a range of metallicity. We base the
calculations on recent results from the Sloan Digital Sky Survey observations (Panter et al.
2008) indicating (∼ 300, 000 galaxies) that recent star formation (within the last 1 billion years)
is bimodal: half the stars form from gas with high amounts of metals (solar metallicity), and
the other half form with small contribution of elements heavier than Helium (∼ 10 − 30% solar).
Additionally, we use the recent estimates of mass loss rates producing much heavier stellar black
holes than previously expected (∼ 30 − 80 M⊙ ; Belczynski et al. 2010a). The results of these
calculations were presented for the first time by Belczynski et al. (2010b). We have evolved
a population of 2 million massive binary stars, and investigated the formation of close double
compact objects: double neutron stars (NS-NS), double black hole binaries (BH-BH), and mixed
systems (BH-NS). Our modeling utilizes updated stellar and binary physics, including results
from supernova simulations (Fryer & Kalogera 2001) and compact object formation (Timmes et
al. 1996), incorporating elaborate mechanisms for treating stellar interactions like mass transfer
episodes and tidal synchronization and circularization. We put special emphasis on the common
envelope evolution phase, which is crucial for close double compact object formation as the
attendant mass transfer allows for efficient hardening of the binary. This orbital contraction can
be sufficiently efficient to cause the individual stars in the binary to coalesce and form a single
highly rotating object, thereby aborting further binary evolution and preventing the formation
of a double compact object. Due to significant radial expansion, stars crossing the Hertzsprung
gap (HG) very frequently initiate a common envelope phase. HG stars do not have a clear
entropy jump at the core-envelope transition (Ivanova & Taam 2004); if such a star overflows
its Roche lobe and initiates a common envelope phase, the inspiral is expected to lead to a
coalescence (Taam & Sandquist 2000). In particular, it has been estimated that for a solar

Table 1: Galactic Merger Rates [Myr−1 ]

Type
NS-NS
BH-NS
BH-BH
TOTAL

Z⊙
(100%)
40.8 (14.4)
3.2 (0.01)
1.5 (0.002)
45.5 (14.4)

0.1 Z⊙
(100%)
41.3 (3.3)
12.1 (7.0)
84.2 (6.1)
138 (16.4)

Z⊙ + 0.1 Z⊙
(50% + 50%)
41.1 (8.9)
7.7 (3.5)
42.9 (3.1)
91.7 (15.4)

Table 2: LIGO/VIRGO Detection Rates [yr−1 ]

Sensitivity
(d0,nsns =)
18 Mpc

Type
NS-NS
BH-NS
BH-BH
TOTAL

Z⊙
(100%)
0.01 (0.003)
0.007 (0.00002)
0.02 (0.00005)
0.03 (0.003)

0.1 Z⊙
(100%)
0.01 (0.001)
0.04 (0.02)
9.9 (0.1)
10.0 (0.1)

Z⊙ + 0.1 Z⊙
(50% + 50%)
0.01 (0.002)
0.02 (0.01)
4.9 (0.05)
5.0 (0.06)

metallicity environment (e.g., our Galaxy), properly accounting for the HG gap may lead to a
reduction in the merger rates of BH-BH binaries by ∼ 2 − 3 orders of magnitude (Belczynski
et al. 2007). The details of the common envelope phase are not yet fully understood, and thus
in what follows we consider two models, one which does not take into account the suppression
(optimistic model: A), and one that assumes the maximum suppression (pessimistic model: B).
The results are presented in Table 1 (Galactic merger rates) and 2 (LIGO/VIRGO detection
rates). In Table 1 the rates are calculated for a Milky Way type galaxy (10 Gyr of continuous
star formation at a rate of 3.5 M⊙ yr−1 ), with the assumption that all stars have either solar
metallicity or 10% solar, or a 50-50 mixture of both types of stars. The rates are presented
for the optimistic model (A) where progenitor binaries survive through the common envelope
phase, while the results in parentheses represent the pessimistic model (B), where the binaries
do not survive if the phase is initiated by a Hertzsprung gap star. In table 2 the detection rates
are given for model A (B) for a given sensitivity of LIGO/VIRGO instrument. Sensitivity is
defined as the sky and angle averaged distance horizon for detection of a NS-NS inspiral. The
rates are given for a local Universe consisting of only solar composition stars (unrealistically
high), 0.1 Z⊙ stars (unrealistically low) and for a 50-50 mixture of the above (realistic local
Universe; Panter et al. 2008). The sensitivity of d0,nsns = 18 Mpc corresponds to the expected
initial LIGO/VIRGO detector.
The results show two clear trends. First, the rates are generally larger for model A than
B. This is the direct consequence of our assumptions on common envelope outcome in both
models as mentioned earlier and discussed in detail by Belczynski et al. (2007). Since black
hole progenitors are the most massive stars and thus experience the most dramatic expansion
(CE mergers in model B) the BH-BH rates are affected in the largest extent. Second, we note
that the rates are higher for the low metallicity model (Z = 0.1 Z⊙ ) as compared with high
metallicity model (Z = Z⊙ ). The major reason behind this trend is the smaller radii of stars
at low metallicity. This directly leads back to CE evolution; the smaller the radius of a given
star the later in evolution the star overflows its Roche lobe. Thus for low metallicity, massive
stars tend to initiate CE phase after HG, and so they have a chance of surviving this phase and
forming a double compact object independent of assumed model of CE evolution. The increase

of rates with decreasing metallicity is additionally connected with the fact that low metallicity
stars experience low wind mass loss and thus form more massive compact objects. This leads
to a shorter merger times and higher merger rates.
Had the initial configuration of LIGO/VIRGO instruments reached its design sensitivity of
d0,nsns 18 Mpc for its entire lifetime (averaged horizon for NS-NS merger) we would be able to
exclude model A from our considerations. This model generates about 5 BH-BH inspirals per
year within this horizon (of course the actual horizon for BH-BH detection was accordingly
extended with the increased mass of each BH-BH merger). So far there was no report of
detection in LIGO/VIRGO data so one would be tempted to exclude this model from further
considerations. However, the time averged sensitivity of the last LIGO/VIRGO run (S5, the
most recently relesed) has reached only about d0,nsns ≈ 9 Mpc. Therefore, the rates should be
decreased by factor (18/9)3 = 8 and the expected detection rate for BH-BH binaries would drop
below 1 yr−1 and consequently model A cannot be yet excluded.
2

Empirical Coalescence Rates

The optical followup of X-ray sources revealed the nature of several X-ray binaries in the galaxies
in the Local Group. Two objects: IC10 X-1 and NGC300 X-1 are of particular interest. The
identification of optical counterparts and their spectroscopy allowed to estimate the properties
of these two binaries. Both host massive black holes on a tight orbit with WR stars. Both reside
in low metallicity environments (Crowther et al. 2007, Crowther et al. 2010, Prestwich et al.
2007, Silverman and Filipenko 2008). In the future the accretion in these binaries will continue
and the WR stars will loose mass through stellar winds. The typical lifetime of the WR stars in
such systems is from 100 to 300 kyrs. After that time the WR stars will explode as supernovae
leading to formation of a BH, or a NS in the case of extremely large mass loss. The systems
will most likely survive the explosions and remain bound since the current orbital velocities are
above 500km s−1 . Both systems will end up as binary black holes in a few hundred thousand
years.
Given the estimate of the future evolution of the two binaries: IC10 X-1 and NGC300 X-1,
we estimate the formation rate of such binaries.The estimated merger time is smaller than the
Hubble time. Therefore assuming that the star formation rate was constant the merger rate of the
binary black holes formed from such systems will be the same as their formation rate. For each
system we estimate the volume in which it is detectable. This is determined by the possibility
of measuring the radial velocity curve, which can be done up to the distance of r ≈ 2Mpc,
thus Vobs = 4πr 3 /3. Each binary was detected only because of its X-ray radiation, thus the
observability is proportional to the X-ray active phase. The formation rate of each binary can
be approximated as: R = (Vobs tobs )−1 . A detailed statistical analysis is presented in Bulik,
Belczynski and Prestwich (2010). We present the probability distributions of the formation and
merger rates of the binary black holes corresponding to each binary IC10 X-1 and NGC300 X-1
in Figure 1. The thick line in Figure 1 represents the probability density of the sum of the two
−3
−1
rates. This calculation implies a merger rate density of R = 0.36+0.50
−0.26 Mpc Myr . For the
time averaged the sensitivity range of LIGO and VIRGO to binary black holes coalescence of
≈ 100Mpc, this implies the expected detection rate around one per year. This is in a striking
agreement with the population synthesis results.
3

Conclusions

Both theoretical simulations and empirical estimate indicate that detection rates of BH-BH
binaries are significantly higher than other double compact objects (NS-NS and BH-NS). The
population synthesis predictions for our realistic model of local Universe with a mixture of high

Figure 1: The probability density of the binary black hole merger rate density. We present separately the
contributions of IC10 X-1 and NGC300 X-1 and the total rate.

and low metallicity stars results in about 100 BH-BH detections per 1 NS-NS detection by
LIGO/VIRGO. The empirical estimate presented here for BH-BH detection rate based on the
observed extra-galactic BH binaries is ≈ 1 yr−1 , again much higher than the corresponding
empirical detection rate for NS-NS inspiral (≈ 0.06 yr−1 , Kim, Kalogera & Lorimer 2006).
Thus it is likely that the existing LIGO/VIRGO data contains a coalescence signal that may be
discovered with a more elaborate reanalysis.
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PERTURBATIVE, POST-NEWTONIAN, AND GENERAL RELATIVISTIC
DYNAMICS OF BLACK HOLE BINARIES
A. LE TIEC
Maryland Center for Fundamental Physics & Joint Space-Science Institute,
Department of Physics, University of Maryland, College Park, MD 20742, USA
The orbital motion of inspiralling and coalescing black hole binaries can be investigated using
a variety of approximation schemes and numerical methods within general relativity: postNewtonian expansions, black hole perturbation theory, numerical relativity, and the effectiveone-body formalism. We review two recent comparisons of the predictions from these various
techniques. Both comparisons rely on the calculation of a coordinate invariant relation, in
the case of non-spinning binary black holes on quasi-circular orbits. All methods are shown
to agree very well in their common domain of validity.

1

Introduction

The detection and analysis of the gravitational radiation from black hole binaries by the groundbased LIGO/Virgo observatories, and future space-based antennas, requires very accurate theoretical predictions for use as gravitational wave templates. The orbital motion of such compact
binary systems can be analyzed using multiple approximation schemes and numerical methods in general relativity: post-Newtonian (PN) expansions, black hole perturbation theory, the
effective-one-body (EOB) formalism, and numerical relativity (NR). It is crucial to compare the
predictions from these various techniques for several reasons: such comparisons (i) provide independent consistency checks of the validity of the various calculations, (ii) they help to delineate
the respective domains of validity of each method, and (iii) they can inform the development of
a universal semi-analytical model of the binary dynamics and gravitational wave emission. In
this paper, we shall summarize the main results of two such recent comparisons, both related to
the local orbital dynamics of non-spinning black hole binaries on quasi-circular orbits.
2

Redshift Observable

Our first comparison is concerned with the relativistic motion of compact binary systems within
black hole perturbation theory and the PN approximation. Consider two non-spinning black
holes with masses m1 and m2 , moving on an exactly circular orbit with angular frequency Ωϕ .
The dissipative effects associated with the emission of gravitational radiation are neglected,
which is formalized by assuming the existence of a helical Killing vector (HKV) field k α . The
4-velocity uα1 of the “particle” m1 is necessarily tangent to the HKV evaluated at that location;
hence uα1 = U k1α . The scalar U is a constant of the motion associated with the helical symmetry.
It also measures the gravitational redshift of light rays emitted from m1 , and received at large
distance, along the helical symmetry axis perpendicular to the orbital plane; 1 we shall henceforth

refer to U as the “redshift observable”. Being coordinate invariant, the relation U (Ωϕ ) provides
a handy testbed to compare the predictions from the two approximation schemes.
For an extreme mass ratio black hole binary, such that m1  m2 , the redshift observable
U (Ωϕ ; m1 , m2 ) is conveniently expanded in powers of the mass ratio q ≡ m1 /m2 , according to
U = USchw + q UGSF + O(q 2 ) .

(1)

All coefficients in the expansion (1) are functions of the dimensionless coordinate invariant PN
parameter y ≡ (m2 Ωϕ )2/3 . The result for a test mass in circular orbit around a Schwarzschild
black hole of mass m2 is known in closed form as USchw = (1 − 3y)−1/2 . The invariant relation
UGSF (y) encoding the first order mass ratio correction has been computed numerically, with
high precision. 1,2 This gravitational self-force (GSF) effect has also been computed analytically
up to high PN orders. 2,3 The post-Newtonian expansion of UGSF is of the form
X
X
UGSF =
αk y k+1 + ln y
βk y k+1 + · · · ,
(2)
k>0

k>4

where the coefficients αk and βk are pure numbers, and the dots stand for terms involving
powers of logarithms (ln y)p , with p > 2, which are expected not to occur before the very high
7PN order. 3 The Newtonian, 1PN, 2PN and 3PN polynomial coefficients {α0 , α1 , α2 , α3 } were
determined analytically, 1,2 as well as the leading-order 4PN and next-to-leading order 5PN
logarithmic coefficients {β4 , β5 }. 3 Their values are reported in the left panel of Table 1.
Table 1: The analytically determined post-Newtonian coefficients αk and βk (left panel), and the numerically
determined values of higher-order PN coefficients, based on a fit to the GSF data (right panel). The uncertainty
in the last digit is indicated in parenthesis.

Coeff.
α0
α1
α2
α3
β4
β5

Value
−1
−2
−5
41 2
− 121
3 + 32 π
− 64
5
+ 956
105

Coeff.
α4
α5
α6
β6

Value
−114.34747(5)
−245.53(1)
−695(2)
+339.3(5)

Making use of the known results for the coefficients {α0 , α1 , α2 , β4 , β5 }, a fit to the GSF
data for UGSF (Ωϕ ) gave the numerical estimate α3fit = −27.6879035(4) for the 3PN coefficient, 4
to be compared with the exact value α3 = −27.6879026 · · · . 2 The results are in agreement
with nine significant digits, at the 2σ level. This provides a strong and independent test of the
validity of both calculations, which rely on very different regularization schemes to subtract the
divergent self-fields of point particles (mode-sum regularization in the self-force, and dimensional
regularization in PN theory). By fitting the accurate GSF data to a PN model of the form
(2), now taking into account all known PN coefficients, including the exact value of the 3PN
coefficient α3 , the values of previously unknown PN coefficients αk and βk were measured, up to
the very high 6PN order. 3 These are reported in the right panel of Table 1. Notice in particular
how the 4PN and 5PN coefficients α4 and α5 could be determined with high precision.
Figure 1 shows the exact results for UGSF (Ωϕ ), as computed within the self-force, as well as
the successive truncated PN series up to 6PN order, based on the analytically and numerically
determined PN coefficients summarized in Table 1. This comparison illustrates the complementarity of the two approximation schemes: previous knowledge of analytically determined “low”
order PN coefficients allows to extract from the accurate GSF data information about higher
order PN effects, which otherwise would likely remain inaccessible to standard PN calculations.
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Figure 1: The gravitational self-force contribution UGSF to the redshift observable U , as a function of rΩ ≡ m2 /y,
a coordinate invariant measure of the orbital separation. Notice that rΩ = 6m2 corresponds to the very relativistic
innermost stable circular orbit (ISCO) of a test-mass orbiting a Schwarzschild black hole of mass m2 .

3

Periastron Advance

As long as the radiation-reaction time scale is much longer than the typical orbital time scale, the
motion of two non-spinning black holes on a generic eccentric orbit depends on two independent
frequencies: the radial frequency (or mean motion) Ωr = 2π/P , where P is the radial period,
i.e. the time interval between two successive periastron passages, and the periastron precession
frequency ∆Φ/P , where ∆Φ/(2π) ≡ K − 1 is the fractional advance of the periastron per radial
period. In the zero eccentricity limit, the relation between the circular orbit frequency Ωϕ and
K = Ωϕ /Ωr is coordinate invariant; it can thus be used as a convenient reference for comparison.
The invariant relation K(Ωϕ ) has been computed at the 3PN accuracy in PN theory, 5 at
first order in perturbation theory, 6 and in the EOB formalism. 7 This genuine general relativistic
effect has also recently been measured for the first time in fully non-linear NR simulations. 8
Le Tiec et al. 9 considerably improved upon the accuracy of this initial measurement. Making
use of new and longer simulations of the late stage of the inspiral of non-spinning black hole
binaries with mass ratios q = 1, 2/3, 1/3, 1/5, 1/6, and 1/8, 10 they measured K with a relative
uncertainty ∼ 0.1 − 1%. This accuracy made possible an extensive comparison which, for the
first time, (i) encompassed all the analytical and numerical methods currently available, and (ii)
focused on the orbital dynamics of the binary, rather than the asymptotic waveform.
Figure 2 shows the invariant relation K(Ωϕ ) for binary black holes with mass ratios q = 1
(left panel), and q = 1/8 (right panel), as computed in NR (in cyan), PN theory (red), and the
EOB formalism (yellow). For comparable masses (e.g. q = 1 or 2/3), the 3PN prediction is in
good agreement with the exact result from NR (to better than 1%). However, as expected, it
performs less well when q → 0. 11 The EOB (3PN) prediction, on the other hand, is in very good
agreement with the NR data over the entire range of frequencies and mass-ratios considered.
Also shown in Fig. 2 are the predictions for a test mass in circular orbit around a Schwarzschild
black hole (green), and the inclusion of the GSF (magenta and blue). While perturbative selfforce calculations are commonly formulated as expansions in powers of the usual mass ratio q
[see e.g. Eq. (1)], PN expansions naturally involve the symmetric mass ratio ν ≡ m1 m2 /m2 ,
where m = m1 + m2 is the total mass of the binary. Since at first order q = ν + O(ν 2 ), the GSF
result for the periastron advance may as well be written in the “resummed” form
K = KSchw + ν KGSF + O(ν 2 ) ,

(3)
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Figure 2: The periastron advance K = 1 + ∆Φ/(2π), as a function of the circular orbit frequency Ωϕ , for black
hole binaries with mass ratios 1 : 1 (left panel) and 1 : 8 (right panel). Notice that in the later case, ∆Φ reaches
half an orbit per radial period for mΩϕ ∼ 0.03, corresponding to an orbital separation r ∼ 10m.

where all coefficients are functions of the dimensionless invariant PN parameter x ≡ (mΩϕ )2/3 .
The GSF correction KGSF to the test-particle result KSchw = (1 − 6x)−1/2 has recently been
computed numerically. 6 Although the GSFq prediction [obtained by replacing ν → q in Eq. (3)]
agrees with the exact result within a relative difference of magnitude ∼ q 2 , as expected, the GSFν
prediction (3) agrees remarkably well with the NR data for all mass ratios. This surprising result
suggests that GSF calculations may very well find application in a broader range of physical
problems than originally envisaged, including the modelling of intermediate mass ratio inspirals,
a plausible source of gravitational waves for Advanced LIGO/Virgo.
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ON THE ECCENTRICITY OF NS-NS BINARIES.
I. KOWALSKA1 , T. BULIK1 , K. BELCZYNSKI1,2 , M. DOMINIK 1 , D. GONDEK-ROSINSKA 3
1
Astronomical Observatory, University of Warsaw, Al Ujazdowskie 4, 00-478 Warsaw, Poland
2
Dept. of Physics and Astronomy, University of Texas, Brownsville, TX 78520, USA
3
Institute of Astronomy, University of Zielona Góra, ul. Lubuska 2, 65-265 Zielona Góra, Poland
The current gravitational wave detectors have reached their operational sensitivity and are
nearing detection of compact object binaries. In the coming years, we expect that the Advanced LIGO/VIRGO will start taking data. We discuss the eccentricity distribution of double
neutron stars during they inspiral phase. We analyze the expected distributions of eccentricities at the frequency that is characteristic for Advanced Virgo and LIGO detectors. We use
the StarTrack binary population code to investigate the properties of the population of compact binaries in formation. We evolve their orbits until the point that they enter a detector
sensitivity window and analyze the eccentricity distribution at that time. Within the range
of considered models, we found that a fraction of between 0.2% and 2% NS-NS binaries will
have an eccentricity above 0.01 for the Advanced LIGO/VIRGO detectors.

1

Motivation

Binary neutron stars are among the most promising candidates for gravitational wave sources.
During the inspiral phase bounding energy is carried away from the system by gravitational
waves. Separation between components and eccentricity of the orbit are decreasing very rapidly.
The evolution of the orbit of compact object binary under the influence of gravitational radiation had been calculated by Peters 1,2 . Last stable orbits are very well circularized. In current
detectors such as Virgo 3 and LIGO 4 , only those last orbits before coalescence are within sensitivity band. Therefore, eccentricity is negligible and there is no need to include it during data
analysis. Situation will change when the second generation detectors will appear. Sensitivity
window for Advanced Virgo and LIGO detectors will be expanded towards lower frequencies.
Observing earlier stages of inspiral evolution will be possible. In that regime, eccentricity could
play important role. Brown et al. 5 shown, that searching for eccentric binary using circular
template may lead to serious lost of efficiency. It is very important to check how many eccentric
binaries is expected within advanced detectors sensitivity band.
2

Initial parameters

So far we have very few observations of binary compact objects. All of them are double neutron
stars observed in radio band (at least one of the components is seen as a pulsar). That sample
is not representative, because of selection effects. Therefore, we created synthetic sample of
double compact objects using StarTrack code 6 . It perform a suite of Monte Carlo simulations
of the stellar evolution of stars in environments of two typical metallicities: Z = Z⊙ = 0.02 and
Z = 10% Z⊙ = 0.002 7 (denoted by Z and z, respectivley). We place special emphasis on the

common envelope evolution phase 8 , which is crucial for close double compact object formation
because the attendant mass transfer permits an efficient hardening of the binary. Because of
significant radial expansion, stars crossing the Hertzsprung gap (HG) very frequently initiate
a common envelope phase. If such a star overflows its Roche lobe and initiates a common
envelope phase, the inspiral is expected to lead to a coalescence 9 . In particular, it has been
estimated that for a solar metallicity environment (e.g., our Galaxy), properly accounting for
the HG gap may lead to a reduction in the merger rates of BH-BH binaries by ∼ 2 − 3 orders
of magnitude 10 . In contrast, in a low metallicity environment this suppression is much less
severe (∼ 1 order of magnitude; 7 ). The details of the common envelope phase are not yet fully
understood, thus in what follows we consider two set of models, one that does not take into
account the suppression (optimistic models: marked with A), and another that assumes the
maximum suppression (pessimistic models: marked with B). In the case of NSs, we adopt natal
kick distributions from observations of single Galactic pulsars 11 with σ = 265 km/s (marked
with K) and lower by a factor of 2, to σ = 132.5 km/s (marked with k), as some observations
and empirically based arguments seem to indicate that natal kicks in close binaries are lower
than for single stars 12,13 . The detailed list of models considered is presented in Table 1. Model
AZK is a standard set of parameters described in detail by Belczynski et al. 14 .
Table 1: The list of models of stellar evolution used in simulation.
Model Metallicity σ [kms−1 ] HG
AZK
Z⊙
265.0
+
BZK
Z⊙
265.0
AZk
Z⊙
132.5
+
BZk
Z⊙
132.5
AzK
10% Z⊙
265.0
+
BzK
10% Z⊙
265.0
Azk
10% Z⊙
132.5
+
Bzk
10% Z⊙
132.5
-

100

e

10-1

10-2
AZK
10-3

10-6

10-4

10-2

100

102

fGW

Figure 1: Initial parameters of NS-NS systems.
Initial parameters of the standard model (AZK) are presented in Figure 1. The boundary of
the region populated by the systems on the left-hand side corresponds to the requirement that
we only consider binaries that merge within a Hubble time. The bulk of the binaries on the

1.4

1
dN/dloge

Table 2: Fraction of the compact binaries
with eccentricity greater than 10−2 .
Model
%
(#)
AZK 0.60% (51)
BZK 1.27% (36)
AZk
0.16% (27)
BZk
0.30% (15)
AzK 0.29% (25)
BzK 1.87% (13)
Azk
0.26% (37)
Bzk
1.74% (21)

AZK
BZK
AZk
BZk
AzK
BzK
Azk
Bzk
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Figure 2: Eccentricity distribution of NSNS at 30 Hz.

low-frequency site correspond to those that have undergone one CE phase in their evolution. In
the higher frequency branch we allow the binaries to cross through the common envelope with
the donor on the Hertzsprung gap, denoted by ”+” in Table 1. These binaries may undergo
a second common envelope phase with a helium star companion. At the second CE stage, the
orbit is tightened even more leading to formation of the stripe in the diagram stretching from
fGW ≈ 10−2 Hz at e ≈ 10−2 . Solid lines correspond to evolutionary tracks for initial gravitational
waves frequencies from f0 = 10−8 Hz (first line from the left-hand side) to f0 = 102 Hz (first
line from the right-hand side).
3

Results

In order to find eccentricity distribution within Advanced Virgo/LIGO detectors, we evolved
initial population of double neutron stars until they reached gravitational wave frequency fGW =
30 Hz. Normalized histogram of eccentricity at that time is shown in Figure 2. The solid line
corresponds to the standard model (AZK). Other models are also presented. All models marked
by ”A” in Table 1 are bimodal. Second peak (higher eccentricities) corresponds to the ultracompact binaries, which undergone second common envelope phase. In Table 2, we present the
fraction of binaries with eccentricities above 0.01 at the time of entering the detector band, to
help quantify the extent of the large eccentricity tails of the distributions presented in Figure 2.
This fraction does not reflect the detectability of eccentricity 15 .
4

Summary

We have presented the eccentricity distributions of double neutron stars at the frequency where
advanced detectors (Advanced Virgo and LIGO) will be sensitive. The properties of the compact
object binaries have been calculated using the StarTrack population synthesis code. We have
found that the eccentricity distributions of the compact object binaries do not depend strongly
on the assumed model of binary evolution. Any dependence has been found to be the strongest
for binary neutron stars, whose distributions may be either single or double peaked. The extra
peak corresponds to ultra-compact NS-NS binaries that have undergone an additional CE phase
immediately before forming the second NS. Even for models with ultra-compact binaries, eccentricity is negligible within sensitivity band of Advanced Virgo/LIGO detectors. The eccentricity
of BH-BH and BH-NS binaries are very small, for detailed discussion see Kowalska et al. 16 .
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COMPACT OBJECTS WITH SPIN PARAMETER a∗ > 1
COSIMO BAMBI
Institute for the Physics and Mathematics of the Universe, The University of Tokyo
Kashiwa, Chiba 277-8583, Japan
In 4-dimensional General Relativity, black holes are described by the Kerr solution and are
completely specified by their mass M and by their spin angular momentum J. A fundamental
limit for a black hole in General Relativity is the Kerr bound |a∗ | ≤ 1, where a∗ = J/M 2
is the spin parameter. Future experiments will be able to probe the geometry around these
objects and test the Kerr black hole hypothesis. Interestingly, if these objects are not black
holes, the accretion process may spin them up to a∗ > 1.

1

Introduction

Today we believe that the ﬁnal product of the gravitational collapse is a black hole (BH). In
4-dimensional General Relativity, BHs are described by the Kerr solution and are completely
speciﬁed by two parameters: the mass, M , and the spin angular momentum, J. A fundamental
limit for a BH in General Relativity is the Kerr bound |a∗ | ≤ 1, where a∗ = J/M 2 is the spin
parameter. For |a∗ | > 1, the Kerr solution does not describe a BH, but a naked singularity,
which is forbidden by the weak cosmic censorship conjecture 1 .
From the observational side, we have at least two classes of astrophysical BH candidates 2 :
stellar-mass bodies in X-ray binary systems (M ∼ 5 − 20 Solar masses) and super-massive
bodies in galactic nuclei (M ∼ 105 − 1010 Solar masses). The existence of a third class of
objects, intermediate-mass BH candidates (M ∼ 102 − 104 Solar masses), is still controversial,
because there are not yet reliable dynamical measurements of their masses. All these objects are
commonly interpreted as BHs because they cannot be explained otherwise without introducing
new physics. The stellar-mass objects in X-ray binary systems are too heavy to be neutron
or quark stars. At least some of the super-massive objects in galactic nuclei are too massive,
compact, and old to be clusters of non-luminous bodies.
2

Testing the Kerr Black Hole Hypothesis

In Newtonian gravity, the potential of the gravitational ﬁeld, Φ, is determined by the mass
density of the matter, ρ, according to the Poisson’s equation, ∇2 Φ = 4πGN ρ. In the exterior
region, Φ can be written as
Φ(r, θ, ϕ) = −GN

∑ Mlm Ylm (θ, ϕ)
lm

rl+1

,

(1)

where the coeﬃcients Mlm are the multipole moments of the gravitational ﬁeld and Yml are the
Laplace’s spherical harmonics.

Because of the non-linear nature of the Einstein’s equations, in General Relativity it is
not easy to deﬁne the counterpart of Eq. (1). However, in the special case of a stationary,
axisymmetric, and asymptotically ﬂat space-time, one can introduce something similar to Eq. (1)
and deﬁne the mass-moments Mn and the current-moments Sn 3 . For a generic source, Mn and
Sn are unconstrained. In the case of reﬂection symmetry, all the odd mass-moments and the
even current-moments are identically zero. In the case of a Kerr BH, all the moments depend
on M and J in a very speciﬁc way:
(

Mn + iSn = M

iJ
M

)n

,

(2)

where i is the imaginary unit; that is, i2 = −1. By measuring the mass, the spin, and at least one
more non-trivial moment of the gravitational ﬁeld of a BH candidate (e.g the mass-quadrupole
moment Q ≡ M2 = −J 2 /M ), one can test the Kerr BH hypothesis 4 .
By considering the mean radiative eﬃciency of AGN, one can constrain possible deviations
from the Kerr geometry 5 . In term of the anomalous quadrupole moment q, deﬁned by Q =
QKerr − qM 3 , the bound is
−2.00 < q < 0.14 .
(3)
Let us notice that this bound is already quite interesting. Indeed, for a self-gravitating ﬂuid
made of ordinary matter, one would expect q ∼ 1−10. In the case of stellar-mass BH candidates
in X-ray binaries, q can be potentially constrained by studying the soft X-ray component 6 . The
future detection of gravitational waves from the inspiral of a stellar-mass compact body into a
super-massive object, the so-called extreme mass ratio inspiral (EMRI), will allow for putting
much stronger constraints. LISA will be able to observe about 104 − 106 gravitational wave
cycles emitted by an EMRI while the stellar-mass body is in the strong ﬁeld region of the supermassive object and the mass quadrupole moment of the latter will be measured with a precision
at the level of 10−2 − 10−4 7 .
3

Formation of Compact Objects with a∗ > 1

If the current BH candidates are not the BHs predicted by General Relativity, the Kerr bound
|a∗ | ≤ 1 does not hold and the maximum value of the spin parameter may be either larger or
smaller than 1, depending on the metric around the compact object and on its internal structure
and composition. In Ref. 8,9,10,11 , I studied some features of the accretion process onto objects
with |a∗ | > 1. However, an important question to address is if objects with |a∗ | > 1 can form.
For a BH, the accretion process can spin the object up and the ﬁnal spin parameter can
be very close to the Kerr bound. In the case of a geometrically thin disk, the evolution of the
spin parameter can be computed as follows. One assumes that the disk is on the equatorial
plane a and that the disk’s gas moves on nearly geodesic circular orbits. The gas particles in
an accretion disk fall to the BH by loosing energy and angular momentum. After reaching the
innermost stable circular orbit (ISCO), they are quickly swallowed by the BH, which changes its
mass by δM = ϵISCO δm and its spin by δJ = λISCO δm, where ϵISCO and λISCO are respectively
the speciﬁc energy and the speciﬁc angular momentum of a test-particle at the ISCO, while δm
is the gas rest-mass. The equation governing the evolution of the spin parameter is
da∗
1 λISCO
=
− 2a∗ .
d ln M
M ϵISCO
a

(4)

For prolonged disk accretion, the timescale of the alignment of the spin of the object with the disk is much
shorter than the time for the mass to increase significantly and it is correct to assume that the disk is on the
equatorial plane.

An initially non-rotating BH reaches the equilibrium aeq
∗ = 1 after increasing its mass by a factor
√
12
6 ≈ 2.4 . Including the eﬀect of the radiation emitted by the disk and captured by the BH,
13
one ﬁnds aeq
∗ ≈ 0.998 , because radiation with angular momentum opposite to the BH spin has
larger capture cross section.
As ϵISCO and λISCO depend on the metric of the space-time, if the compact object is not
a BH, the value of the equilibrium spin parameter aeq
∗ may be diﬀerent. The evolution of the
spin parameter of a compact object with mass M , spin angular momentum J, and non-Kerr
quadrupole moment Q was studied in 14,15 . In 15 , I considered an extension of the Manko-NovikovSanabria Goḿez (MMS) solution 16,17 , which is a stationary, axisymmetric, and asymptotically
ﬂat exact solution of the Einstein-Maxwell’s equations. In Fig. 1, I show the evolution of
the spin parameter a∗ for diﬀerent values of the anomalous quadrupole moment q̃, deﬁned by
Q = −(1 + q̃)J 2 /M . For q̃ > 0, the compact object is more oblate than a BH; for q̃ < 0, the
object is more prolate; for q̃ = 0, one recovers exactly the Kerr metric. In Fig. 1 there are
two curves for every value of q̃ because, for a given quadrupole moment Q, the MMS metric
may have no solutions or more than one solution. In other words, two curves with the same q̃
represent the evolution of the spin parameter of two compact objects with the same mass, spin,
and mass-quadrupole moment, but diﬀerent values of the higher order moments.
As shown in Fig. 1, objects more oblate than a BH (q̃ > 0) have an equilibrium spin
parameter larger than 1. For objects more prolate than a BH (q̃ < 0), the situation is more
complicated, and aeq
∗ may be either larger or smaller than 1. The origin of this fact is that for
q̃ < 0 the radius of the ISCO may be determined by the vertical instability of the orbits, while
for q̃ ≥ 0 (which includes Kerr BHs) it is always determined by the radial instability.
Lastly, let us notice that Fig. 1 shows how, “in principle”, the accreting gas can spin a
compact object with non-Kerr quadrupole moment up. It may happen that the compact object
becomes unstable before reaching its natural equilibrium spin parameter. This depends on the
internal structure and composition of the object. For example, neutron stars cannot rotate
faster than about ∼ 1 kHz, or a∗ ∼ 0.7. If the accretion process spins a neutron star up above
its critical value, the latter becomes unstable and spins down by emitting gravitational waves.
If the same thing happens to the super-massive BH candidates in galactic nuclei, they may be
an unexpected source of gravitational waves for experiments like LISA.
4

Conclusions

The future gravitational wave detector LISA will be able to check if the super-massive objects
at the center of most galaxies are the BHs predicted by General Relativity. A fundamental
limit for a BH in General Relativity is the Kerr bound |a∗ | ≤ 1, which is the condition for
the existence of the event horizon. If the current BH candidates are not the BHs predicted by
General Relativity, the Kerr bound does not hold and the maximum value of the spin parameter
may be either larger or smaller than 1. Here I showed that compact objects with |a∗ | > 1 may
form if they have a thin disk of accretion.
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4.
Space Detectors

LISA Pathfinder and the LTP
Paul W. McNamara on behalf of LISA Pathfinder Collaboration∗
European Space Technology Centre, European Space Agency,
Keplerlaan 1, 2200AG, Noordwijk, The Netherlands
LISA Pathfinder (formerly known as SMART-2) is an ESA mission designed to pave the way
for the joint ESA/NASA Laser Interferometer Space Antenna (LISA) mission by validating
in flight the critical technologies required for space-borne gravitational wave detection; it will
put two test masses in a near-perfect gravitational free-fall and control and measure their
motion with unprecedented accuracy. This is achieved through technology comprising inertial
sensors, high precision laser metrology, drag-free control, and an ultra precise micro-Newton
propulsion system.
This paper gives an overview of the mission, focusing on the scientific and technical goals.

1

Introduction

LISA Pathfinder (LPF), the second of the European Space Agency’s Small Missions for Advanced
Research in Technology (SMART), is a dedicated technology validation mission for the joint
ESA/NASA Laser Interferometer Space Antenna (LISA) mission 1 .
LISA, a mission to observe low frequency gravitational waves, has continually been ranked
as one of the most scientifically important missions under study 2 . However the very concept
of low frequency gravitational wave detection, i.e. that a particle falling under the influence
of gravity alone follows a geodesic in spacetime, has never been demonstrated to the required
precision. This is the most basic assumption of Einstein’s General Relativity: LISA Pathfinder
has been designed to test this hypothesis with unprecedented accuracy.
The LISA Pathfinder mission essentially mimics one arm of the LISA constellation by shrinking the 5 million kilometre armlength down to a few tens of centimetres. The distance between
the two test masses is measured using a laser interferometric technique similar to one aspect of
LISA interferometry system.
LISA Pathfinder is due to be launched in 2014 on-board a dedicated launch vehicle. The
spacecraft and expendable propulsion module are injected into a low earth orbit (200 km x
1600 km), from which, after a series of apogee raising manoeuvres, will enter a transfer orbit
towards the first Sun-Earth Lagrange point (L1). After separation from the propulsion module, the LPF spacecraft will be stabilised using micro-Newton thrusters, entering a Lissajous
orbit around L1 (500,000 km by 800,000 km orbit). Following the initial on-orbit check-out and
instrument calibration, the in-flight validation of the LISA technology will take place.
∗
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2

LISA Pathfinder Mission Concept

LISA Pathfinder will test in a space experiment that free falling bodies do follow geodesics in
spacetime by more than two orders of magnitude better than any past, present, or planned
mission (with the exception of LISA itself). The concept that a particle falling under the
influence of gravity alone follows a geodesic in space-time is at the very foundation of General
Relativity (GR).
In GR, gravity is not considered as an external force: instead gravity is the source of spacetime curvature. Therefore, in a universe devolved of mass (a flat spacetime) free-falling test
masses will move in straight lines with uniform velocity (Newton’s 1st Law). In the real (as
described by General Relativity) Universe, the presence of mass, hence gravity/curvature, modifies Newton’s 1st Law to state that in the absence of any external force, test masses move along
geodesics.
All experiments aimed at directly measuring curvature caused by celestial bodies, or to test
subtle effects of GR, e.g., frame-dragging, detection of gravitational waves, or to probe its very
foundation - the Equivalence Principle, invariably search for violation of geodesic motion.
The difficulty of achieving high purity geodesic motion is that any parasitic forces compete
with spacetime geometry to set masses into motion, perturbing them away from their geodesic
lines. As gravity is by far the weakest of all fundamental interactions, achieving the required
extremely low level of non-gravitational acceleration requires the understanding, reduction and
control of the disturbances produced by a wide range of physical phenomena.
LISA Pathfinder’s experiment concept is to improve the uncertainty in the proof of geodesic
motion. This is achieved by tracking, using pico-meter resolution laser interferometry, two testmasses nominally in free-fall, and by showing that their relative parasitic acceleration, at frequencies around 1 mHz, is at least two orders of magnitude smaller than anything demonstrated
or planned so far. The LISA Pathfinder spacecraft as an inertial platform, free of spurious accelerations, will be the best laboratory ever created for Fundamental Physics experiments, where
the conditions hypothesised by Einstein will be realised in the real world.
LISA Pathfinder is both a mission in General Relativity and in Precision Metrology, pushing
these disciplines several orders of magnitude beyond their current state of the art. In doing so
it opens new ground for an entire class of new missions in General Relativity, in Fundamental
Physics at large, and in Earth Observation. The high resolution optical readout of test-mass
motion allows test-mass to test-mass tracking even when they are located in different spacecraft,
at large distance and in interplanetary space, e.g. LISA, or at short distance in low Earth orbit,
like in future geodesy missions.
It must be stated that the true objective of LISA Pathfinder is not to develop hardware, but
to confirm the overall physical model of the forces that act on a test mass in interplanetary space.
To fulfill this program, the mission is not going to just make a measurement of acceleration but
will implement a full menu of measurements: at the end of this set of measurements, the residual
acceleration noise model will be verified down to painstaking detail.
3

Mission Goals

The mission goals of LISA Pathfinder can be split into three categories, covering the performance
of the inertial sensor, the performance of the laser interferometer, and the demonstration of the
flight readiness of the technologies critical for a successful LISA mission. The mission goals can
be summarised as follows (for a full description of the mission goals, the reader is directed to 3 ):
• demonstrate that a test mass can be put in a pure gravitational free-fall within approximately
one order of magnitude of the LISA requirement. The one order of magnitude applies also

to the measurement bandwidth. Therefore, the differential acceleration noise requirement
of LISA Pathfinder is stated quantitively as:
"

∆a ≤ 3 × 10

−14

1+



f
3 mHz

2 #

√
ms−2 / Hz

(1)

over the frequency bandwidth, f , of 1 - 30 mHz. This is the top-level science requirement
of the mission.
• demonstrate laser interferometry with free-falling mirrors (test masses of the LISA Technology
Package) with a displacement sensitivity equal to the LISA requirements. Therefore, the
flight test is considered successful if the laser metrology resolution is demonstrated to
within:
"
2 #

√
3
mHz
(2)
∆x ≤ 9 × 10−12 1 +
m/ Hz
f
over a frequency bandwidth of 1 - 30 mHz with a dynamic range on the order of one millimetre.
• assess the lifetime and reliability of the micro-Newton thrusters, lasers and optics in a space
environment.
4

The LISA Technology Package

Unlike traditional observatory or planetary missions, the payload in LISA Pathfinder cannot
be considered as a discrete piece of hardware carried by the spacecraft. Instead, during science
operations, the payload and the spacecraft act as a single unit: the attitude control of the spacecraft is driven by the payload. LISA Pathfinder will carry two payloads; the LISA Technology
Package (LTP), and the Disturbance Reduction System (DRS). The LISA Technology Package
is provided by a consortium of European national space agencies (France, Germany, Italy, Spain,
Switzerland, The Netherlands, and the United Kingdom) and ESA, while the DRS is provided
by NASA. Only the LTP will be described here.
The LTP consists of two major subsystems; the Inertial Sensor Subsystem, and the Optical
Metrology Subsystem. Both subsystems are described in further detail in the following sections.
4.1

Inertial Sensor Subsystem

The Inertial Sensor Subsystem (ISS) is at the heart of the LISA Pathfinder mission; the development and on-orbit testing of this subsystem are the main reasons for ESA implementing the
mission. The ISS of LISA Pathfinder is the ISS of LISA - the relaxation in the requirements
of LPF comes from the relaxation in the environmental conditions of the LPF spacecraft as
compared to LISA.
The inertial sensor subsystem comprises the test masses and all systems interacting directly
with the test masses, i.e. the electrode housing, front-end electronics, vacuum system, charge
management, and caging mechanism. This section will describe each of these subsystems in
turn.
The test masses consist of a 1.96 kg cube of Gold:Platinum mono-phasic alloy of dimension
46 mm on a side. The alloy is formed from 73% gold and 27% platinum, chosen as this alloy has
an extremely low magnetic susceptibility (χm ≈ 10−5 ) and high density ≈ 2 × 104 kgm−3 . The
combination of both greatly reduces the effect of external forces on the test mass.
The test masses’ position is readout by two means: high resolution laser interferometry,
and electrostatic (capacitive) sensing. The former only senses the test mass position along the

Figure 1: Left: Photographs of the Inertial Sensor Subsystem flight models (FM). From bottom left: Vacuum
Chamber (Carlo Gavazzi Space), Electrode Housing (Thales Alenia Space), (uncoated) Test Mass (Thales Alenia
Space), Caging Mechanism (RUAG), UV Lamp Unit (Imperial College London), Front-End Electronics (ETH,
Zurich). Right: Photographs of the Optical Metrology System Flight Hardware. From top left: Reference Laser
Unit (Tesat), Laser Modulator (APC/Contraves), Data Management Unit (ICE, Barcelona), Phasemeter (Uni
Birmingham). Centre: Optical Bench Interferometer (Uni Glasgow)

sensitive axis (the line joining the two test masses) and the angles of rotation around the axes
perpendicular to the sensitive axis, whereas the capacitive sensor measures the position of the test
mass in all six degrees of freedom. The capacitive sensor comprises a hollow cubic molybdenum
housing with gold coated sapphire electrodes mounted in the faces (see Figure 1). The housing
is sized to allow for a ≈4 mm gap between the electrode faces and the test mass. The size of the
gap is a trade off between reducing the effects of noise sources, e.g. from uncontrolled potentials
√
on the electrodes, and being able to meet the capacitive sensing requirement of 1.8 nm/ Hz
over the measurement bandwidth.
The capacitive readout system, known as the Inertial Sensor Subsystem Front End Electronics (ISS FEE), is arranged such that electrodes facing opposing faces of the test mass are
combined via a capacitive bridge. A change in the position of the test mass gives a differential,
bi-polar, signal at the output of the bridge, which is used as an input to the drag-free control
system. As well as sensing the position of the test masses, the ISS FEE can also be used to
actuate (force) the test mass.
The test mass and electrode housing are mounted inside a dedicated vacuum enclosure. To
meet the mission requirements, the vacuum around the test mass must be maintained, throughout the mission lifetime, to less than 10−5 Pa. In order to limit the pressure increase due to
outgassing or virtual leaks within the vacuum enclosure, the enclosure will be vented to space
once the spacecraft reaches its operational science orbit. As with all equipment used in LISA
Pathfinder (with the exception of a few components mounted on the outer wall of the spacecraft
as far as possible from the test masses) only non-magnetic materials are permitted to be used in
the system, forcing the vacuum chamber to be manufactured from titanium as opposed to the
standard stainless steel construction techniques.
As there is no physical contact between the test mass and the surrounding environment, one
issue that must be dealt with is charging of the test mass due to cosmic ray and solar energetic
particle impacts. A build up of charge on the test mass, coupled with the potentials on the
electrodes, creates a force, resulting in additional noise in the test mass position. The charge is
controlled using a non-contact discharge system based on the photo-electric effect. UV light from
Mercury vapour lamps is channelled to the electrode housing via fibre optic cables. Depending
on the sign of the charge on the test mass, the light is either shone onto the test mass or the

electrode housing, thereby extracting electrons from either surface, providing bi-polar charge
management.
A further challenge which is unique to space flight hardware is the need for a launch-lock
device to prevent hardware being damaged during the extreme vibration conditions experienced
during launch. In LISA Pathfinder, this is especially true for the test masses - the most sensitive
part of the experiment must survive a random load of ≈ 50 grms , requiring a holding force of
≈1200 N, while not damaging the gold coated surface of the cube. In addition to the launch load
requirement, when on-orbit, the device must release the test mass within an error box of 200 µm,
with a velocity of less than 5µms−1 . These requirements are met by the Caging Mechanism
Assembly. This device consists of three actuators: a first stage launch lock mechanism providing
the 1200 N preload; a second stage positioning actuator, which is used to break the adhesion
of the launch lock and position the test mass to the desired location; and finally, the release
actuator, a small diameter pin which is used to break the adhesion of the positioning plunger
and release the mass with the required accuracy.
Several other challenges must also be solved in order to meet the requirements of the LTP.
These include: balancing of the differential gravitational force and gradient at the test mass
positions - achieved by mounting compensation masses inside, and external to, the vacuum
enclosure; creating
√ a thermally quiet environment around the test mass - a temperature sta−5
bility of 10 K/ Hz over the measurement bandwidth; associated with the thermal√stability
requirement is the need to have thermometers with a resolution better than 10−5 K/ Hz; and
as mentioned earlier, no magnetic materials can be used - this makes the design of several of the
subsystem units especially difficult (e.g. vacuum chamber, mounting brackets, bolts, etc).
4.2

Optical Metrology Subsystem

The Optical Metrology Subsystem (OMS) is the high resolution laser interferometric readout
of the test masses’ positions. The OMS comprises several subsystems, namely; the reference
laser unit, the laser modulator, the optical bench interferometer, the phasemeter, and the data
management unit (Figure 1).
The Reference Laser Unit (RLU) comprises a 40 mW Nd:YAG non-planar ring oscillator 4 of
the same design commonly used in metrology labs around the world. This laser design is ideal
for space applications due to its small size, high electrical to optical efficiency and inherent low
noise operation. The challenges for space applications come from the need for a robust design
which can survive both the launch loads and thermal environment, as well as having a sufficient
lifetime to guarantee the life of the mission. All of these challenges have been overcome and
similar lasers are now flying in space on optical communication satellites 5 . The RLU is baselined
as the master oscillator in the LISA laser system.
The RLU output is fibre coupled using single-mode, polarisation-maintaining (sm/pm) fibre.
The fibre couples the light to the subsequent component in the optical chain, the Laser Modulator
(LM). The LM consists of a beam splitter, two acousto-optic modulators, and optical pathlength
actuators. The light from the laser is split into two paths, each path is passed through an
acousto-optic modulator. One modulator is driven at 80 MHz, while the other is driven at
80 MHz + 1.2 kHz, thereby creating two beams with a frequency difference of 1.2 kHz. The
beams are then passed through the optical pathlength difference (OPD) actuator which consists
of a fibre optic cable wrapped around a cylindrical piezo-electric transducer. The OPD is used
to stabilise the optical pathlength of the fibre optic cables leading to the optical bench. After the
OPD, the beams are transmitted, again via sm/pm fibre, to the Optical Bench Interferometer
(OBI).
The main function of the OBI is to direct the beams to the relevant positions in 3-dimensional
space, without adding any significant noise to the measurement path. The primary optical bench

requirement is that
√ the pathlength noise induced by the components on the optical bench should
not exceed 1 pm/ Hz over the measurement bandwidth. The optical bench is constructed from
a block of Zerodur ceramic glass with fused silica mirrors and beamsplitters bonded to the bench
using hydroxy catalysis bonding 6 . The mirrors and beamsplitters are used to direct the two
beams to form four interferometers: the x2 − x1 interferometer which measures the differential
motion of the two test masses - this is the primary science measurement of the mission; x1
interferometer which measures the position and angles of test mass 1 with respect to the optical
bench (and therefore, the spacecraft) - equivalent to the LISA local test mass interferometer; the
Frequency interferometer which is an unequal arm Mach-Zehnder interferometer, the output of
which is sensitive to laser frequency fluctuations, and therefore can be used to stabilise the laser
frequency; and the Reference interferometer which is a rigid equal arm interferometer which
provides the system noise floor, and is used to stabilise the optical pathlengths via the OPD.
The light from each fibre is also sent directly to a photodiode which is used to monitor the
laser intensity noise. The signal from these photodiodes is used to stabilise the intensity of both
beams by feeding back to the acousto-optic modulator drive signal.
The signals from the (quadrant) photodiodes of each interferometer (each interferometer
has two quadrant photodiodes for redundancy) are sent to the Phasemeter Assembly. The
phasemeter samples the data at 50 kHz and performs a Single Bin Discrete Fourier Transform 7
to measure the phase of the signal at the heterodyne frequency. This technique is used due to
the efficiency of the algorithm. The phasemeter not only outputs the longitudinal phase from
the respective interferometers, but also outputs the angles between the wavefronts interfering
on the photodetectors - commonly known as differential wavefront sensing (DWS) - at 100 Hz.
The DWS signals from the x1 and x2 − x1 interferometers are used to align the test mass to the
interferometer. The longitudinal signals from the interferometers are used to stabilise the laser
frequency, the optical pathlength, and (with the DWS signals) as inputs for the Drag-Free and
Attitude Control System (DFACS) 8 .
As mentioned above, the phasemeter outputs the data at 100 Hz. However, the 100 Hz
samples are not required for routine operation, and so the data is downsampled to 10 Hz
prior to transmission to the on-board computer (and hence the DFACS). The downsampling is
performed inside the Data Management Unit (DMU) - a 12 MHz ERC32 processor. The DMU
is also responsible for the interface to the LTP subsystems, routing telecommands and timing
information to the units, and collecting and transmitting telemetry to the on-board computer.
4.3

Micropropulsion

The LISA Pathfinder Micro-Propulsion Subsystem (MPS) is based on Field Emission Electric
Propulsion (FEEP) technology. An extensive account can be found in 9 and 10 . In field emission
electrical propulsion, positive ions are directly extracted from liquid metals (for LISA Pathfinder,
Caesium has been chosen as the liquid metal source) and accelerated by means of electrostatic
force in high vacuum. This function is carried out by applying a high voltage to a suitable
electrode configuration, which is able to create and enhance very high electrical fields (up to
109 V/m). An additional external source of electrons, the neutraliser, needs to be included to
maintain the balance of the overall electrical charge of the system (ions+ = e− ).
The LISA Pathfinder MPS is composed of three main parts: a FEEP Cluster Assembly; a
Power Control Unit (PCU); and a Neutraliser Assembly (NA). The FEEP Cluster Assembly
consists of a self-contained unit of 4 FEEP Thruster Assemblies, which include propellant reservoir, mounted on a support structure. The four thrusters are devoted to provide thrust to the
required vector directions and are commanded individually and work in hot redundancy.
The Neutralizer Assembly consists of a self-contained unit of two neutraliser units necessary
to null the spacecraft charge imbalance due to ion thruster operations. The neutralisation func-

Figure 2: The LISA Pathfinder launch composite being in the vacuum chamber in preparation for the Transfer
Orbit Thermal Balance test. The test was performed at the IABG, Germany.

tion is implemented by means of cold redundant hardware. The Power Control Unit consists of
an electronic unit interfacing to the spacecraft for power supply and telecommand and telemetry
tasks and provides power and control to both the FEEP Cluster and Neutraliser assemblies.
5

Spacecraft

The spacecraft platform structure provides the mechanical support for the hardware of the
other spacecraft subsystems. The spacecraft has a shape of an octagonal prism, with outer
diameter of 231 cm and height of 96 cm. One of the two bases is covered by a sunshield panel
supporting an array of triple-junction GaAs solar cells of 2.8 m2 , providing at end-of-life 650 W
of power, while the other base interfaces with the propulsion module (Figure 2). A large central
cylinder accommodates the LTP core assembly, while the rest of the payload equipment and
the spacecraft units are mounted as far away as possible on shear walls connecting the central
cylinder to the outer panel forming the octagonal structure. The cylinder and all structural
panels are constructed from sandwich panels or shells with carbon fibre laminate skins bonded
to aluminium honeycomb core. Aluminium items are limited to structural rings, cleats, inserts
and minor brackets.
The Thermal Control Subsystem must guarantee the very stable thermal environment required by the science measurements. Together with √
the stringent thermal stability required at
−3
LTP level, a stable thermal environment of 10 K/ Hz is also required at the LTP interface,
in order to minimise the thermo-elastic distortions. Passive means are used to control the upper
temperatures of sensitive equipments, with electrical heaters to control the lower temperatures.
The entire module is wrapped in Multi-Layer Insulation (MLI) except for designated radiator
areas designed to reject to space the excessive heat. The minimum necessary heater power is
applied in the cold cases so that the lower temperature of each unit is maintained towards the
bottom of their allowable range. By using the full design temperature range of each unit in this
way, the heater power requirement is minimised. Heater switching is not permitted during the
science operations as the transient variations in temperature that happen as heaters switch can
interfere with the payload measurements. On the sensitive equipment, different combinations of
trimming heaters are used to obtained the required temperatures.

6

Conclusions

Throughout the history of the LISA mission, the science return has never been in doubt - LISA
will observe the Universe in a way which has never been possible before. This has captured the
imagination of the science community, but at the same time has cast doubt on the probability
that such a mission can be realised. Together, this prompted the European Space Agency to
adopt the LISA Pathfinder mission - the science return of LISA easily justifies the technology
development mission.
The final return of LISA Pathfinder is not only related to the development of the critical
technologies for LISA - in the process of implementing the mission, the industrial experience
required to build a mission like LPF (and LISA) has also been acquired, as has the knowledge
of the ground segment required by a LISA-like mission.
In conclusion, LISA Pathfinder is on track to demonstrate the first in-flight test of low
frequency gravitational wave detection metrology. Launch is scheduled for 2014, with first
results available to the science community approximately three months thereafter.
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LISA Pathfinder: In-orbit experiments and characterisation
M. Hewitson for the LISA Pathfinder Collaborationa
Albert-Einstein-Institut, Max-Planck-Institut für Gravitationsphysik und Universität Hannover,
Callinstr. 38, 30167 Hannover, Germany
The LISA Pathfinder (LPF) mission aims to demonstrate and characterise some of the
key technologies needed for the space-borne gravitational wave observatory, LISA. On
the one hand, we
√ aim to show that a test-mass can be placed in free-fall at a level of
3 × 10−14 m s−2 / Hz at 1 mHz. On the other hand, in order to extrapolate the performance
of the key technologies from LPF to LISA, we must develop a detailed and accurate model
of the system. By characterising the instrument through a series of experiments, the noise in
the system should be reduced to achieve the desired level of free-fall and a detailed physical
model of the system can be developed. In this paper we describe the scope of the experiments
that are planned for the mission operations phase.

1

Introduction

In order to do gravitational wave astronomy at frequencies below 1 Hz, it is desirable to go
to space. To this end, the LISA mission1 will put a large-scale gravitational wave observatory in a heliocentric orbit trailing the Earth. Such an ambitious mission will depend on a
host of technologies including micro-Newton thrusters, gravitational reference sensors, precision
interferometery, and drag-free control.
These technologies will be tested and characterised in the demonstrator mission LISA Pathfinder
(LPF). The LISA Pathfinder satellite will carry two payloads. The first is a European system,
the LISA Technology Package (LTP), which comprises a full optical and capacitive readout of
the differential motion of two free-falling test-masses using micro-Newton thrusters to maintain
a drag-free control of the SC with respect to one of the test-masses. The second is a NASA
payload which utilises parts of the LTP together with alternative micro-Newton thrusters and
an alternative drag-free control system. This paper will focus on the former, the LTP.
Further details of LPF and LTP are given in 2 and 3 . In short, LISA Pathfinder comprises
two test masses and one spacecraft (SC). The first test mass (TM1) is placed in free-fall along
the x-axis of the spacecraft. This means that no forces are applied between the SC and TM1
and as such the level of free-fall achieved will depend on the existence of any spurious forces in
the system. The position of the SC with respect to TM1 is read-out using an interferometer.
The measurement is used to drive micro-Newton thrusters so that the SC follows the motion
of TM1. Since the thrusters are noisy, in order to estimate the residual forces acting on TM1
we need a quiet reference from which to measure. This is where the second test mass comes
in. Using a second interferometer, the differential position of the two test masses is read-out
and used to control the position of TM2 with respect to TM1 by applying forces to TM2 via
a
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an electrostatic actuator. The bandwidth of this so-called suspension control is 1 mHz and the
drag-free control has a band-width of around 100 mHz. A schematic of this control system is
shown in Figure 1.
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Figure 1: A schematic of the two x-axis control loops on LPF. The SC surrounds two test masses. The first test
mass is in free fall and the SC is made to follow it by using the interferometric readout shown to control the force
applied to SC by the thrusters. The second test mass is electrostatically suspended and made to follow TM1
using the differential interferometer measurement.

2

Characterisation of LPF

Characterisation of LPF has two aims. The first is to optimise the system so that the quietest
possible free-fall of TM1 can be achieved. The second is to develop a detailed physical model
of the system so that the performance of the different subsystems can be extrapolated to give
an expected performance for LISA. Both of these aims require various physical parameters
of the system to be estimated. For example, the precise behaviour of x-axis control loops
described above will depend critically on any residual couplings in the system, such as the
spring-like stiffness couplings between the TMs and the SC arising from the voltages applied
in the electrostatic actuation scheme and imperfections in the gravitational balancing of the
spacecraft as a whole. Such couplings, as well as actuator gains and system delays will need to
be measured through a series of experiments. The typical way to identify such system parameters
is to stimulate the system in such a way that the observed response depends on the parameter(s)
of interest.
Measuring physical parameters of the system is only the first step in building a noise model
of the entire system. Two other components are needed to complete the picture: estimates or
models of any noise sources which may couple to the sensitive differential position measurement,
and models or measurements of the transfer functions that describe the coupling of these noise
sources to the observations. For some sources of noise we have various environmental and system
monitors which will provide a wealth of data. For other noise sources, we will need to rely on
ground measurements and/or models. The various couplings of the system will need to be
modelled. Typically these models will be parametric and the determination of the parameter
values will be done through dedicated experiments. In this way we aim to build up a full noise
model of the system which should, when complete, explain the observed level of differential
acceleration of the two TMs.
Clearly, the process of optimising the system to achieve the purest free-fall and of developing
the physical model are fully entwined. The system model can be used to develop a noise budget
for the differential measurement which in turn will identify the limiting noise sources which
are disturbing the free-fall. Once identified, these noise sources have to be mitigated, either by
suppressing the noise source (through optimisation of the responsible subsystem), or by reducing

the coupling to the differential test mass motion. The design of the various experiments that
will be carried out during the mission operations phase is critical to the success of this plan.
As each experiment is performed, the data must be retrieved and analysed so that subsequent
experiments can be optimised and performed in the optimal order.
3

Data flow and data analysis

As mentioned above, data from each experiment will be analysed as soon as it becomes available.
It is expected that we will have contact with the SC for a few hours each day. As such, the
experiments will be carried out in an automated fashion and the data for the experiments
carried out on day N will be retrieved on day N + 1. The analysis of the data for day N must
be completed before the end of day N + 1 so that the turn-around time for reconfiguring the
mission time-line (and as such, the up-coming experiments) can be minimised.
In order to allow the mission scientists to analyse the data coming from the experiments, a
robust and flexible data analysis infrastructure (The LISA Technology Package Data Analysis
Toolbox) has been developed4 . As well as providing a wealth of standard data analysis tools expected to be required for instrument characterisation, the toolbox will also contain LTP-specific
high-level routines and algorithms to allow routine data analysis tasks common to multiple experiments to be performed in an efficient way. In addition, the data analysis procedures for
all planned experiments will be developed and tested in advance under the LTPDA framework.
One of the main features of this data analysis toolbox is the ability to inspect analysis results
and to determine precisely what processing has been done to the original data. This is achieved
using an object-oriented system where the result of any particular analysis is an object which
comprises, not only the numerical results, but also a full history tree of the steps taken to arrive
at that result. The reason for implementing such a scheme is to ensure that the results obtained
during LPF can still be understood and reconstructed during the time of LISA, which will take
place perhaps 1 decade after LPF.
4

System Identification and Modelling

Many of the experiments that will be carried out on LPF will be system identification experiments. Typically, by means of stimulating the system and observing the response, parameters of
a system model can be determined. If the models are sufficiently detailed, these parameters will
usually be closely, if not directly, related to actual physical parameters of the system. Figure 2
shows a schematic of a model of the x-axis dynamics of the system. Here we see the two control
loops described earlier in this paper. The parameters of the system are shown in red. They are:
S21 The cross-talk of the interferometer due to the imperfect common-mode rejection arising
from the geometry of the system. This parameter forms a coupling which allows the noise
of the drag-free loop (essentially the thruster noise) to leak in to the sensitive differential measurement. This coupling is flat in frequency and its effect can be subtracted in
data processing due to the fact that we have a very precise (pm resolution) measurement
of the thruster noise via the first interferometer channel (o1 ). In order to subtract the
contribution, however, we need to determine/measure the coupling coefficient.
D1 and D2 The delay on the execution of commanded guidance signals on the drag-free and
suspension loops respectively. These arise from the finite processing power available onboard the satellite. Depending on what else the main computer is doing, the command
to start a signal injection may not be executed at exactly the requested time. As such we
have some uncertainty as to when any stimulus is applied, and this needs to be identified
for each experiment.

A1 and A2 An overall gain factor for the drag-free and suspension loops respectively. In practice, this will be dominated by uncertainty in the calibration of the actuators. Nonetheless,
they need to be identified if we are to be able to correctly determine the acceleration of
the SC and the differential acceleration of the two test-masses.
ω12 and ω22 The stiffness coefficients for the coupling of SC motion to the motions of TM1
and TM2 respectively. These parameters are particularly important in determining the
characteristics of the loops at lower frequencies (1 mHz and below).
2 The difference of the stiffness coefficients for the coupling of SC motion to the motions of
ω12
TM1 and TM2. Although this is directly related to the two stiffness coefficients described
above, it represents a different cross-coupling path which allows thruster noise to leak in
to the sensitive differential measurement. This is a frequency dependent (1/f 2 ) coupling
which produces a differential motion due to the fact that motion of the SC will result
in different motions of the two test masses. It can be modelled (as shown here) as the
motion of the SC relative to TM1 producing a spurious force on TM2 through this coupling
constant.

Figure 2: A model of the two x-axis control loops on LPF. The parameters of the model are shown in red. The
physical units of the signals as they propagate around the loops are shown in blue. The observations are o1 and
o12 whereas the inputs to the system are labelled i1 and i12 . The upper loop is the drag-free loop which uses the
micro-Newton thrusters to force the SC to follow the motion of TM1. The lower loop, the suspension loop, uses
the electrostatic actuators to control the distance between TM1 and TM2 at frequencies below 1 mHz.

Two experiments have been devised to allow the parameters above to be identified from
measured data. These two experiments involve injecting a sequence of sinusoidal signals of
increasing frequency firstly in to the guidance input of the drag-free loop (i1 ) and then in to
the guidance input of the suspension loop (i12 ). Due to the cross-couplings in the system, these
signals can also be observed in the output of the differential interferometer. A parametric model
of the system is then fit to the data. We have explored a number of methods to to perform this
fitting: linear least-squares, non-linear least-squares and Markov Chain Monte Carlo. Further
details of these parameter estimation techniques can be found in 5,6,4 .
Once the fit is performed, we can evaluate the goodness of the fit by forming the residuals.
The fitted parameter values are used in the model to generate the predicted output signals
in response to the injected signals. These predicted outputs can then be subtracted from the
observed data. If the parameter estimation is perfect and the model is an accurate match to the
true system, then the residuals will contain only noise. Assuming the system to be stationary,
this noise can be compared to noise taken at a time when no signals were being injected. Figure 4
shows spectra of the residuals from one example experiment. The time-series data were produced
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Figure 3: A time-series plot of the output of the interferometer which measures the position of the SC relative
to TM1. The data is produced using the mission simulator. The plot shows three distinct phases: at 1) the
interferometer is activated and starts to measure the relative position of the SC and TM1. At position 2) the
control is switched from accelerometer mode (in which both test masses are electrostatically suspended) to the
main science control mode in which the interferometric readout is fed back to the thrusters to make the SC follow
TM1; at this point no control forces are applied to TM1 along the x-axis. At position 3) a sequence of sinusoidal
injections starts.

using the mission simulator and fit using the three methods described above. The injections
are the same as those shown in Figure 3. The injections are many orders of magnitude above
the noise but we can see that only a small trace remains in the residuals at one of the injection
frequencies. Since the residuals from each fitting method show similar results, the remaining
trace amounts of signal are likely due to the model being not sufficiently accurate.
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Figure 4: Spectra of the residuals formed by subtracting the predicted system outputs which are calculated by
the model with the fitted parameters from the data from the mission simulator. Results are shown for three
parameter estimation methods. Also shown is a noise spectrum taken from data at a time where no signals were
being injected.

LISA Pathfinder: an experimental analysis of the LPF free-fall performance
William J. Weber on behalf of the LISA Pathfinder Collaboration a
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Via Sommarive 14, 38123 Povo, Trento, Italy
The LISA gravitational wave observatory requires free-falling test masses √
that serve as references of geodesic motion to within a residual stray acceleration of 3 fm/s2 / Hz at frequencies
above 0.1 mHz. The LISA Pathfinder (LPF) mission is dedicated to demonstrating the technology of free-falling test masses at a level close to the LISA goal. This article addresses the
experimentally-based performance analysis for the LPF measurement of differential test mass
acceleration noise, including a discussion of the applicability of the LPF results to the LISA
mission.

1

Introduction

The primary science objective of the LISA Pathfinder (LPF) mission is demonstrating by direct
measurement that two geodesic reference test masses (TM)√
can be placed in perfect free-fall to
2
within a residual differential acceleration noise of 30 fm/s / Hz at frequencies down to 1 mHz1 .
Using the same TM, gravitational sensor (GRS), and local interferometer metrology hardware
as for the proposed gravitational wave mission LISA, LPF is a testbed for most of the needed
performance aboard
√ LISA, where the target sensitivity requires free-falling test masses at the
level of 3 fm/s2 / Hz acceleration relative to an inertial system at 0.1 mHz.
In the main LPF acceleration noise measurement2 , an optical interferometer measures the
relative acceleration of two free-falling TM. One TM is used as a “drag-free” reference to control
the translation and attitude of the satellite, and the other (TM2) is electrostatically forced to
maintain constant separation from the first TM. The measurement and subsequent analysis are
designed to measure the stray forces acting on the TM in conditions as close as possible to those
relevant to the LISA TM. The TM2 electrostatic suspension introduces additional force noise.
This suspension is not needed for LISA – it is necessitated here by the LPF single spacecraft
configuration – and as such the mission also foresees a dedicated free-fall “drift mode” test 3
where the electrostatic suspension is turned off for the sensitive X axis, to allow measurement
of TM acceleration noise in the absence of electrostatic actuation, as is most relevant for LISA.
Preparation for LPF hinges on an analysis of all sources of TM acceleration noise and metrology noise, but also on an aggressive laboratory campaign for directly measuring the performance
with prototype flight hardware. This short paper summarizes the noise budget for the LPF measurement of stray TM acceleration, and its application to the performance for LISA. A detailed
analysis of the LISA Pathfinder noise performance and the experimental background for the
predictions for the various noise sources can be found in Ref. 4 .
a
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Figure 1: Estimate of differential acceleration noise sources for LISA Pathfinder. The thicker dashed lines correspond to instrumental noise from the interferometry readout and X axis actuation, while the remaining lines are
sources of stray TM acceleration that are relevant to the LISA acceleration noise budget.

2

LPF performance analysis

Viewing LPF as a differential accelerometer for measuring stray TM acceleration for LISA, the
various stray force contributions are the LPF “science sources,” measured against a background
of instrumental noise. The leading acceleration noise sources are shown in Figure 1 as thin lines,
with the two dominant instrumental contributions, from the interferometer metrology and from
fluctuating actuation forces, as thicker dashed lines.
The interferometry√(IFO) limit, shown as a black dashed line, corresponds to the design
specification of 6 pm / Hz, relaxed as f −2 in linear spectral density below 3 mHz, converted
into acceleration. This performance has been demonstrated with prototype flight optical bench,
laser, and phasemeter hardware at all frequencies above 1 mHz 5 , with current lower frequency
data reflecting harsh laboratory environmental conditions and, even so, with a possible impact
on the LPF performance only below 0.2 mHz.
Noise from the TM2 X axis actuation (blue dashed line) should exceed the IFO noise at
frequencies below 5 mHz. This is estimated by direct measurements of fluctations in the flight
electronics actuation circuitry and analysis of the spacecraft gravitational balancing, which sets
the required force levels. This noise source, however, is not relevant to LISA and can be removed in the dedicated free-fall test, leaving a much lower noise contribution from the need to
electrostatically control the TM rotation, as envisioned for LISA.
For the remaining acceleration noise sources, the Brownian gas damping, electrostatic forces
from charge and stray field fluctuations, laser radiation pressure fluctuations, and thermal gradient related forces are all directly estimated from laboratory measurements with GRS and laser
prototype hardware. The magnetic contribution, which is the dominant low frequency contribution in this analysis, is related to a number of parameters, with this calculation based on
conservative estimates of the spacecraft AC magnetic environment and shielding, and to unexpectedly large measured values for the magnetic gradient (traced to a temperature sensor near
the TM) and for the Au-Pt TM magnetic susceptibility. As such, the magnetic noise represents
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Figure 2: Prediction for the LISA single test mass acceleration noise limit that will be provided by LISA Pathfinder
in the dedicated free-fall test without X actuation, compared with the LPF and LISA design goals.

an upper limit that can be significantly and relatively easily improved for LISA.
We note that the gas damping noise estimate has been lowered relative to that in Ref. 4
in accord with recent planned improvements in the vacuum system, which will now be vented
directly to space, with a conservatively estimated maximum gas pressure of 2 µPa. This makes
a noticeable improvement in the predicted overall LPF noise performance at frequencies around
1 mHz, where gas damping noise was expected to dominate.
3

Applicability for LISA

The LPF result can be taken as a global acceleration noise upper limit for LISA. A prediction
for this upper limit is performed in Fig. 2. We have considered the sum of the noise power
from the LPF acceleration noise sources in Fig. 1, including the interferometer and excluding
the X axis actuation (ie, the projection for the dedicated free-fall “drift mode” experiment).
We have also divided the LPF differential noise power by two, to compare with the single TM
requirement for LISA.
Taken as an overall upper limit to TM acceleration noise – a model-independent limit that
also includes possible noise sources that have not yet been identified – achieving this acceleration
noise curve would verify the LISA performance goal down to 1 mHz, with an excess of only a
factor 4 in linear spectral density at 0.1 mHz. This is more than sufficient to guarantee a rich
observational astrophysics return from the LISA gravitational wave observatory.
A final consideration on the scientific return of LISA Pathfinder and its applicability to LISA
regards the possibility to solidify the physical model of acceleration noise for various known noise
sources, to levels even below the LISA goals. A number of dedicated measurements will target
known sources of disturbance, measuring key parameters that can only be accessed in orbit. In
closing, we note several noise sources for which the LPF flight test will provide a unique test
bed for establishing free-fall for gravitational wave astronomy:
• Gravitational self balancing LPF will provide a test of the sub-nm/s2 and 10 nrad/s2 analysis and compensation of the translational and rotational spacecraft-generated gravitational

accelerations that is required, to limit actuation-related noise, for both LPF and LISA.
This information will be obtained from the DC levels of actuation needed in flight, for
three translational and six rotational degrees of freedom, and will be the first verification
of the detailed design and analysis of the LPF spacecraft self-gravity.
• Test mass charging and charge fluctuations LPF will measure TM charging from cosmic
ray and solar particles, both the deterministic charging and, in dedicated long term high
precision measurements, the low frequency stochastic fluctuations relevant for producing
low frequency force noise in the presence of a steady stray electrostatic field. Also, LPF
will test both the TM discharge system and techniques for measuring and compensating
stray fields.
• Spacecraft thermal environment With an array of thermometers, LPF will monitor the
thermal environment around the TM at the 10 µK resolution6 . In addition to use in
possible correlations with force noise – through the thermal gradient coupling with the
radiometric, radiation pressure and outgassing effects – the measurements will allow a real
verification of the thermal model for a LISA-like satellite across the LISA band. A similar
characterization should be possible for the magnetic environment and fluctuations onboard
the satellite7 .
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Methods and results of the analysis of the simulated data of the proposed gravitational wave
detector LISA for the case of white dwarf binaries are presented. The simulated data are
produced by the Mock LISA Data Challenge project. Our method is based on maximum
likelihood method and uses the popular F -statistic that is applied in the analysis of ground
gravitational wave detector data. We show that the LISA detector has the potential do identify
over ten thousand of white dwarf binary systems in our Galaxy.

1

Introduction

LISA is a laser interferometric detector of gravitational waves in the orbit around the Sun trailing
the Earth by 20 degrees. LISA was planned to be launched in the next decade as a joint ESA
and NASA project. The bandwidth of the LISA detector is from 0.1 mHz to 100 mHz. In this
band LISA could observe gravitational radiation originating from compact white dwarf binaries,
coalescence of massive black hole binaries, inspirals of stelar mass compact stars into massive
black holes and gravitational wave stochastic background from the early Universe.
The Mock LISA Data Challenges (MLDC) were initiated by the LISA International Science
Team (LIST) at the end of 2005. A taskforce exists which decides on the severity of the challenge,
the types and number of sources etc. and also conducts the analysis of entries at the end of
each challenge. A challenge data set is regularly issued with a deadline ranging from six to
twelve months. These challenges are open to everyone within the GW community, and allow
the community to simulate a realistic data analysis eﬀort where the number of input sources
and parameters are relatively unknown.
We shall present data analysis methods to detect signals and estimate parameters for white
dwarf binaries in MLDC data sets. This is a particularly challenging task because the number
of such signals so large that the signals interfere and the problem of signal resolution arises.
2

Gravitational waves from compact white dwarf binaries

In the LISA frequency band we expect around 6 × 107 compact white dwarf binaries. The
expected number of binaries below 3 mHz is so large that they are not individually resolvable
(except for the brightest ones) and form a stochastic background which dominates over the

instrumental noise above 0.1 mHz. It is expected that above 3mHz all the statistically signiﬁcant
white dwarf binary signals are resolvable.
There are two major types of white dwarf binaries:
(i) Detached, separated white-dwarf/white-dwarf binaries whose evolution is driven by radiation reaction. They are the end points of many binary evolution scenarios. The gravitational
wave carry information about the mass of the binary and the distance.
(ii) Interacting binaries. Those are close systems with a signiﬁcant tidal interaction and/or
with the Roche lobe overﬂow. In those systems the gravitational radiation reaction competes
against mass transfer and the orbital period can either increase or decrease.
3

Detection gravitational waves signals from compact binaries and estimation of
their parameters

The response of the LISA detector to a gravitational wave (GW) signal from a binary system is
given by a linear combination of the four time-dependent functions h(k) (t).
s(t) =

4
∑

a(k) h(k) (t),

(1)

k=1

where a(k) are 4 constant amplitudes. The functions h(k) (t) are periodic functions of gravitational
wave frequency ω with complicated amplitude and phase modulations 3,5 . The phase modulation
function ϕ(t) is given by
1
(2)
ϕ(t) = ωt + ω̇t2 + (ω + ω̇t) R cos β cos(Ωt + ηo − λ),
2
where β is the ecliptic latitude of the source, λ is the ecliptic longitude of the source, Ω =
2π/1year, ηo is the position of the constellation on the orbit around the Sun at time t = 0,
and R is 1 astronomical unit. The parameter ω̇ is the frequency drift which may occur either
due to the gravitational radiation reaction or as a result of the tidal interaction between the
components of the binary system. In the case of a detached binary system evolving only due to
the gravitational radiation reaction the frequency drift ω̇ is approximately given by 3
ω̇ =
3/5

48
5

(

Mc
2

)5/3

ω 11/3 ,

(3)

3/5

where Mc = m1 m2 /(m1 + m2 )1/5 is the chirp mass (m1 and m2 are the individual masses
of the components of the binary).
In order to detect the signal s(t) above in LISA data x we apply the maximum likelihood
method in the form of F-statistic 1,3,2 . The F-statistic is the reduced form of maximum likelihood
function where amplitude parameters a(k) are eliminated:
F=

To
So

4 ∑
4
∑

(M −1 )(l)(k) N (l) N (k) ,

(4)

l=1 k=1

where
M (l)(k) = ⟨h(k) h(l) ⟩,
N

(l)

= ⟨x h ⟩.
(l)

(5)
(6)

To is the observation time and So is the spectral density of noise at frequency ω. The timeaveraging operator ⟨·⟩ is deﬁned by
1
⟨g⟩ :=
To

∫

To

g(t) dt.
0

(7)

In our entries for MLDC we have used the following procedure to extract GW signals from
white-dwarf/white-dwarf binaries. We search the band from frequency f = 0.1 mHz to frequency
12 mHz where f = ω/2π. We divide the data into bands of 0.1 mHz each. We include in our
search the frequency drift parameter ω̇ above 3mHz. In each band we search for the signals
calculating the F-statistic over an optimal constrained grid 5 . The constraint in the grid is such
that its nodes coincide with Fourier frequencies what enables application of the FFT algorithm
in F-statistic computation. We select the signal having the largest value of the F-statistic over
the grid and we apply the ﬁne search based on the Nelder-Mead algorithm with the initial values
provided by that signal’s parameters. We reconstruct the signal in the time domain and remove
it from the data. We then search for the next strongest signal and so on until the signal-to-noise
ratio (SNR) of the detected signal falls below a certain threshold.
4

Mock LISA data challenge results

We have applied the method presented in Section 3 to MLDC round 3 challenge data 4,5 . As
a result we have detected and estimated accurately parameters of 12805 signals out of total of
40628 signals present in the band from f = 0.1 mHz to 12 mHz that we have searched. Here
we present results of the analysis of MLDC3 data set after a number of improvements that we
have introduced after our ﬁrst analysis. One important improvement involved increase of the
overlap between the narrow bands that we search. As a result of these improvements the number
of resolved signals increased to 15824. In Figure 1 we present the number of signals resolved
as a function of frequency for our original and improved analysis. In Figure 2 we show how
detected signals
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Figure 1: Number of signals detected by our search method as a function of frequency: mldc bright denotes the
distribution of the signal present, old signals recovered originally, mldc new signals recovered by the improved
method.

accurately we estimate parameters of the resolved signals. We present again comparison of the
original and improved analysis. We see that on the average we estimate the frequency within
a fraction of a bin, where one bin is 1 over the observation time To (To = 2 years for MLDC3
data) and we estimate position angles of the source within a fraction of a degree.
Our results compare well with other methods that were used to analyse white dwarf binaries
signals. The best method so far - Block Annealed Metropolis-Hastings (BAM) algorithm 6
yielded 19324 resolved signal.
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The Virgo interferometer, a detector for gravitational waves located near Pisa in Italy, will soon
be upgraded to become the next-generation detector Advanced Virgo. Advanced Virgo will
be approximately
ten times more sensitive than Virgo, with a design strain sensitivity better
√
than 10−23 / Hz near 100 Hz. This is expected to enable regular detections of gravitational
waves and to yield significant astrophysical results. Many of the components of the detector
will be changed for this upgrade. These changes include new core optics, a more powerful laser
system, the signal-recycling technique, the use of homodyne detection at the output port, and
an improvement of the vacuum system. The existing seismic isolation system in Virgo will be
re-used. Advanced Virgo will form part of a global network of advanced gravitational wave
detectors along with Advanced LIGO, GEO HF, and LCGT.

1

Introduction

Interferometric gravitational wave (GW) detectors of the first generation (Virgo1 , LIGO2 , GEO6003 )
have successfully completed their first long-duration data taking runs and are installing significant upgrades. Advanced Virgo is the project to upgrade the Virgo detector to a second
generation instrument. Even though it will be hosted in the same infrastructures as Virgo, the
Advanced Virgo sensitivity will be better by one order of magnitude over most of the detection
band, and thus will increase by a factor of 1000 the accessible volume of the Universe when
compared to initial Virgo. This paper provides a brief overview of the challenges that must be
overcome to achieve this sensitivity increase, and the solutions designed to meet those challenges.
The Advanced Virgo detector will be based on the same basic principles of the Virgo detector,
an electromagnetically coupled broadband gravitational wave antenna based on a Michelson
interferometer with Fabry-Pérot cavities in the arms (cf. figure 1). The seismic isolation system
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Figure 1: Optical layout of the Advanced Virgo interferometer. The input (ITM) and end (ETM) test mass
mirrors are 42 kg and 35 cm in diameter. The beamsplitter (BS) is 55 cm in diameter. The interferometer
has both power (PRM) and signal (SRM) recycling mirrors, the 3 km arm cavities are bi-concave, and thermal
compensation plates (CP) are located between the ITMs and the BS.

(the superattenuator, cf. figure 2), will remain the same, as it already meets the requirements
for Advanced Virgo4 .
Advanced Virgo will form part of a worldwide network of interferometric gravitational wave
detectors, along with Advanced LIGO5 , LCGT6 , and GEO6007 , with all the detectors operating in
coincidence, having comparable sensitivities, and co-operating on analysis of data. The expected
event rate for the network for neutron star-neutron star inspiral and mergers will be around 40
events per year 8 .
2

The path to Advanced Virgo

Figure 3 shows the expected (design) sensitivity curves of Virgo and Advanced Virgo, with
contributions from several important noise sources. Each of the noise sources in Virgo that
are larger than the designed Advanced Virgo sensitivity must be lowered, and we will briefly
describe the technologies used to achieve this for each noise source.
3

Suspension thermal noise

At low frequencies (below 40 Hz) the Virgo sensitivity was limited by suspension thermal noise
(shown in violet traces in figure 3), which arises from mechanical losses in the suspension wires10 ;
the relationship between the mechanical losses and the thermal noise is given by the fluctuationdissipation theorem. This noise will be reduced in Advanced Virgo by using so-called monolithic
suspensions11 , where the optics are suspended by fused silica fibers rather than the steel wires
used in Virgo. Much of the technology for these monolithic suspensions, including the pulling
and bonding of the fused silica fibers, has already been demonstrated in Virgo+MS (Virgo+
with monolithic suspensions), an intermediate upgrade of the Virgo detector that is currently

Figure 2: The superattenuator system employed in Virgo already meets the seismic isolation requirements for
Advanced Virgo. On the left are measured upper limits on the seismic isolation transfer function of a superattenuator, shown with Virgo, Advanced Virgo, and Einstein Telescope9 requirements. On the right is a rendering
of a superattenuator.
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Figure 3: A comparison of the expected Virgo (dashed lines) and Advanced Virgo (solid lines) design sensitivities
(in blue), shown as a strain-equivalent amplitude noise spectral density; contributions to the total noise from
various specific noise sources are also shown . The noise contributions to the Virgo sensitivity which lie above the
Advanced Virgo sensitivity are the principal targets of the upgrade technologies.

taking data with a modestly increased sensitivity compared to Virgo. The fibers themselves
have an optimized geometry, with thick end points and a thinner middle section (approximately
300 µm in diameter), to minimize the thermal noise for a given maximum tensile load. Figure 4
shows a side view of a monolithic suspension from Virgo+MS, where the fiber thickness profile
can be seen.

Figure 4: Side view of a monolithic suspension used in Virgo+MS. The pair of fused silica fibers used to suspend
this mirror can be seen, along with the mechanism to attach the fibers to the test mass. In Advanced Virgo the
test masses will be the same diameter (35 cm) but twice as thick: 20 cm instead of 10 cm.

The suspension thermal noise is also reduced by having heavier test masses, which for Advanced Virgo are 42 kg, twice as much as in Virgo and Virgo+MS. Further significant increases in
this mass are limited by the weight carrying capacity of the superattenuator, which will remain
unchanged.
For Advanced Virgo, the complete suspension design must be further upgraded to accommodate the thermal compensation plates (cf. figure 1 and section 5.1) which will be suspended
from the same superattenuators as the input mirrors, while maintaining the superior thermal
noise performance.
4

Mirror thermal noise

In the middle of the detection band, both Virgo and Advanced Virgo are limited by the mirror
thermal noise (shown in black traces in figure 3) which arises due to thermal fluctuations of either
the substrate or the multi-layer dielectric coating. Mirror thermal noise can be combatted with
a combination of higher quality, lower loss materials for the mirror components, which directly
reduces the thermal noise in the detection band, and with larger beam sizes, which average more
of the fluctuating mirror surface and thus reduce their impact on the detector sensitivity. Both
of these techniques will be used in Advanced Virgo, which will use lower loss materials and have
larger beams than Virgo.
4.1

Beam size

In Advanced Virgo the beam size on the arm cavity end mirrors (ETM) will be approximately
6 cm (radius to 1/e2 in intensity) and on the arm cavity input mirrors (and thus also the

beamsplitter) it will be approximately 5 cm. The beam waist size is less than 1 cm, located near
the midpoint of the arm cavities. This is in contrast to Virgo, where the beam size on the end
mirror was 5 cm and on the input mirror it was 2 cm, with the waist at the input mirror.
4.2

Substrate thermal noise

Mechanical losses in the substrate material determine the quality factor of mechanical resonances, and this determines the level of broadband thermal noise arising from the substrate.
Virgo was limited by thermal noise in the mirror substrates. For Advanced Virgo, a higher
quality of fused silica with lower mechanical losses will be used for the test mass substrates, and
thermal noise from the substrates should no longer be a limiting noise source.
4.3

Coating thermal noise

The mechanical losses in the dielectric coating (alternating layers of silica and tantala) determine
the quality factor of the mirror and as a consequence the displacement of the mirror surface due
to its thermal vibration12 . A research program has been undertaken at the Laboratoire des
Matériaux Avancés (LMA) to improve the mechanical performances of these coatings without
degrading the optical performances, by studying the properties of dielectric coatings composed of
differing materials and constructed with varying recipes. Titanium doped SiO2 /Ta2 O5 coatings
developed at LMA are the best solution known so far13 , and are currently the baseline solution
for Advanced Virgo.
5

Quantum noise

In laser interferometric gravitational wave detectors, only the quantum noise of the light (shot
noise and radiation pressure noise, both of which arise from the particle nature of the laser
light) is important, while the quantum noise of the masses is not significant. In Virgo, the
only important quantum noise was the shot noise, which dominates above 200 Hz. In Advanced
Virgo, which will operate with a signal recycling mirror, the distinction between shot noise and
radiation pressure noise is not as clear, and so both are considered together as quantum noise
(shown as red traces in figure 3).
5.1

Higher laser power

At the higher frequencies of the detection band, where photon shot noise dominates, the shot
noise limited signal to noise ratio scales inversely with the square root of the input laser power.
To reduce this noise source, a higher power laser will be used (with 125W of 1064 nm laser light
expected at the interferometer input, after the suspended input mode cleaning cavity). The reference solution to achieve such a high power is a master-oscillator power amplifier configuration,
with a fiber-coupled NPRO as the master oscillator followed by two stages of fiber amplification
from a commercial system.
The higher circulating laser power brings two complications: larger thermal effects from
optical absorption, and the effects of optical rigidity.
Compensation of thermal effects
The foreseen level of injected power will increase the total circulating power to 700 kW in the
arm cavities and about 5 kW in the power recycling cavity. Such high circulating powers mean
that even with very low absorption optics, the heat absorbed by the mirrors and substrates
will cause sufficient thermoelastic and thermorefractive changes to severely degrade the optical

performance of the interferometer. For this reason a thermal compensation system is necessary;
this system illuminates the compensation plates (cf. figure 1) with a 10 µm laser projector with
a pattern complementary to that of the heat deposited by the main laser beam. As 10 µm light
is strongly absorbed by fused silica, much less power (about 15 W) is needed in this system
than for the main laser light. In addition to this projector + compensation plate system, which
compensates for thermorefractive effects in the mirror substrates, annular heating elements
will surround the test masses to adjust the radii of curvature of these mirrors to counteract
thermoelastic deformation of the mirror surfaces caused by absorption in the mirror coatings.
Optical rigidity
The high circulating power means that the dynamics of the interferometer mirrors, particularly
in the arm cavities, are modified by the light fields due to radiation pressure. This results in
opto-mechanical resonances (i.e., optical springs) in the differential length degree of freedom 14 ,
which is the one sensitive to gravitational waves, and in the angular degrees of freedom15 . Such
opto-mechanical resonances are in general dynamically unstable, but appropriately designed
control systems can quench these instabilities.
5.2

Signal recycling

The use of the signal recycling technique permits a certain amount of flexibility in shaping
the spectrum of quantum noise; this allows optimization of the sensitivity in the presence of
other noise sources 14 . The sensitivity plotted in figure 3 has been optimized for neutron star
binary inspirals, in the presence of suspension and mirror thermal noise. Small changes in the
parameters of the signal recycling cavity (such as a small change in the reflectivity of the signal
recycling mirror or even a microscopic, sub-wavelength adjustment of the signal recycling mirror
position) can modify the quantum noise, to maximize the sensitivity to another source (e.g., a
particular millisecond pulsar, or stellar mass black hole binaries).
5.3

DC readout

In place of the optical heterodyne technique used in Virgo, Advanced Virgo will use optical
homodyne detection in the form of the technique known as DC readout. This technique involves
a slight detuning of the differential arm degree of freedom (the one which is also sensitive to
gravitational waves) slightly from destructive interference to allow a small amount of light to
leak out the detection port to serve as a local oscillator. Because this light has been stored
in the interferometer, it has been passively filtered by the so-called coupled-cavity pole16 . This
passive optical filtering, combined with the laser pre-stabilization system, means this light is a
very low noise optical local oscillator in the detection band. Furthermore, optical homodyne
detection has a lower level of shot noise than optical heterodyne detection17 . To implement DC
readout an output mode cleaner (OMC in figure 1) is placed after the interferometer and before
the photodetector (B1 in figure 1).
5.4

Optical losses

The surface quality of the test mass substrates is an important factor in the optical performance
(i.e., the optical losses) of the interferometer, which can impact the quantum noise limited
sensitivity. To achieve an appropriately low level of surface figure error, a corrective coating
process has been developed at LMA. This process is expected to suppress surface figure errors
with spatial scale larger than 50 m−1 , which have a large effect on the optical performance of
km-scale cavities with large beam sizes. The apparatus for this corrective coating has been

constructed, and the first tests of this process on large scale mirrors (i.e., the 35 cm diameter of
the Advanced Virgo substrates) will take place soon.
6

Residual gas noise

Residual gas in the 3 km beam tubes can induce phase fluctuations in the laser light circulating
in the Fabry-Pérot arm cavities, resulting in noise in the interferometer output (the green traces
in figure 3). The current Virgo vacuum system operates at a residual pressure of about 10−7
mbar; this level must be reduced to about 10−9 mbar to meet the Advanced Virgo requirements.
This will be done by performing a vacuum bake-out of the beam tubes and installing cryotraps
at each end of each beam tube. The cryotraps will allow regular intervention into the vacuum
system at the mirror locations without spoiling the level of vacuum in the beam tubes through
water migration.
7

Conclusions

Achieving a factor of 10 sensitivity improvement over Virgo requires pushing the limits of technology on several frontiers. The maturing Advanced Virgo design will meet these limits. Expected
to be online in 2015, Advanced Virgo will be a crucial part of the network of next generation
gravitational wave detectors that will usher in the era of gravitational wave astronomy.
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P Sutton18 , S Tarabrin6 , A Thüring6 , J van den Brand10,45 , M van Veggel3 , C van den Broeck45 ,
A Vecchio16 , J Veitch18 , F Vetrano28,29 , A Vicere28,29 , S Vyatchanin21 , B Willke6 , G Woan3 ,
K Yamamoto30
1
INFN, Sezione di Perugia, I-6123 Perugia, Italy
2
3

European Gravitational Observatory (EGO), I-56021 Cascina (Pi), Italy

SUPA, School of Physics and Astronomy, The University of Glasgow, Glasgow, G12 8QQ, UK
4
5

6

Max–Planck–Institut für Gravitationsphysik and Leibniz Universität Hannover, D-30167 Hannover,
Germany
7
8

9

INFN, Sezione di Napoli, Italy
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Università ‘La Sapienza’, I-00185 Roma, Italy
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Abstract

Einstein gravitational-wave Telescope (ET) is a design study funded by the European
Commission to explore the technological challenges of and scientific benefits from building a
third generation gravitational wave detector. The three-year study, which concluded earlier
this year, has formulated the conceptual design of an observatory that can support the implementation of new technology for the next two to three decades. The goal of this talk is
to introduce the audience to the overall aims and objectives of the project and to enumerate ET’s potential to influence our understanding of fundamental physics, astrophysics and
cosmology.

1

Introduction

Interferometric gravitational wave (GW) detectors, Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the US, Virgo, GEO600 and TAMA, have successfully operated at
design sensitivities for a year or more 1,2 . They have demonstrated that it is possible to build
and run these highly sensitive instruments with a large duty cycle 3 . While no signal has so
far been observed in any of these detectors, their data have been used to break new ground
on several astronomical sources 4,5,6,7 .
The network of advanced detectors, which includes advanced LIGO 8 , advanced Virgo 9 ,
Large Cryogenic Gravitational Telescope 10 (to be built in Kamioka mines in Japan) and
GEO-HF 11 (GEO High Frequency), is expected to make the first direct detection of GW
sometime during this decade. This will be a new milestone for observational astronomy that
will facilitate the study of formations and interactions of neutron stars (NSs) and black holes
(BHs) in the Universe.
Direct detection of GW will allow the study of phenomena associated with strong gravitational fields and relativistic gravity that are otherwise not accessible to us. They will allow
new tests of general theory of relativity in regimes where one might expect to see departure
from standard predictions. The study of GW sources will by itself establish as a new field
of observational astronomy. However, there is much more to be benefitted beyond the mere
study of phenomena associated with GW sources. Just as stars, GW sources are markers in
space, sometimes with precisely known distances. They could, therefore, serve to study the
structure and dynamics of the Universe and hence a new tool for cosmology.
Advanced detectors will study NSNS, NSBH and BHBH binaries at distances of 200 Mpc,
600 Mpc and 3 Gpc, respectively, within which the nominal event rates are about 40 per
year for NSNS binaries and similar, but much more uncertain, rates for NSBH and BHBH
binaries 12 . The signal-to-noise ratio (SNR) for most of the sources detected by advanced
detectors will be around 10. This should already make it possible to carry out a number
of accurate measurements that will impact fundamental physics and astrophysics 13 . For
instance, it should be possible to measure the Hubble constant to within 1% if NSNS and
NSBH binaries are progenitors of short-hard gamma ray bursts (GRBs) and confirm the
presence of tails of gravitational waves by observing BHBH mergers 14 .
Third generation detectors, such as the Einstein Telescope (ET), will have ten times
greater SNR for the same events and their reach will increase to z ' 2, for NSNS binaries,
z ' 6 for NSBH binaries and z ' 17 for BHBH binaries (cf. Fig. 3). They will help address a
variety of issues associated with phenomena that have remained as enigmas for several years
to decades after their initial discovery. More than anything else, ET might well unveil new
physics beyond the standard models of particle physics and cosmology.
The purpose of this talk is to discuss the science potential of ET and how it will be a
powerful new tool for observing phenomena associated with strong field, relativistic gravity.
The design study has already provided useful insight on what really will be the benefit of
building a third generation GW detector 15 . However, the full science potential of ET and the
challenges posed by science exploitation, remain unexplored. Yet what has been investigated
is already very exciting and should provide the impetus for further studies. The talk will
begin with a brief description of the technical aspects of the design and different sensitivity
options, followed by a discussion of ET’s science potential.
2

ET Sensitivity

The ET design study was commissioned by the European Commission to scope out the technological feasibility of building a 3rd generation detector and to explore its science potential.
The study team set itself the goal of designing a detector that is better than advanced detectors ten times in strain sensitivity and reaches down to 1 Hz rather than the 10-20 Hz low
frequency limit of advanced detectors. It was soon realized that the infrastructure, in which
advanced detectors will have been housed for more than 20 years since their inception, will
be highly inadequate in realizing the sensitivity of a 3rd generation detector. ET will be
more than just a detector; it will be a facility that will house a 3rd generation observatory
but with infrastructure that can support new designs and improvements for several decades.
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Figure 1: Left: Schematic full view of the optical layout of the ET Observatory. It consists of 3 pairs of km-scale
interferometers positioned such that they form a triangular shape. Each interferometer pair represents one wideband detector, in which one interferometer is optimized for gravitational waves at low frequencies (i.e., < 100 Hz)
and the other for high frequencies (i.e., > 100 Hz). Right: The joint antenna pattern of the three interferometers
to sources from around the sky. ET has virtually full sky coverage.

A factor ten in strain sensitivity is achieved by a combination of increased arm lengths
(10 km arms as opposed to 3-4 km arms afforded by the current infrastructures), seismically
quieter underground environments to mitigate seismic noise, higher arm cavity laser powers
to confront photon shot noise and cryogenic mirrors cooled down to 10 K to reduce thermal
noise.
2.1

Arm lengths and topology

In the long-wavelength approximation, the strain sensitivity of an interferometer increases
in direct proportion to the length of its arms. The arm lengths of current (large) detectors
is either 3 or 4 km. The strain sensitivity of an interferometer with 10 km arms will be 2.5
to 3 greater. Current ground-based detectors are L-shaped interferometers since an opening
angle of 90 degrees maximizes their sensitivity. However, careful considerations taking into
account continuous operation, ability to resolve the two independent wave polarizations and
minimizing the infrastructure costs, favours the construction of a triangular configuration.
The advantage of a triangular topology is that each side of the triangle can be deployed
twice to build, in effect, three V-shaped interferometers with an opening angle of 60 degrees
and rotated relative to each other by 120 degrees (see the panel √
on the left in Fig. 1). An
opening angle of 60 degrees means that the sensitivity reduces to 3/2 that of an L-shaped
√
detector; the three detectors in the triangle enhance the sensitivity by a factor of 3 and
so an overall gain in sensitivity of 3/2. The panel on the right in Fig. 1 shows the antenna
pattern of the triangular network. The triangular ET has virtually complete sky coverage
and it has no blind spots. Its reach to sources lying in the plane of the triangle will be a
third of its reach to sources lying overhead!
The three V-shaped interferometers are, of course, equivalent in sensitivity to two Lshaped interferometers with arms that are only three-quarters in size of the triangular arms
and rotated relative to each other by 45 degrees. However, the responses of the three detectors
in a triangle can be used to construct a null stream that is not possible with the two L-shaped
interferometers. It turns out that the sum of the responses of the three detectors in a triangle
(for that matter any closed topology) is completely devoid of any gravitational wave. This
is the closest that one can get to measuring the “dark current” in interferometers. The null
stream will be an invaluable tool to characterize the background.
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Figure 2: Left: The spectrum of horizontal motion over one-week period at Cascina, where Virgo is located, is
compared to those measured at several underground locations in Europe. The solid lines correspond to the mode,
while the upper and lower limits of the transparent regions are the PSD levels that weren’t exceeded for 90% and
10% of the time respectively. Right: The sensitivity of ET for the xylophone configuration, ET-D, is compared
with that of a conventional configuration that achieves broadband sensitivity with a single interferometer, ET-B.

2.2

Going underground

Achieving good low frequency sensitivity requires mitigation of gravity gradients that are
far too high on ground. They can be circumvented either by getting into space (the option
pursued by the Laser Interferometer Space Antenna) or by going underground. To be useful,
any underground site must be seismically quiet. Figure 2 shows the seismic noise in several
European underground sites compared to the seismic noise at Cascina, where Virgo is located.
Clearly, underground environments could be several orders of magnitude quieter than groundbased ones.
Achieving a good sensitivity over a broad frequency range from 1 Hz to 10 kHz with
the same technology is impractical. The technology required for better high frequency (i.e.
> 100 Hz) sensitivity – higher laser powers – is in direct conflict with that required for
improving the low frequency (i.e. < 100 Hz) sensitivity, namely low thermal and radiation
pressure noises. Thus it is not prudent to build a single detector that meets the design goal
in the entire frequency band. Instead, the design study concluded that it is best to build
separate interferometers for the low and high frequency regions.
2.3

Megawatt lasers, squeezed light and cryogenic mirrors

The key to high frequency sensitivity is high laser power. Above ∼ 100 Hz, the main source
of noise is the photon shot noise, which can be reduced by simply using as high a power in
the cavity as possible. ET aims to achieve the required 3 MW of power by using inherently
more powerful input lasers (500 W as opposed to the 180 W in advanced interferometers).
Furthermore, the use of non-classical light, squeezed light, leads to further improvement in
sensitivity 16 . Indeed, ET design assumes a squeezing factor of 10 dB, which is equivalent to
shot noise reduction resulting from an increase in laser power of a factor of 10.
Although, higher laser power works well at frequencies above 100 Hz, it has the adverse
effect of worsening the sensitivity in the 10-100 Hz. This is due to enhanced thermal noise
in mirror substrates and coating. Thus, it is not sensible to achieve the sensitivity goal
over the entire band with a single interferometer. The current thinking is to build a pair
of interferometers in each V of the triangle, one using high laser powers and the other with
lower laser powers and cryogenic mirrors to mitigate thermal
√ noise.
Figure 2, right panel, plots the strain sensitivity (per Hz) for the xylophone configuration ET-D 17 a . The xylophone configuration deploys a pair of interferometers to achieve good
a

The data for the sensitivity curves can be found at http://www.et-gw.eu/etsensitivities.
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Figure 3: Plots show the distance reach of ET for compact binary mergers as a function of the total mass (left)
and its sensitivity to GWs from known pulsars (right). See the text for details.

broadband sensitivity. Also shown is the sensitivity of a conventional configuration ET-B 18 ,
that has only one interferometer in each V of the triangle. Apart from the frequency range
from 20 to 200 Hz where ET-B is slightly better than ET-D, the xylophone configuration
quite significantly wins over ET-B in the low frequency range.

3

ET’s science objectives

ET’s distance reach for inspiralling and merging black holes for ET-B sensitivity is shown
in the left panel of Fig. 3. The long- and short-dashed curves correspond to the observed
total mass Mobs and the solid and dotted curves correspond to the intrinsic total mass Mint ;
the two are related by Mint = Mobs /(1 + z). The solid and short-dashed curves are for nonspinning binaries consisting of two equal masses, while the dotted and long-dashed curves are
the same except that the component black holes are both assumed to have a dimensionless
spin magnitude of 0.75.
It is immediately apparent that ET will be sensitivity to BHBH binaries of intrinsic total
mass 10-20M at a redshift of z ∼ 10 and beyond. NSNS binaries could be seen when the
star formation in the Universe is at its peak at z ∼ 2. NSBH binaries comprising of a 1.4
M NS and a 10 M BH can be detected from redshifts of at least z ∼ 6.5. Together with
the fact that the inspiral phase of compact binaries are standard sirens 19 means that ET
will be able to explore not only the properties of the sources themselves but can also act as a
tool to probe the properties of the Universe. Intermediate mass black holes of intrinsic total
mass in the range 102 -104 M can be seen in the redshift range of 1 to 10, thus offering a
unique probe to uncover a host of questions related to their existence and their role in the
formation and evolution of galaxies.
Also shown in Fig. 3, right panel, are the sensitivities of initial LIGO, Virgo, advanced
LIGO and ET (two versions, ET-B and ET-D), to continuous waves from rotating, asymmetric neutron stars, for an integration period of five years. Inverted black triangles give
the upper limit on the amplitude of GW of known pulsars derived by assuming that their
observed spin-down rate is entirely due to the emission of GW – Vela, Crab, B1951+32 and
J0537-69 being specific examples. The horizontal line shows the limit on the amplitude of
GW from pulsars obtained from statistical arguments. ET-D (red curve) will be sensitive to
intrinsic GW amplitudes greater than h ∼ 10−27 in the frequency range 6 Hz to 3 kHz, and
a factor 3 better in the range 20 Hz to 1 kHz. It is particularly important that ET is able
to reach sensitivity levels that are two to four orders of magnitude lower than the spin-down
limits, where one might have a real chance of detecting a signal.
The rest of this paper enumerates ET’s science goals in fundamental physics, astrophysics
and cosmology.

Probing fundamental physics with ET
3.1

Is the nature of gravitational radiation as predicted by Einstein’s theory?

ET will allow a test of the wave generation formula beyond the quadrupole approximation 20 .
It could accurately measure the GW propagation speed by coincident observation of GW and
EM radiation from NSNS binary coalescences at z ∼ 2 and constrain the graviton mass 21 .
3.2

Are black hole spacetimes uniquely given by the Kerr geometry?

By measuring different quasi-normal modes, ET will test if the spacetime geometry of a
BH is uniquely described by its mass and spin 22 . Additionally, ET can measure the multipole moments of a source from the radiation emitted as a stellar-mass BH spirals into an
intermediate-mass BH and confirm if the different moments depend only on the massive BH’s
mass and spin 23,24 .
3.3

What is the physics of gravitational collapse?

ET can study supernovae and explore if they leave behind a massive object that is trapped
inside an event horizon or lead to a naked singularity, or some other exotic object. ET could
well reveal a new class of objects and phenomena, for instance silent supernovae 25 and other
gravitationally unstable transients.
3.4 What is the equation of state of matter at supra-nuclear densities as might be found in
NS cores?
The equation of state (EoS) of NSs affects the late-time evolution of NSNS and NSBH binaries. By matching the observed radiation from the coalescence of such sources to theoretical
predictions ET will deduce the EoS of NS cores 26,27 .
3.5

What is the maximum mass of a neutron star?

The maximum mass of a white dwarf is ' 1.4 M as determined by the electron degeneracy pressure. The maximum mass of a NS is an additional test of the nature of matter
at extremely high densities; it is currently unknown and should be determined by ET by
accurately constructing their mass function from millions of NSNS binaries 28 .

ET’s impact on astrophysics and multimessenger astronomy
3.6

What is the mass function of BHs and NSs and their redshift distribution?

ET will measure masses and spins of millions of NSs and BHs in binary systems and will
thereby obtain a census of these objects as a function of redshift. This will be a very valuable
tool for understanding a host of questions in astronomy related to redshift evolution of
compact objects 29 .
3.7

What are the progenitors of gamma-ray bursts?

GRBs are the most luminous electromagnetic sources in the Universe. While advanced
detectors might provide some clues as to their origin, ET will provide a large statistical sample
of events that could be used to understand GRB progenitors and to test their astrophysical
models 28 .
3.8

How do compact binaries form and evolve?

The process by which main sequence binary stars evolve into compact binaries (that is,
NSNS, NSBH and BHBH) could be understood by ET’s observation of millions of coalescing
binaries with different masses, mass ratios and spins and mapping the observed population
to astrophysical models 30 .

3.9 What is the physical mechanism behind supernovae and how asymmetric is the gravitational collapse that ensues?
Supernovae are complex processes whose modelling requires many different inputs, including
relativistic magneto-hydrodynamics, general relativity and nuclear and particle physics 31 .
ET’s observation of supernovae in coincidence with the detection of neutrinos could provide
the data necessary to constrain models and help understand the process by which stars
collapse to form NSs and BHs.
3.10 Do relativistic instabilities occur in young NSs and if so what is their role in the
evolution of NSs?
Non-linearities of general relativity could cause instabilities in NSs that lead to parametric amplification of GWs. ET’s observations of the formation of NSs can explore if such
instabilities occur in young NSs and how that might affect their spin frequencies 27 .
3.11

Why are spin frequencies of NSs in low-mass X-ray binaries bounded?

ET will verify if gravitational radiation back-reaction torque is responsible for the observed
upper limit on NS spin frequencies in low-mass X-ray binaries 32 .
3.12

What is the nature of the NS crust and its interaction with the core?

ET should detect NS ellipticities that are few × 10−10 (for sources within a distance of
1 kpc) or larger depending on their spin frequency and their distance from earth. Such
observations can be used to deduce the property of NS crusts. ET might also detect GWs
that are expected to be emitted when pulsars glitch and magnetars flare and thereby help
understand crust-core interaction that is believed to transfer angular momentum from the
core to crust 33 .
3.13

What is the population of GW sources at high redshifts?

A large population of point sources would produce a confusion background that would be
detectable by ET if the energy density of the background is large enough. Detection of
confusion backgrounds can be used to understand the nature and population of GW sources
in the Universe.

ET as a new cosmological tool
3.14

What are the luminosity distances of cosmological sources?

Compact binaries are an astronomer’s ideal standard candles or, more appropriately, sirens.
Gravitational wave observations can alone determine both the apparent and absolute luminosity of a source and hence deduce their luminosity distance. With ET, these self-calibrating
standard sirens can be used to calibrate the cosmic distance ladder 34 .
3.15

What is the EoS of dark energy and how does it vary with redshift?

ET could observe thousands of coalescing NSNS and NSBH systems in coincidence with
optical or gamma-ray observations and hence measure both the luminosity distance and
redshift. ET will, therefore, facilitate precision measurement of the dark energy EoS and its
variation with redshift 35 .
3.16

How did the black holes at galactic nuclei form and evolve?

ET can verify if seeds of galaxy formation were intermediate BHs of hundreds to thousands
of solar masses and map their merger history up to redshifts of z ∼ 5–15 depending on the
total mass and mass ratio of progenitor binaries 36,24,37 .

3.17 What were the physical conditions in the primeval Universe and what phase transitions
occurred in its early history?
Stochastic GW backgrounds could be produced by quantum processes in the primordial
Universe or during phase transitions in its early history. ET will be sensitive to background
densities ρGW ∼ 10−12 ρc , where ρc is the critical density of the Universe 38 .
4

Conclusions

This decade will see the construction and operation of second generation interferometric
detectors, pulsar timing arrays and results from the Planck space mission. There is little
doubt that we are at the verge of a new era in astronomy that will witness the opening of
the gravitational window for observing the Universe. I hope this talk has convinced you that
the field promises to have a huge potential and that ET can not only help solve some of the
enigmas in astronomy and cosmology but push the frontiers of science into new avenues.
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B Sathyaprakash18 , R Schnabel6 , C Schwarz32 , P Seidel32 , A Sintes44 , K Somiya39 , F Speirits3 , K Strain3 ,
S Strigin21 , P Sutton18 , S Tarabrin6 , A Thüring6 , J van den Brand10,45 , M van Veggel3 ,
C van den Broeck45 , A Vecchio16 , J Veitch18 , F Vetrano28,29 , A Vicere28,29 , S Vyatchanin21 , B Willke6 ,
G Woan3 , K Yamamoto30
1
INFN, Sezione di Perugia, I-6123 Perugia, Italy
2
3

European Gravitational Observatory (EGO), I-56021 Cascina (Pi), Italy

SUPA, School of Physics and Astronomy, The University of Glasgow, Glasgow, G12 8QQ, UK
4
5

6

Max–Planck–Institut für Gravitationsphysik and Leibniz Universität Hannover, D-30167 Hannover,
Germany
7
8

9

INFN, Sezione di Napoli, Italy
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LAL, Université Paris-Sud, IN2P3/CNRS, F-91898 Orsay, France

AstroParticule et Cosmologie (APC), CNRS; Observatoire de Paris, Université Denis Diderot, Paris
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Università degli Studi di Urbino ‘Carlo Bo’, I-61029 Urbino, Italy
30
INFN, sezione di Padova, via Marzolo 8, 35131 Padova, Italy
31
University of Minnesota, Minneapolis, MN 55455, USA
32
Friedrich–Schiller–Universität Jena PF, D-07737 Jena, Germany
33
Max Planck Institute for Gravitational Physics (Albert Einstein Institute) Am Mühlenberg 1, D-14476
Potsdam, Germany
34
INFN, Sezione di Roma 1, I-00185 Roma, Italy
35
NSF Astronomy and Astrophysics Postdoctoral Fellow, MIT Kavli Institute, Cambridge, MA 02139
36
University of Mississippi, University, MS 38677, USA
37
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Interferometric gravitational wave detectors currently under operation have reached their design sensitivities and will by upgraded to their second generation having ten times more sensitivity. It is expected that these instruments will detect gravitational waves directly for the
first time and thus opening the era of gravitational wave astronomy. The Einstein Telescope
design study - funded by the European Commission - investigates the technical and scientific
challenges for a third generation of gravitational wave detectors that will have a 100 times
better sensitivity compared to the first generation. This contribution summarises selected
experimental approaches for the Einstein Telescope and will discuss challenges for the future
research within this vital field of precision measurements.

Figure 1: Overview of the sensitivities of the fist (LIGO, Virgo, Virgo+) and second generation (Adv. LIGO,
Adv. Virgo, GEO-HF, LCGT) GW detectors compared with the Einstein Telescope. Additionally, the typical
sensitivity for a bar detector (Auriga) is given as well.

1

Introduction

The interferometric gravitational wave detectors - LIGO 1 , Virgo 2 , GEO600 3 and TAMA 4 currently under operation have reached their design sensitivity within a wide frequency range
from about several 10’s of Hz up to a few kHz. They have demonstrated an operational regime
in a world wide network having a large duty cycle. While during their operational time no
gravitational wave signal was detected the experimental data has been used to study several
astronomical sources allowing the determination of unknown properties 5,6 .
Currently, these detectors - which are called the first generation - are upgraded to a second
generation. These detectors will have a ten times larger sensitivity for gravitational waves. This
network of second generation detectors including Advanced LIGO 7 , Advanced Virgo 8 , GEO-HF
9 and LCGT 10 is expected to detect gravitational directly when coming up online in 2014/15.
The direct observation of gravitational waves will open a new window to the universe exploring
new physics of astronomical objects and the universe itself. Novel experimental and technical
approaches have been developed in order to increase the detectors sensitivity. Their potential has
been demonstrated in the first generation detection and were included in the design of the second
generation detectors. Amongst them are important technologies for the Advanced Detectors as
for example the monolithic fused silica suspension that have has pioneered in GEO600 11,12,13 or
the Squeezing Technique 14,15 that allows to overcome quantum limitations.
Beyond the Advanced Detector generation there are already efforts that focus on a further
enhancement of the detectors. The Einstein Telescope (ET) design study 16,17 is a European
Commission funded project to investigate a conceptual design for a future GW observatory that
included novel technologies needed for a long time operation for two to three decades.
A summary of the scientific potential of the Einstein Telescope can be found e.g. in 18,19 .

2

Sensitivity considerations

The focus of the ET Design Study was the demonstration of a conceptual design of a GW
observatory that has ten times better sensitivity compared to the Advanced Detectors within a
wide range of frequencies (see Fig. 1).
The main sensitivity limitations of a GW detector are:

Figure 2: Xylophone design of the Einstein Telescope. The low frequency part (LF) of the sensitivity curve is
realised with a low laser power interferometer operating at cryogenic temperatures while the high frequency (HF)
part is covered by a room temperature interferometer with a circulating laser power of up to 3 MW.

• at low frequencies: seismic noise, thermal noise of the suspension elements, radiationpressure noise,
• in the mid-frequency range: thermal noise of the optical components,
• at high frequencies: photon shot noise of the laser light.
All these noise contributions have been carefully studied and influenced the design of the
second generation detectors. This design is based on the available infrastructure from the first
generation (e.g. detector site, vacuum tubes, etc.). In contrast, for the ET design study the site
selection and the design of the infrastructure was included into the conceptual design allowing
more flexibility and a further reduction of these noise contributions by novel techniques.
In order to overcome the different noise limitations different techniques are required. While
for the high frequency part high laser powers of up to 3 MW are preferable the low and mid
frequency part of the sensitivity curve requires the use of cryogenic techniques to reduce thermal
noise from the suspension elements as well as the optical components 20 . These two approaches
are contradictory. Initial estimates have shown that a cryogenic operation of the optical components at around 20 K is not feasible with circulating laser powers in the MW range.
The solution was the suggestion of a design that uses two different interferometers - the
so-called Xylophone design 21,22 . The low frequency part of the sensitivity curve is realised with
a low laser power interferometer with optics operating at around 10-20 K. The high frequency
part is covered with a high power interferometer with up to 3 MW laser power operating at
room temperature and is based on the sophisticated techniques that have been developed for
the Advanced Detectors.
3
3.1

Material Issues and Thermal Noise
Optical Materials

The reduction of thermal noise of the optical components and the suspension elements is realised
by means of utilising cryogenic temperatures of about 10 K for the low frequency detector.
Brownian thermal noise 23,24 of a component is dependent on its temperature and its mechanical
loss. Both values should be as low as possible in order to get a low Brownian thermal noise level.
The first and second generation of GW detectors use fused silica as the test mass materials as
well as (in parts) for suspension elements. This material provides a low mechanical loss as well

Figure 3: Comparisson of the mechanical loss of different materials at low temperatures.

as excellent optical properties. It is known that amorphous materials like fused silica have a
high level of mechanical loss at cryogenic temperatures (see e.g. 25,26 ). Thus, different materials
have to be used for a low thermal noise operation. Different materials have been discussed in
the past for cryogenic applications. Among them sapphire, calcium fluoride and silicon have
been studied in detail. Sapphire is the material of choice for the LCGT detector 10 . Calcium
fluoride showed low mechanical losses 27,28,29 - however, the expected dimensions of the ET main
optics of about dia. 50 cm and a thickness of 45 cm rule this material out. It is currently not
available in such large dimensions and it cannot be foreseen that this will change within the next
years. In contrast silicon also shows very low mechanical losses at cryogenic temperatures 30 .
Currently, the semiconductor industry is pushing for large single crystals due to their demand
for large wafers. Thus, silicon has been proposed as an optical material for GW detectors for a
long time 31,32,33 .
The total thermal noise budget of an end mirror of the Einstein Telescope is shown in Fig. 4.
The main contribution of the total thermal noise is the Brownian thermal noise of the coating
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Figure 4: Summary of the thermal noise of a silicon end mirror coated with a standard tantala:silica HR multilayer.

material. A detailed study of the mechanical loss of different coating materials is currently
ongoing 34,35,36,37 in order to minimise the coating contribution.
3.2

Suspension Materials

A monolithic suspension technique based on fused silica as the material and hydroxide-catalysis
bonding for jointing materials has been adapted for the Advanced Detectors 7,38,39,40 . As discussed previously fused silica cannot be used in cryogenic applications due to its large mechanical
loss. Additionally to the low thermal noise design the suspension elements of the cryogenic optics needs to fulfill a second duty: It has to extract the residual heat from the mirror that is
caused by optical absorption of the optics. Thus, a material with high thermal conductivity is
preferable. Silicon and sapphire are both materials that show low thermal noise at cryogenic
temperatures and a high thermal conductivity. Sapphire is currently investigated as the suspension material for the LCGT detector. Silicon has been studied as a suspension material for
the Einstein Telescope. Low mechanical loss as well as the possibility to fabricate strong and
reliable bonds based on the hydroxide-catalysis technique have been shown for silicon 41,42 .
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These material properties allow a similar monolithic design to the Advanced Detectors. The
last stage of the suspension is proposed to be fabricated in monolithic way allowing low thermal
noise and high thermal conductivity at cryogenic temperatures (see Fig. 5). Details of the
suspension design and the cryogenic aspects can be found in 18,43 .
4

Optical Layout, Infrastructure and Site Selection

A Michelson-based detector with a triangular shape 44 was identified to give the optimum solution
regarding scientific output, future flexibility and construction efforts. Each corner station will
be equipped with one detector (which consists of two interferometers - LF and HF, see Fig.
6). The observatory will be placed underground in order to reduce seismic disturbances as
much as possible. The arm length of the interferometers was fixed to a length of 10 km. The
length is based on a trade-off study between scientific benefits and the construction costs. This
trade-off was a central point of the Einstein Telescope Design Study 18 . The conceptual design
study contains detailed analyses of the scientific benefits and the costs of the instrument and its
potential configuration.

Figure 6: Triangular shape of the proposed Einstein Telescope design. Each corner station contains two interferometers - one cryogenic interferometer for the low frequency part and one high laser power interferometer for the
high frequency part of the spectrum.

Several potential candidate sites have been studied in detail regarding their local seismic
noise, their compositions of the soil and the possibility to construct the infrastructure for the
proposed observatory.
Different optical techniques are within current investigations for implementation in third
generation GW detectors. One example are Laguerre Gauss (LG) modes as a replacement for
the Gaussian laser beams 45 . Due to the different averaging of the mirror surface fluctuations the
LG modes provide a low level of thermal noise. Compared to other non-Gaussian beam profiles
- like Mexican hat or flat-top profiles - the LG beams are compliant with spherical optics as
currently in use.
5

Summary

A selection of experimental approaches for a European third generation gravitational wave detector has been presented. The full design study document can be found online at www.et-gw.eu
describing the experimental approaches as well as scientific benefits of such a detector more in
detail.
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VERY HIGH FREQUENCY GRAVITATIONAL WAVE SCIENCE
A.M.CRUISE
School of Physics and Astronomy, University of Birmingham, Edgbaston,
Birmingham B15 2TT, England
While the obvious candidates for gravitational wave emission fall in the frequency bands of
LIGO, VIRGO , Pulsar Timing Arrays and LISA, the technology to make observations at much
higher frequencies is now being explored. Perhaps surprisingly there are already predictions
of signals in the MHz to GHz range and even at higher fequencies into the optical regime.
This paper explores the possible sources of such emission and the means of detecting them.

1

Introduction

The history of astronomy is one of surprises - even in the 21st century new observational data has
led to a succession of new phenomena being revealed in the absence of theoretical prediction.
Most of these discoveries have followed directly from new observational techniques becoming
available. For this reason alone we should take the opportunity to explore any new parameter
space available as a result of technological advances. Given the fact that the whole spectrum of
gravitational wave emission is unexplored it is rational to focus initial efforts on frequency ranges
which have the best predictions for detectable sources and these are obviously the frequencies
expected of stellar mass systems such as neutron stars ( tens of hertz to kilohertz- the LIGO
range ) and the frequency range expected of supermassive black holes ( micro hertz to millihertzthe LISA range). These are the frequencies at which the first detections are to be expected. Well
motivated predictions are becoming available for gravitational waves at much higher frequenciesat MHz, GHz, THz and above. Since objects radiate efficiently at wavelengths comparable
to their size such radiation would require energy concentrations sufficient to cause significant
spacetime curvature on the scale of metres, centimetres or microns. On the face of it this
is an unlikely proposition but there are three plausible possibilities: the very early universe,
oscillations in curved higher dimensions and coherent conversion of metre, centimeter or micron
scale electromagnetic waves to gravitational waves in plasmas.
2
2.1

Possible Sources
Cosmological Waves

The scale of the universe at the time of inflation corresponded to the wavelength range of relevance to very high frequency gravitational waves. A succession of authors [1-9] have modelled
these early phases of the universe and found that very high frequency gravitational waves will
be produced as a result of inflation, string decay or phase transitions. In some sense all these
predictions involve new or unexplored physics but even so they are limited by the observational
constraint provided by the excellent match of the abundances of light elements to the predictions
of nucleosynthesis based on a modelled expansion rate. If the energy density of gravitational
waves exceeded a certain level ( about 10−5 of the closure density ) then the change in the expansion rate would cause a detectable change in the abundances. This limit- the nucleosynthesis
limit- constrains any ubiquitous gravitational wave flux at frequency ν to have a characteristic
dimensionless amplitude, h, averaged over a frequency range of order ν, to be less than
h = 3.0 · 10−20

100 √
Ω
ν

(1)

For frequencies in the range 1 GHz to 1015 Hz, this gives an upper limit on dimensionless
amplitudes of between 10−30 and 10−35 - extremely challenging signals to detect.
2.2

Higher Dimensional Gravity

The well known problem of incorporating gravity into a quantum field theory has led to serious
investigation of the properties of higher dimensional spaces, prompted in part by the KaluzaKlein calculations linking electromagnetism and gravitation. Considering the observable four
dimensional manifold as a brane embedded in a higher dimensional space, models of black holes
on the brane have been developed requiring two branes for reasons of stability. Stellar mass sized
compact objects falling into such a black hole generate the expected gravitational waves in the
brane at the (low) frequencies related to the orbital motion as in four dimensional gravity. An
additional feature found by Seahra and Clarkson [10-11] is the stimulation of gravitational modes
in the fifth dimension, the dimension separating the two branes. The amplitudes predicted from
such an interaction at our galactic centre are large- dimensionless amplitudes of 10−18 , again
averaged over a bandwidth of order the observed frequency. Such amplitudes are within the
range of possible detectors currently being commissioned at GHz and optical frequencies. While
there is no doubt that such a source mechanism is highly speculative in the absence of firm
evidence that we do inhabit a five dimensional universe, the ability to probe the existence of
possible extra dimensions is a rare experimetal opportunity worth exploring.
2.3

Plasma conversion of intense electromagnetic waves to gravitation modes

Servin and Brodin [12] have shown that the presence of a magnetised plasma can improve
the coupling between electromagnetic and gravitational wave modes. For plasmas magnetised
by a static field parallel to an intense incoming electromagnetic wave an instability developes
in which the generation of gravitational waves is theoretically limited by the available free
energy of the plasma. In extreme astrophysical situations-AGN jets, SS433, GRB’s, for example,
this could represent a substantial source of gravitational wave energy at the frequency of the
electromagnetic wave. Higher frequencies are more effective, well above the plasma and hybrid
frequency, because the phase velocity of the electromagnetic wave will be closer to that of the
gravitational wave allowing phase coherence over larger pathlengths. Observations at radio
or optical frequencies can already identify sources with suitable geometry and electromagnetic
stimulus.
Perhaps surprisingly then, there are possible mechanisms for generating gravitational waves
at very high frequencies despite the most obvious sources being at very much longer wavelengths.
The important issue is whether there are detectors at these high frequencies of sufficient sensitivity. An interesting parallel may be noticed with the 1960’s when the only X-Ray source detected
in the universe was thermal X-Ray emission from the Sun, an emission process which, if placed
at the distance of the nearest local stars, would have been undetectable. However, simple space
instruments easily detected the unpredicted X-Rays from local neutron stars (Sco-X1) and black
holes (Cyg-X1) because they were radiating via a different mechanism.
3

Possible Detectors

The sophistication and sensitivity of laser interferometers is remarkable and these instruments
, on the ground or in space, seem likely to achieve the first detections. Such instruments can be
configured to work at very high frequency as Akutsu and Kawamura [13-14] have shown, with
sensitivities in averaged dimensionless amplitude of order 10−17 being achieved at 100 MHz.
However, the minimum detectable signal of an interferometer increases as ν 1/2 with the operating frequency ν and this may preclude such instruments from being competitive at the higher

frequencies, essentially due to the photon statistics from current lasers being inadequate at such
high frequencies. A more direct method of detecting very high frequency gravitational waves is
to use a static electromagnetic field to convert the gravitational wave to an electromagnetic wave
at the same frequency and travelling in the same direction, a process described by Gershenstein
[15-18] and many others. Provided the generated electromagnetic wave has the same phase
velocity as the incoming gravitational wave over a path length of N wavelengths, the power
converted to an electromagnetic wave is given by
P =

π 2 B 2 N 2 h2 c
2µ0

(2)

where B is the perpendicular, static magnetic field, h is the dimensionless amplitude of the
gravitational wave, µ0 is the permeability of free space and c is the velocity of light. Once
converted to an electromagnetic wave, the signal can be detected by the normal range of electromagnetic detectors, depending on the frequency. One interesting feature of such a detector is the
fact that the full range of electromagnetic technology becomes available to improve sensitivity,
wavelength resolution or angular response and techniques such as aperture synthesis are now
being explored by a collaboration between groups at the University of Birmingham and Jodrell
Bank.
4

Current Status

The prototype detector at the University of Birmingham operates at two frequency ranges, 14
GHz and 3.1014 −1015 Hz using the same magnetic field volume which is approximately one metre
long and a few square centimetres cross section. The sensitivity is very strongly constrained to
the long axis of the magnetic field volume and therefore the detector is constructed on an
equatorial mount which permits continuous pointing at selected astronomical objects. A second
prototype is being constructed with a similar geometry to carry out an all-sky scan over a
period of six months. The graph below shows the current and future expected sensitivity of
such detectors at microwave and optical frequencies in comparison to predicted gravitational
wave signals. As equation 2 indicates the converted signal power is proportional to the square
of the magnetic field and current facilities can provide fields between 0.2T and 40T. Higher
sensitivity would come from higher magnetic fields but there is no immediate prospect of very
substantial increases in this parameter. Sensitivity improvements are likely with the use of
cryogenic front end amplifiers to reduce thermal noise, correlating co-located detectors which
experience the same signal but uncorrelated thermal noise and building detectors with a larger
collecting area. These steps are planned in the form of a two element interferometer to be based
at Jodrell Bank.
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COMPARISON OF LISA AND ATOM INTERFEROMETRY FOR
GRAVITATIONAL WAVE ASTRONOMY IN SPACE
PETER L. BENDER
JILA, University of Colorado and National Institute of
Standards and Technology, Boulder, CO
One of the atom interferometer gravitational wave missions proposed by Dimopoulos et al.1
in 2008 was called AGIS-Sat. 2. It had a suggested gravitational wave sensitivity set by
the atom state detection shot noise level that started at 1 mHz, was comparable to LISA
sensitivity from 1 to about 20 mHz, and had better sensitivity from 20 to 500 mHz. The
separation between the spacecraft was 1,000 km, with atom interferometers 200 m long and
shades from sunlight used at each end. A careful analysis of many error sources was included,
but requirements on the time-stability of both the laser wavefront aberrations and the atom
temperatures in the atom clouds were not investigated. After including these considerations,
the laser wavefront aberration stability requirement to meet the quoted sensitivity level is
about 1×10−8 wavelengths, and is far tighter than for LISA. Also, the temperature fluctuations
between atom clouds have to be less than 1 pK. An alternate atom interferometer GW mission
in Earth orbit called AGIS-LEO with 30 km satellite separation has been suggested recently.
The reduction of wavefront aberration noise by sending the laser beam through a high-finesse
mode-scrubbing optical cavity is discussed briefly, but the requirements on such a cavity are
not given. Unfortunately, such an Earth-orbiting mission seems to be considerably more
difficult to design than a non-geocentric mission and does not appear to have comparably
attractive scientific goals.

1

Introduction

The purpose of this paper is to discuss some proposals that have been made to use atom interferometry in space missions to observe gravitational waves. Three specific space mission candidates
were proposed by Dimopoulos et al. in 2008.1 The missions were called Atom Gravitational wave
Interferometric Sensor (AGIS), Satellite 1, 2, and 3 (i.e., AGIS-Sat. 1, etc.). It appears useful
to compare these missions with the Laser Interferometer Space Antenna (LISA) gravitational
wave mission2,3 that has been studied extensively as a proposed joint mission of the European
Space Agency and NASA. The AGIS-Sat. 2 mission has a nominal sensitivity curve closest to
that of LISA, and it will be the main mission discussed here.
After reading ref. 1 and attempting to obtain more information about the proposed missions,
it became clear that there were quite severe additional requirements needed in order to meet the
given nominal sensitivities. Thus a Comment on the paper by Dimopoulos et al. was prepared
and submitted to Physical Review D in August, 2010. A somewhat modified version of this
Comment4 has now been accepted for publication.
In September, 2010, a paper by Hogan et al.5 describing a proposed AGIS mission in low
Earth orbit called AGIS-LEO was placed on arXiv. For this mission, the optimum part of the
nominal sensitivity curve is moved up in frequency to 0.03 to 10 Hz, compared with 0.003 to 0.5

Hz for AGIS-Sat. 2, and the sensitivity is about a factor 20 worse. The main orbit geometry
considered was a leader-follower configuration on a circular orbit at nearly constant altitude.
The proposed AGIS-Sat. 2 mission and the requirements to meet its sensitivity goals will be
described in Section 2. This will be followed by a discussion of the proposed AGIS-LEO mission
in Section 3. Then, a brief comparison with the requirements of LISA will be given in Section
4.
2

AGIS-Sat. 2 Mission

In ref. 1, each of the three space missions proposed was assumed to make use of short sequences
of laser pulses at three different times separated by times T to carry out the atom interferometry.
Satellites at each end of a path of length L would prepare atom clouds with temperatures of
100 pK and send them out at a rate of one per second along the path. Pulsed laser beams from
one end would provide the light pulses for the atom interferometry, and a continuous laser beam
from the other end would provide the phase reference needed to permit correlation of the results
obtained by the atom interferometers at the two ends.
The proposals for AGIS-Sat. 2 and AGIS-Sat. 3 assumed times T between the three pulse
sequences of 100 s, atom interferometer path lengths of 100 to 200 m at each end, and a difference
of 200 to 400 photon momenta between momenta transferred to the two split parts of the atom
wavefunctions by the first of the short laser pulse sequences. However, a factor 10 larger value
for the distance L between satellites was assumed for AGIS-Sat. 3, and a factor 10 better phase
sensitivity for detecting differences in the atom populations in two ground-state sublevels at the
end of each atom interferometer, leading to about a factor 50 better nominal gravitational wave
sensitivity than for AGIS-Sat. 2.
In ref. 4, the proposal for AGIS-Sat. 3 was considered. However, ref. 1 says that AGIS-Sat.
3 “is an aggressive possibility that might be realizable in the future.” Since the sensitivity for
AGIS-Sat. 2 is comparable with that for LISA from about 1 to 20 mHz, and since AGIS-Sat. 3
appears to be much more difficult to implement, attention will be focused on the AGIS-Sat. 2
proposal in this paper. For AGIS-Sat. 1, the nominal gravitational wave sensitivity is a factor
of roughly 20 worse than for AGIS-Sat. 2 down to about 0.03 Hz, and much worse at lower
frequencies. Whether there is a science justification for such a mission appears to be uncertain.
It is stated clearly in ref. 1 that the nominal gravitational wave sensitivities given are only
those due to the statistical uncertainties in atom sublevel populations determined at the ends
of the atom interferometers. A large number of other error sources are considered, but none
are estimated to exceed the statistical uncertainties. However, two additional error sources that
were not considered are the subject of ref. 4. The first of these is laser wavefront aberration
variations over periods of 1 to 200 s. For a number of error sources considered in ref. 1, there
is a strong cancellation of the errors because they are closely the same for the atoms in the two
atom interferometers. For example, the effect of laser phase noise at fairly low frequencies is
reduced because the travel time between the two interferometers separated by 1000 km is only
0.003 s. However, this is not true for laser wavefront aberrations.
The expected size of the atom clouds is considerably less than the suggested telescope diameter of roughly 1 m for AGIS-Sat. 2. And there will be a substantial reduction in the amplitude
of the wavefront aberrations over the 1000 km path length. An estimate similar to that made
in ref. 4 based on primary spherical aberrations indicates that such aberration variations would
need to be kept down to 1x10-8 wavelengths in order to keep the gravitational wave noise from
this source down to that from the statistical atom state sensing noise.
The second additional error source is fluctuations from cloud to cloud in the atom cloud
temperatures. For 0.001 wavelength of dc primary spherical aberration in the initially transmitted laser beam, fluctuations of only 1 pK in the atom cloud temperature from cloud to cloud

would substantially increase the gravitational wave noise level.
3

AGIS-LEO proposal

The proposal in ref. 5 for a mission called AGIS-LEO was quite different. To reduce some of the
effects of being in Earth orbit, the baseline length between the satellites was reduced to 30 km
and the time interval T between the different short sets of laser pulses applied to the atoms was
reduced to 4 s. In addition, the use of five short sets of pulses instead of three and operation
at 1,000 km altitude are assumed. The disturbing effects are mainly gradients in the Earth’s
gravity field and the Coriolis force.
Although the suggested gravitational wave sensitivity for AGIS-LEO is about a factor 20
worse than for AGIS-Sat. 2, the requirement on the laser wavelength aberration fluctuations
is slightly tighter because of the satellite separation being only 30 km. The use of a highfinesse mode-scrubbing cavity is discussed, but no estimate of the possible level of wavefront
aberration noise from a suitable laser is given, and corresponding requirements on the filter
cavity performance are not considered. The conceptual design shown for a single AGIS-LEO
telescope is a 30 cm diameter off-axis Gregorian system, and 1 W of laser power is assumed.
The possible use of a pinhole spatial filter at the real intermediate focus of the telescope to
eliminate wavefront errors from all optics and lasers before the primary mirror is mentioned.
However, in view of the suggested laser beam waist size of 10 cm and the 30 cm telescope
diameter, careful apodization of the beam from the telescope appears to be needed in order to
reduce the amplitude of near-field diffraction ripples, which would affect the atom clouds in the
near interferometer differently than those in the far interferometer.
For the laser wavefront aberration noise, some information is available on the fluctuations in
wavefront tilt6 from a set of 8 lasers similar to those that might be used in the Advanced LIGO
program. These lasers had roughly 2 W of output power, and similar ones may be used as the
master lasers in the laser amplifier or injection-lock configurations needed to get the required
high input power for Advanced LIGO. The relative pointing fluctuations for the lasers were
measured at frequencies down to 1 Hz, and were much higher at that frequency than at 3 Hz.
In the AGIS-LEO proposal, a possible alternative interferometer laser beam geometry is
discussed. In this approach, the atom optics laser beams can be made to first propagate between
two satellite stations along a path that is displaced from the atoms before being redirected to
interact with the atoms. As a consequence, the first propagation segment would serve as a
spatial filter, allowing high frequency wavefront noise to diffract out of the beam. It is suggested
that “If needed, this alternative beam geometry could be used in conjunction with a modescrubbing cavity.” However, for the longer wavelength wavefront aberrations such as variations
in wavefront curvature, it appears that a substantial reduction in aberration amplitude would
also lead to a significant reduction in the laser power.
Because of the reduction in the time T between short sequences of laser pulses for AGIS-LEO,
the tight requirement on the temperature differences between the atom clouds in the two atom
interferometers is removed. However, this requirement is replaced by a very tight requirement
on the fluctuations in mean radial velocity for the clouds of 10 nm/s. This requirement comes
from item 12 in Table IV of ref. 5, and involves the Earth’s gravity gradient and the satellite
orbital frequency, plus a factor T 4 . It is stated that such requirements could be relaxed by a
moderate reduction in T , but there would be some reduction in the measurement bandwidth
also.
In Fig. 4 of ref. 5, signal strength curves are shown for four types of gravitational wave
sources. One of these is white dwarf binaries at 10 kpc distance. However, such binaries would
only be detectable by AGIS-LEO at frequencies above about 0.03 Hz, and it is not clear that
there are likely to be any white dwarf binaries currently in the galaxy at frequencies higher than

this. The other types of sources shown are inspirals of one solar mass black holes into 103 or
105 solar mass black holes at distances of up to 10 Mpc, but the expected rates for such events
is very low. Thus it does not appear that there is a substantial scientific case for such a mission
based on gravitational wave detection.
A secondary objective for AGIS-LEO that is mentioned in ref. 5 is the determination of time
variations in the Earth’s gravity field. The GRACE satellite mission currently is monitoring such
variations, but is near the end of its life. The next mission after GRACE probably will still fly
at roughly 500 km altitude, but later missions with fairly simple drag-free systems are expected
to fly at about 300 km altitude. This is because of the importance of monitoring time variations
in the higher harmonics of the Earth’s field, and thus of obtaining higher spatial resolution.
The 1,000 km altitude for AGIS-LEO would be a substantial limitation, since for degree 100
harmonics the attenuation of the signal at that altitude would be a factor 20,000 higher than at
300 km altitude.
4

Comparison of the LISA and AGIS-Sat. 2 Missions

A major difference between the LISA and AGIS-Sat. 2 missions is in the degree of complexity.
For LISA, one of the two main mechanical requirements is to be able to clamp the test masses
during launch, and then release them reliably later. The other, because of LISA needing to
have at least two interferometer arms, is to be able to change the angle between the two optical assemblies sending beams along the arms smoothly over about a degree range during the
year. These are quite standard engineering√design requirements. For laser interferometry, the
requirement of about 2 × 10−5 wavelength/ Hz accuracy in measuring distance changes down
to about 1 mHz does not come close to the state of the art at all, and the only challenge is to
accomplish this reliably over the whole mission lifetime with fairly simple hardware.
For AGIS-Sat. 2, even without the additional requirements discussed earlier, there are many
more and more challenging requirements. For example, 108 atom clouds have to be prepared
and cooled to 100 pK temperature at a rate of one cloud per second. The clouds then have
to be moved 30 m or more from the satellite, placed along the axis of the laser beams, and
sent off accurately along the desired path. The velocities have to be different for the different
clouds in order to permit them to be interrogated separately. And the population ratios of the
atom ground-state sublevels have to be determined to 1 × 10−4 accuracy up to more than 100
m from the spacecraft. No sketch of what a satellite capable of accomplishing this might look
like appears to have been presented so far in descriptions of the proposed mission.
There also appears to be a problem with the 200 atom clouds assumed to be simultaneously
in each interferometer. If sequences of Bragg and/or Raman pulses are used to apply 100 units
of photon momentum to each part of the atom wavefunction, with 1 W of laser power and 1
m diameter telescopes, and the stimulated Rabi frequency is 100 Hz, the spontaneous emission
rate for the atoms appears to be too high. The possibility of operating about 10 concurrent
interferometers is stated in Section V A 3 of ref. 5, but it isn’t clear that 200 clouds can be
handled simultaneously for the set of parameters assumed for AGIS-Sat. 2, unless there has
been an error in understanding the calculations.
For the additional requirement on reducing laser wavefront aberration noise, it is not clear if
the impact on the design of the satellites would be substantial. In principle, a fairly small filter
cavity could do what is needed if the aberration noise level of roughly 1 W lasers is low. Other
aberrations besides wavefront tilt that may be important are variations in wavefront curvature
and beam center displacements. The laser power would only be a consideration if the finesse
needed is fairly high.
The wavefront aberration noise requirement for AGIS-Sat. 2 is much tighter than for LISA
because of the far shorter baseline between satellites. For the statistical limit on sensitivity

from the atom sublevel measurements, the very short de Broglie wavelength of the atoms is the
relevant length scale. However, when laser beams between spacecraft are used to provide the
reference for gravitational wave sensing, the laser wavelength becomes an important scale for
systematic measurement limitations. Even for possible LISA satellite separations as short as
1 × 106 km, the AGIS-Sat. 2 baseline is a factor 1,000 shorter, and the sensitivity to wavefront
aberration noise would be increased by this factor
For the requirement on the atom cloud temperature variations, it seems difficult to see a
solution other than reducing the time T substantially or developing methods for extremely precise control of cloud temperatures. In Section IV B 5 of ref. 5, it is suggested that “Spatially
resolved detection of the atom cloud can help mitigate the wavefront requirements that result
from spatially averaging.” However, even with an extra requirement for measurement of the atom
spatial distribution, this wouldn’t help with determining fluctuations in the atom cloud temperature, since such measurements would be made only at the time of atom sublevel population
determination.
In the Introduction to ref. 1, it is stated that the use of atom interferometry “leads to a
natural reduction in many systematic backgrounds, allowing such an experiment to reach sensitivities comparable to and perhaps better than LISA’s with reduced engineering requirements.”
But, in fact, nothing in that paper or in ref. 5 supports that claim.
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REALISATION OF THE ALIGO FUSED SILICA SUSPENSION
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The planned upgrade for the LIGO gravitational wave detectors (Advanced LIGO) has been
underway for a number of years. One of the most significant aspects of this upgrade is the use
of all-fused-silica pendulums to reduce thermal noise. The test mass mirrors, made from fused
silica, will each be suspended using four fused silica fibres from a fused silica isolation mass.
The fibres are welded in place using a CO2 laser. We describe the realisation of a working
prototype suspension at the LIGO Advanced Systems Test Interferometer (LASTI) facility.

1

Introduction

The suspension design for the Advanced LIGO (aLIGO) interferometers is based on that used
in the UK-German GE600 gravitational wave detector 1 , but adapted to the requirements of
aLIGO 2 . As shown in Figure 1, it consists of four masses, the upper two of which are made
from steel and suspended by wires from maraging steel blade springs 3 . The lower two stages of
the suspension consist of synthetic fused silica pieces which are 340 mm in diameter, 200 mm
thick and each has a mass of 40 kg. The test mass is suspended by 4 fused silica fibres from the
penultimate mass. The fibres are welded at both ends to silica attachment points (known as
ears) that are hydroxide-catalysis bonded to the masses 4 . One can minimise thermoelastic noise
caused by temperature fluctuations close to the bending point, by choosing the fibre dimensions
in that region such that there is a cancellation between the noise terms originating from the
thermal expansion coefficient and the combination of applied stress with the change in Young’s
modulus with temperature 5 .
2

Fibre production

The silica fibres are drawn from 3 mm diameter fused silica stock using a laser heating method 6 .
A copy of the original Glasgow designed machine was constructed at the LASTI facility at MIT

metal masses
and wires

top mass
upper intermediate
mass

silica masses
and fibres

the “reaction” chain, which
hangs parallel to the main
chain, is all steel, except for the
lowest mass

penultimate
mass

test mass

Figure 1: Schematic of the quadruple suspension showing the test mass, three isolation masses and the parallel
reaction chain. The reaction chain provides a means to apply low noise control of the main suspension.

to produce fibres for the suspension. The preferred profile is one that has a 400 µm diameter
along most of the fibre length but transitions to 800 µm for 20 mm near the ends and then,
within a few millimetres, to 3 mm diameter. The 3 mm diameter sections allow the ends to be
welded to the attachment point. The 800 µm sections are where most of the bending of the fibre
takes place. The 400 µm diameter is determined by a compromise between fibre strength and
the suspension vertical and fibre transverse mode frequencies. After the fibre has been pulled,
its cross-sectional profile is measured using an optical non-contact method to ensure that it
matches the required profile 7 .
3

Welding the monolithic suspension

The development of the welding process is described in more detail elsewhere 8 . In this paper
we note that before welding the fibres on the prototype suspension at LASTI, we carried out
ten successful tests on a mock-up suspension that had fused silica attachment points affixed to
40 kg aluminium masses. These tests were used to determine any issues with the process and
verify that the technique was robust. The welding of the fibres took place within a class 100
clean room tent. A CO2 laser beam with up to 100 W power was used. The beam was directed
to the welding head through an enclosed articulated arm as shown in Figure 2. The welding
head consists of a two lens telescope, to set the beam size to the 3 mm working diameter, and
two mirrors mounted on galvanometer drives, to enable the operator to direct the beam at any
position on the weld. An angled mirror is placed behind the stock to allow 360o access to the
weld, as can be seen in Figure 3. Due to the high laser power involved, care must be taken
to ensure that specular reflections do not escape from the working area. A number of purpose
designed baffles are used to contain the beam within the working area and a thermal imaging
camera was used (with the laser set at low power) to search for any beams that were not caught
by these baffles. With the laser running at low power, the thermal imager easily detects the
few Kelvin increase in temperature caused by the reflections. Before welding, a fibre is selected
from storage and proof-tested, by applying a force of 150 N (150 % of nominal load) for 10

Figure 2: Welding the fibre to the penultimate mass. The picture shows the articulated arm bringing in the laser
beam to the weld head. The suction tube to remove the silica vapour can also be seen.

minutes. Any fibre that has been damaged, by inadvertent touching for example, will break
within 1 or 2 minutes at this tension. The tested fibre is then transferred to a cutter, which
has been set to give the exact fibre length required. In the cutter, the excess lengths of stock
are removed and the fibre is held by tweezers with zirconium dioxide tips. The tweezers are
mounted on three-axis stages that are in turn mounted on an aluminium section. When released
from the cutter, the fibre can then be transported to the structure that is used for holding the
suspension during the welding procedure. When the fibre has been pulled, characterised and
cut to length it can then be welded in position. When the suspension is complete, the fibres
will stretch approximately 6 mm under load. The initial vertical position of the test mass is set
with this correction applied. The fibres are welded in place one at a time. An example of a
completed weld can be seen on the right-hand attachment point in Figure 3. When all 8 welds
are complete, and before the test mass is released, the pitch of the test mass can be set with
respect to the penultimate mass. At the same time, the tension in the fibres is set to zero. The
test mass is lowered by 0.25 mm, putting a tension of 4 N on each fibre. The 4 welds at the
penultimate mass are heated in turn until the silica softens and the fibre aligns itself with the
tension and relaxes to reduce the tension to zero. The process is then repeated for the welds at
the test mass. This time, after the mass has been lowered, the pitch alignment of the mass is
set. The relaxation process is then carried out on all four lower welds. This means that before
the test mass is released, the pitch is set to within 1 mrad, and all 4 fibres have nominally zero
tension.
4

Post-welding

After the completion of the welds and the annealing and pitch alignment stage, the test mass
is lowered until it hangs freely, to ensure that fibres and welds are strong enough. The pitch
angle of the freely hanging mass was confirmed to be within 1 mrad of the expected value. After
this test the two silica masses were connected to the upper part of the suspension and the full
suspension was then transferred to the vacuum system. The suspended mirror formed one end

weld mirror

completed
weld
vapour
extraction
pipe

baffles

Figure 3: This picture shows two attachment points where the fibres are welded to the mass, the one on the
right already has a finished weld. Weld tooling is in place on the one on the left. The long thin steel pipe is the
extraction pipe to remove any silica vapour and stop deposition on the fibres or test mass during welding. The
angled mirror that allows full access to the weld can be seen, as can the baffles used to catch errant beams.

of an optical cavity and the error signal from a laser that was frequency locked to this cavity,
was used to measure the quality factor of test mass acoustic modes and the suspension fibres
violin modes, to confirm the low mechanical loss of the monolithic suspension technique.
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SYSTEMATIC STUDY OF NEWTONIAN GRAVITATIONAL CONSTANT
MEASUREMENT IN MAGIA EXPERIMENT
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and G. M. TINO
Dipartimento di Fisica e Astronomia and LENS, Universita di Firenze, INFN Sezione di Firenze, via
Sansone 1, I-50019 Sesto Fiorentino (FI), Italy
The MAGIA experiment using atom interferometry to determine Newtonian gravitational
constant G and the relevant study on systematic issues are presented. The G constant was
experimentally determined by measuring the additional gravity gradient created by tungsten
alloy cylinders with atom interferometer based gradiometer. The gradiometer comprised two
laser-cooled rubidium clouds which were launched in a fountain configuration and then simultaneously interrogated by a Raman-pulse interferometry sequence. The system has recently
been upgraded to improve the signal-to-noise ratio. Besides, the long-term stability and
systematic issues of the gravity gradiometer are evaluated for pushing the G measurement
precision toward the 100 ppm level.

1

Introduction

The Newtonian gravitational constant G plays a key role in the fields of gravitation, cosmology, geophysics and astrophysics. Nevertheless, it is still the least precisely known among the
fundamental constants. The Committee on Data for Science and Technology (CODATA) acknowledges the value of G with relative uncertainty 100 ppm in 2006 by evaluating eight different
measurements obtained in the past few years 1 . These measurements with two more new additions 2,3 are shown in Fig. 1. Although the measurement of G has improved considerably
since 1998 4 and the most precise measurements of G even assigned uncertainties lower than
50 ppm 2,5,6,7,8 , most available values are still in poor agreement with the scattering of several
standard deviations, especially, the latest JILA measurement 3 shows almost 300 ppm discrepancy to CODATA 2006 recommendation. With a few exceptions 8,9,10 , most experiments were
performed using conceptually similar schemes based on suspended macroscopic masses as probes
and torsion balances or pendulums as detectors. From this point of view, the implementation
of conceptually different experiments definitely help to identify hidden systematic effects and
hence improve the confidence in the final result.
Quantum sensors based on atom interferometry 11 underwent a rapid development during
the last decade, and different schemes were demonstrated and implemented. Many applications
can be seen in precise measurements of gravity acceleration 12,13 , Earths gravity gradient 14,15
and rotations 16,17 . Currently, experiments based on atom interferometry are in progress to
test Einsteins Equivalence Principle 18,19 and to measure the Newtonian gravitational constant
a
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Figure 1: The G values from different experiments and CODATA 2006 recommendation.

G 20,21 . In addition, experiments to test general relativity 19,22 and Newtons inverse square
law 23,24,25,26 , for a search of quantum gravity effects 27 and for gravitational wave detection 28,29
have been proposed.
Our atom interferometer MAGIA (Misura Accurata di G mediante Interferometria Atomica, Italian acronym for Accurate Measurement of G by Atom Interferometry) was developed
for a precise determination of Newtonian gravitational constant G. The basic concepts of the
experiment and some preliminary results are presented in 21,31 . In our experiment, freely falling
atoms act as probes of the gravitational field and an atom interferometry scheme is used to
measure the effect of nearby well-characterized source masses. The projected accuracy for MAGIA shows that the results of the experiment will be important to discriminate between existing
inconsistent values.
2

Experiment

The basic concepts of the experiment are illustrated in Fig. 2. A gravity gradiometer based
on Mach-Zehnder atom interferometry was built to perform a simultaneous measurement of the
differential acceleration experienced by two sub-Doppler-cooled vertically launched 87 Rb clouds
in the presence of a well-characterized set of source masses. The measurement, performed for
two different positions of the source masses, allows us to determine the Newtonian gravitational
constant from the precise knowledge of the source masses distribution.
The Mach-Zehnder atom interferometry was implemented by illuminating the atomic clouds
with π/2–π–π/2 Raman pulse sequence, and the π/2 and π pulses acted exactly as beam splitter
and mirror in interferometry terminology, respectively. The Raman laser beam comprised two
laser frequencies, denoted by ωca and ωcb respectively, and these two frequencies were resonant
with the Λ-type transition between two hyperfine levels | a > and | b > of ground state and the
excited state | c >. The Raman laser beams which counter-propagated along the vertical axis
were used to drive two-photon Raman transition between | a > and | b >. Assuming atoms were
initially prepared in | a >, the first π/2 pulse with pulse duration τ = π/2 × Ω, where Ω was Rabi
frequency of the Λ-type transition, split the atomic wavefunction into an equal superposition
of | a > and | b >. Accompanying with the change of the internal state, the atoms acquried an
effective recoil momentum h̄ ke = h̄ (kca + kcb ) and the trajectories changed accordingly. After
a period T, a π pulse with a duration of 2 τ switched the internal state from | a > to | b > and
vice versa, and the atomic trajectories were redirected as well. Finally, again after a period
T, a π/2 pulse recombined the atomic packets in the two complementary output ports of the
interferometer. At the output of the interferometer, the probability of atoms in the state | a >
was given by Pa = (1 − cos Φ)/2, where Φ represented the phase difference accumulated by
the wave packets along the two interferometer arms. In the presence of a gravity field, atoms
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at the
center
of the vertical tube shown in Fig. 2. In this region, surrounded by
two µ-metal shields (76 dB attenuation factor of the magnetic field in the axial direction), a
uniform magnetic field of 25 µT along the vertical direction defined the quantization axis. The
field gradient along this axis was below 5 nT · mm−1 . After the Raman interferometry sequence,
the populations of the hyperfine levels were measured in a chamber above the MOT chamber
by selectively exciting the atoms and detecting the resulting fluorescence.
Each atom interferometer in the gravity gradiometer measured the local acceleration with
respect to the common reference frame identified by the wave fronts of the Raman lasers. Therefore, even if the phase noise induced by vibrations on the retroreflecting mirror completely
washed out the interference fringes, the signals simultaneously detected on the upper and lower
accelerometers remained coupled and preserved a fixed phase relation. As a consequence, when
the trace of the upper accelerometer was plotted as a function of the lower one, experimental
points distributed along an ellipse. The differential phase shift ∆Φ = Φu − Φl , which was proportional to the gravity gradient, was then obtained from the eccentricity and rotation angle of
the ellipse best fitting the experimental data 33 .
The source masses comprised 24 tungsten alloy (INERMET IT180) cylinders, for a total
mass of about 516 kg. They were positioned on two titanium platforms and distributed in
hexagonal symmetry around the vertical axis of the tube. Each cylinder was machined to a
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Figure 3: The left on: ellipses with different shielding conditions. The red trace: several layers of shields. The
black trace: no soft iron shield.

diameter of 100 mm and a height of 150 mm after a hot isostatic pressing treatment applied to
compress the material and reduce density inhomogeneities. The two platforms could be precisely
translated along the vertical direction by four step motors, with a resolution of 2 µm provided
by an optical encoder; the positioning precision had been tested with a laser tracker 31 .
Although the differential measurement can suppress many sources of noises and drifts, this
scheme is still prone to the biases synchronized with the movements of source masses, for example, the trajectory variation induced by eddy current in the mass translation platforms. The
eddy current is generated by the magnetic field switching for different phases of the experiment,
i.e., switching from MOT phase to atomic fountain phase and its magnitude is dependent on
the distance between the platforms and MOT coils. Therefore, the transient magnetic field
generated by eddy current in MOT chamber is higher when the platforms, especially the lower
platform, are approaching to the MOT chamber. The variation of transient magnetic field
changes the launching verticality of atomic fountain and turns out an extra phase shift induced
by Coriolis effect. To suppress this effect, several layers of soft iron shields were installed and
the transient field observed on the bottom surface of the lower platform received more than 10
dB attenuation. The ellipses with different shielding conditions are shown in the left part of
Fig. 3. The change of phase angle was more than 10 mrad in C2 configuration and could not be
discriminate in C1 configuration. Besides the shielding, we also explored the possible phase shift
caused by power unbalancing between 1–1–1 MOT cooling laser beams. The results are shown
in the right part of Fig. 3. The ellipse shifted its position as power unbalancing ratio changed
from −7% to +7% but the differences between the phase angles of these ellipses were within the
fitting errors, i.e., 1.2 mrad or 700 ppm. We even intentionally varied the unbalancing ratio to
20% and no significant change was perceived in that test. The characterization of source masses
has been done and the contribution to final uncertainty is given in Table 1.

3

Conclusion

The basic concepts of MAGIA experiment and some of systematic issues are covered in this
paper. The experiment received many improvements in these two years, and hence both the
signal-to-noise ratio and long term stability have been significantly improved. With the integration time of three weeks, the precision is expected to reach the final goal of 100 ppm. The
investigation of various systematic shifts are ongoing at present and the whole experiment would
be ready for final measurement in the near future.

Int. Cyl. rad. position
Ext. Cyl. rad. position
Hu -Hl (C1)
Hu -Hl (C2)
mass of cylinder
Density homogeneity
mass of platform

99.90 mm
173.00 mm
215.00 mm
449.85 mm
21486 g
18249 kg·m−3
24930 g

present uncertainty
10 µm
10 µm
10 µm
10 µm
10 mg
24 kg·m−3
60 g

∆G/G × 10−4
0.22
0.05
0.38
0.3
0.01
0.2
0.8
1.97

Table 1: The characterization of source masses and the contribution to the error budget of G measurement.
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ULTRA-STABLE, HIGH-POWER LASER SYSTEMS
P. KWEE
Max-Planck-Institut für Gravitationsphysik (Albert-Einstein-Institut),
Callinstr. 38, 30167 Hannover, Germany
Laser systems with a high output power and a comprehensive stabilization of most laser beam
parameters are required for ground-based interferometric gravitational wave detectors. The
laser system of the second generation gravitational wave detector Advanced LIGO is reviewed
and a brief overview about laser development for the third generation is given.

1

Introduction

Interferometric, ground-based gravitational wave detectors (GWDs) are expected to measure
the tiny differential length variations caused by gravitational waves emitted by astrophysical
sources. The second generation of these kilometer-long baseline Michelson interferometers are
currently installed and have a design strain sensitivity of 10−23 . . . 10−24 Hz−1/2 . They require
laser systems with high output power and at the same time with very good stability concerning
all laser beam parameters.
A high output power is required to reach a high signal-to-quantum-noise ratio, since quantum
noise in the gravitational wave readout is reduced at high frequencies with increasing circulating
laser power in the interferometer. In addition to quantum noise technical laser noise couples to
the gravitational wave channel. Thus on the one hand the coupling needs to be reduced e.g. by
optical design or by exploiting symmetries; and on the other hand laser noise has to be reduced
by different active and passive stabilization schemes.
This article reviews the laser output power scaling and laser stabilization techniques used
in the laser system of the second generation detector Advanced LIGO1 (aLIGO). Furthermore a
brief overview about current laser development for third generation detectors is given.
2

Advanced LIGO pre-stabilized laser system

Advanced LIGO requires a reliable, continuous-wave, single-frequency laser system with an
output power of 165 W in a TEM00 mode at a wavelength of 1064 nm. Laser beam parameters
such as power, frequency, or pointing have to be ultra-stable requiring an elaborate stabilization
scheme2 . Furthermore modulation inputs for controlling the beam power and frequency have to
be provided.
The laser was developed by Laser Zentrum Hannover e.V. (LZH) and consists of three stages
(see Fig. 1). The first stage, the master laser, is a commercial non-planar ring-oscillator3 (NPRO)
from Innolight. This solid-state laser uses a Nd:YAG crystal as laser medium and resonator at
the same time. The laser is pumped by laser diodes at 808 nm and delivers an output power of
2 W. Due to its monolithic resonator the laser has an exceptional intrinsic frequency stability.

high power oscillator

power stabilization
second
loop

medium power
amplifier
NPRO

EOM

pre modecleaner (PMC)

first
loop

FI
FI

to interferometer

AOM
injection locking

frequency stabilization
reference
cavity

PMC locking
EOM
frequency
control
AOM

Figure 1: Pre-stabilized laser system of aLIGO. The three-staged laser and the stabilization scheme is shown.
EOM, electro-optic modulator; FI, Faraday isolator; AOM, acousto-optic modulator.

The two subsequent laser stages, used for power scaling, adopt the frequency stability of the
master laser.
The second stage (medium power amplifier) is a single-pass amplifier4 with an output power
of 35 W. The seed laser beam from the first stage passes four Nd:YVO4 crystals which are
longitudinally pumped by fiber-coupled laser diodes at 808 nm.
The third stage is a ring oscillator5 with an output power of about 220 W. Four Nd:YAG
crystals are used as active media. Each is longitudinally pumped by seven fiber-coupled laser
diodes at 808 nm. The oscillator is injection locked6 to the previous laser stage using a feedback
control loop. Thus the high output power and good beam quality of this last stage is combined
with the good frequency stability of the previous stages.
2.1

Stabilization

The maximum acceptable technical laser noise can be deduced from the anticipated design
sensitivity of the GWD and the expected coupling between laser noise and the gravitational
wave channel. This yields noise requirements which are several orders of magnitude below the
free running laser noise and requires several stabilization stages7 .
A passive bow-tie ring resonator, called pre-mode-cleaner (PMC), is a key component in
the stabilization scheme. This resonator consists of four low-loss mirrors glued to an aluminum
spacer. A piezo-electric element between one mirror and the spacer is used to stabilize one TEM00
resonance frequency to the laser frequency. The beam transmitted through this resonator is the
output beam of the overall laser system and is delivered to the subsequent subsystems of the
GWD.
The PMC filters the laser beam and has different functions: On one side it improves the
beam quality of the laser by suppressing higher order transversal modes8 . The round-trip Gouy
phase of the PMC was chosen in such a way that the resonance frequencies of higher order TEM
modes are clearly separated from the TEM00 resonance frequency. Thus these modes are not
resonant and are mainly reflected by the PMC whereas the TEM00 mode is transmitted. This
mode-cleaning effect increases the TEM00 fraction from about 95% to > 99%.
In particular the TEM10 and TEM01 modes are suppressed by the PMC and thus beam
pointing fluctuations are reduced. Pointing fluctuations can be expressed in first order as power

fluctuations of the TEM10 and TEM01 modes. The PMC reduces the field amplitude of these
modes and thus the pointing fluctuations by a factor of about 60.
Finally the PMC reduces technical power fluctuations at radio frequencies. A good power
stability between 9 MHz and 100 MHz is important since phase modulated light injected into the
interferometer is used to sense several degrees of freedom of the interferometer which need to
be controlled. The PMC has a bandwidth of about 600 kHz and acts in first order as a low-pass
filter for power fluctuations with a -3 dB corner frequency at this frequency.
Beside these passive stabilization effects of the PMC active stabilizations are necessary to
reduce power and frequency noise in the detection band of the GWD from about 10 Hz to 10 kHz.
The PMC reduces power fluctuations significantly only above 600 kHz. In the detection band a
good power stability is required since fluctuations couple via radiation pressure imbalance and
the dark-fringe offset to the gravitational wave channel. The beam power at a pick-off port of
the PMC is measured with a low-noise photodetector. An electronic feedback controller and an
acousto-optical modulator (AOM) as power actuator upstream of the PMC are used to stabilize
the laser power. This first power stabilization loop reduces the relative power fluctuations by
about three orders of magnitude to the 10−8 Hz−1/2 level.
A second power stabilization loop with a photodetector directly upstream of the interferometer is used to reach the required power stability in the interferometer. This stabilization
is developed at the moment and a precursor experiment9 demonstrated already the necessary
high-sensitivity photodetector.
Finally a good frequency stability is required for the lock acquisition of the interferometer
and to reduce frequency noise coupling into the gravitational wave channel via asymmetries in
the interferometer arms. The interferometer has to be operated at a specific operation point to
reach its design sensitivity requiring an elaborate lock acquisition. A linear rigid-spacer reference
resonator is used in the laser system for a frequency pre-stabilization. The Pound-Drever-Hall
sensing scheme and a compound frequency actuator is used to stabilize the frequency up to a
Fourier frequency of about 500 kHz10 . The compound actuator consists of the NPRO crystal
temperature control, the piezo-electric element attached to the NPRO crystal, and the broadband electro-optic modulator (EOM) between NPRO and amplifier as phase corrector.
To be able to control the laser frequency while it is stabilized to the reference resonator a
frequency shifting AOM in a double-pass configuration is used in front of the reference resonator.
By controlling the AOM driving frequency the laser system frequency can be shifted by about
1 MHz with a bandwidth of about 100 kHz.
3

Third generation laser systems

The laser systems for the second generation GWDs are installed at the moment. Meanwhile
the development for the third generation has started already. Since only rough third generation
conceptual designs11 exist at the moment different development directions are conceivable: Highfrequency GWDs or all-reflective GWDs might require high-power laser systems at the kW level.
Cryogenic interferometers with silicon test masses might require a different laser wavelength at
1550 nm since silicon has a low absorption coefficient at this wavelength. Laser systems with a
different beam profile, such as Lag33 mode or flat-top profiles, might be required to reduce the
influence of thermal noise of the test masses due to a more homogenous intensity distribution.
The LZH, e.g., develops a 1 kW 1064 nm TEM00 laser at the moment12 . For this the power
of an NPRO master laser is scaled to the kW level by a combination of photonic crystal fiber
amplifier, coherent beam combining and/or subsequent Nd:YAG amplifier. Furthermore a 100 W
1550 nm TEM00 laser is currently developed. The concept is to amplify a distributed feedback
(DFB) fiber master laser with an erbium fiber amplifier13,14,15 . In general fiber lasers and
amplifiers made a substantial progress in recent years. They stand out due to their efficiency,

compactness, and high intrinsic beam quality compared to the solid-state lasers and amplifiers
which are used at the moment in GWDs. Though long-term tests need to be performed to
demonstrate if they are as reliable as solid-state lasers are today.
During the development of the laser stabilization for aLIGO the power and pointing stabilization turned out to be the most critical ones. The achieved power stability in the detection
band is limited by the sensitivity of the power sensor. The precursor experiment9 demonstrated
just the sensitivity required for aLIGO. In case third generation detectors require an even better power stability completely different stabilization schemes such as the optical ac coupling
technique16 might be necessary. Until now beam pointing fluctuations were reduced only by the
passive filtering effect of the PMC fulfilling just the requirements of aLIGO. If a better pointing
stability will be required in the future additional active stabilization schemes or cascaded PMCs
might be necessary.
4

Conclusion

Multi-stage laser systems combined with active and passive stabilizations deliver ultra-stable,
high-power laser beams for second generation GWDs. The development, in particular of the
laser system for aLIGO, has almost finished and these laser systems are currently installed at
the observatory sites. One aLIGO laser system is comprehensively characterized at the moment
to verify the required performance.
Meanwhile the development of lasers for third generation GWDs has started following different strategies. Probably most stabilization techniques applied in second generation laser systems
can be adapted for the third generation, whereas the power and pointing stabilization will be
the most challenging aspects.
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HIGH POWER INPUT OPTICS FOR ADVANCED VIRGO
B. CANUEL, R. DAY, E. GENIN, J. MARQUE, F. NOCERA, F. PAOLETTI
European Gravitational Observatory (EGO), Cascina (Pi), Italy
The laser input power for the current Virgo project is 15W. This will be increased to 125W for
the Advanced Virgo (AdV) project. It is therefore required to make the input optics system
for AdV compliant for such a power, in particular in terms of thermal and scattering effects.
In order to reach these specifications, a 3 year R&D project was carried out at EGO. Optical
components (polarizers, wave-plates, Electro-Optical Modulator crystals, materials for beam
dumps) have been selected according to their scattering and thermal properties. Measurements
have been made of absorption, thermal lensing, polarization and scattering. The following
optical systems were then developed, prototyped and characterized: a Faraday isolator (which
isolates the input optics from the interferometer), the Electro-Optical Modulation system
(which phase modulates the beam at the input of AdV for control purposes) and beam dumps
(which can withstand high power under vacuum with low back-scattering).

1

The Advanced Virgo (AdV) Injection System

The Injection System of AdV takes care of the optics after the high power laser, and of the
interface between these optics and the laser itself. The whole system must deliver a beam with
the required power, geometrical shape, frequency and angular stability. In order to reach the
required performances, the system has been designed into 2 parts (Fig. 1).
The ”In air optics” mainly consists of the Electro Optical Modulation (EOM) system for Input

Figure 1: Schematic of the AdV Injection System.

Mode Cleaner (IMC) and Interferometer control, the IMC mode matching telescope, the Input

Power Control system (IPC), the beam pointing control system and the Beam analysis system
(wavefront sensor, phase camera). The ”In vacuum optics” mainly consists of a 150m long triangular IMC cavity, a Faraday Isolator, an interferometer mode matching telescope, a 32cm long
triangular Reference Cavity (RFC), and an Input Power Control system (IPC). The following
sections describe the studies and developments done in the last years for some of the previous
items in order to withstand about 10 times more power in AdV with respect to Virgo.
2

The Faraday Isolator

The Faraday Isolator requirements for AdV are the following: Ultra High Vacuum compatible,
20mm aperture, 40dB isolation with 200W passing through the Faraday crystal, a residual focal
thermal lensing larger than 100m, and a throughput larger than 95%.
The most suitable magneto optic medium for such an application is a Terbium Gallium Garnet
(TGG) crystal because of its large Verdet constant, low absorption, and high thermal conductivity at 1064nm. However, there are some relevant thermal issues: the TGG crystal absorbs
typically 2000ppm.cm−1 , which generates a change of mean temperature and a radial temperature gradient. As a consequence, 3 effects can limit the performances:
- The refractive index of TGG is temperature dependent (2.10−5 K−1 ), and the thermal
expansion is not negligible (1.10−5 K−1 ): those induce thermal lensing,
- The Verdet constant is temperature dependent: this induces a variation of the mean
rotation angle (Eq. 1),
1 dV
= 3.5 × 10−3 K −1 .
(1)
V dT
- The thermal expansion results in mechanical stress: radial birefringence leads to depolarization.
To cope with the first issue, that is to say with the induced thermal lensing (measured 10m
focal length for 100W), the proposed solution was to add an element on the optical path with a
negative thermo-optic coefficient: the selected material is a DKDP crystal (Deuterated Potassium Phosphate) whose thermo-optic coefficient is -4.10−5 K−1 . By accurately measuring the
absorption of each material, and cutting the DKDP at the right length, it was possible to fine
compensate the thermal lensing over large dynamics: the lensing remains negligible up to 100W
traveling through the Faraday.
The second issue is a decrease of the isolation due to the fact that the mean rotation angle of
the TGG crystal is temperature dependent (Eq. 2):
1 dV
∆θ
=
∆T.
θ
V dT

(2)

Indeed, the temperature increase with 250W in vacuum (residual pressure of 2.5 10−6 mbar) is
approximatively 6 degrees (copper holders are used to optimize heat extract). And this leads
to a 7dB drop of the optical isolation. We have verified that by adding a remotely tunable
half wave-plate in the optical path to turn the polarization by 1 degree 1 enables to recover
the nominal isolation. However, this solution presents as a drawback the decrease of the total
throughput of the system by 2%.
The third issue is probably the most critical problem. It has been observed 2 that the depolarization increases as the square of the power at high power, limiting the isolation to 30dB at
200W. Indeed, the gradients of temperature inside the TGG introduce some mechanical stress
which creates radial birefringence. Heated TGG acts like complicated wave-plate: the direction
of birefringence axis depends on the polar angle while the phase retardation depends on radial
coordinate. This problem has been fully treated using Jones matrix formalism, and verified with

optical measurements of the amplitude and phase of the field 3 . The ”depolarization” effect can
be briefly summarized as follows: there is a self conversion of Spin to Orbital Angular Momentum which explains the non common orbital phase dependence of the beam. A solution has
been proposed to this issue using a specific optical configuration for the Faraday 4 : the design
consists of 2 TGG crystals, each rotating the polarization by 22.5 degrees and separated by a
67.5 degrees reciprocal polarization rotator. In this way, the second TGG converts back into the
gaussian mode the light that was ”depolarized” by the first TGG. The complete design including
the DKDP, the remote controlled half wave-plate and the 2 TGG crystals configuration is shown
in Fig. 2. We have measured in this configuration the isolation for different powers (Fig. 2). The
isolation is 50 dB at low power and 38dB for 240W.

Figure 2: Optical setup of the Faraday isolator for Advanced Virgo and Faraday isolation performance with
respect to power traveling through it.

3

The Electro Optical Modulation System

The Electro Optical Modulation System of AdV is required to phase modulate the input beam
at 2 frequencies: typically 10 and 65 MHz. First, we have selected the best material in term
of thermal effects: an RTP crystal from Raicol (absorption of 45 ppm.cm−1 ). The system has
been designed with a unique crystal with 2 sections of modulation to get the highest modulation
index with the lowest possible RF power. Using a Scanning Fabry Perot, we have measured the
following modulation depth for 0.5W RF power: 0.16 at 10MHz and 0.12 at 65MHz.

4

Beam Dumps

By experience, it is crucial to design better beam dumps for AdV, in term of damage threshold
and back-scattering. The first step has been to make a comparative study of 3 materials:
black absorbing glass (KG5), Silicon (Si) and Silicon Carbide (SiC). All these materials are
well absorbing at 1064nm but have different thermal conduction: 1W.m−1 .K−1 for KG5, 150
W.m−1 .K−1 for Si, and 490 W.m−1 .K−1 for SiC. As a consequence, they have different damage
threshold that have been measured in air: 25 W.cm−2 for KG5, 6 kW.cm−2 for Si, and 30
kW.cm−2 for SiC. The SiC material has been selected then. Super-polished plates of SiC (with
Total Integrated Scattering of the order of 10ppm) are under development.
Another related issue has been studied: how to extract the heat from beam dumps into vacuum?
A possible solution is to radiate the heat towards the vacuum tank wall. We have developed 2
kinds of mounts having a high emissivity for the beam dumps: sanded copper and pre-baked
stainless steel. The emissivity of these mounts has been optimized up to 70%.

5

Thermally Deformable Mirror

The coupling of the input beam into the interferometer can be affected by various factors.
In particular, slow thermally induced beam wavefront distortions can be compensated using
deformable mirrors driven by thermal actuators. We have designed and prototyped such a
system: the set of heating actuators is placed in direct contact with the reflecting surface of the
mirror, enabling an efficient control of its refractive index and shape (Fig. 3).
This design has the advantage of being vacuum compatible and noise free. The efficiency of

Figure 3: Design of the Thermally Deformable Mirror.

the system relies on the refractive index dependence over the temperature, and on the thermal
elasticity. The Optical Path Length (OPL, Eq. 3) efficiency is best for SF57 (88nm.K−1 ), with
compared to BK7 (47nm.K−1 ):
OP L =
6

Z

(∆T (s)[

dn
+ αT (1 + ν)n] + n)ds.
dT

(3)

Conclusion

Along the last years, an important effort has been focused on the limitation of the various
subsystems of the AdV Injection system at high power, as the understanding of depolarization
effects in the Faraday. A careful process of material selection and design optimization has been
achieved in order to develop the high power compatible optical components: Faraday Isolator,
beam dumps, EOMs and Thermally Deformable Mirrors.
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Thermal lensing due to the absorption of the laser beam in core optics of gravitational wave
interferometers can represent a strong limitation to their operation and sensitivity. This effect
has already been observed in the present detectors. Thermal compensation systems, based
on CO2 laser projectors, have been installed in Virgo and LIGO, to heat the peripheral of
the input test masses to reduce the lensing effect. In second generation detectors, thermal
lensing will become more relevant, due to the much higher circulating power. In this paper,
the concept of the compensation system for Advanced Virgo is described.

1

Introduction

The largest currently operating interferometric Gravitational Wave (GW) detectors Virgo 1 and
LIGO 2 are power-recycled Michelson interferometers with Fabry-Perot cavities in the arms.
They have operated at the initial design sensitivity, completing several observational runs. Upgrades of these detectors are planned on short term time-scale: the second generation detectors
Advanced Virgo 3 and Advanced LIGO 4 are now in the construction phase and will see a significant improvement of their sensitivity of about a factor of ten over the whole detection bandwidth,
increasing by a factor of a thousand the volume of the observable Universe.
The second generation instruments will be characterized by a very high circulating power
(from 20 kW in the initial interferometers to 700 kW in the advanced detectors), necessary
to keep the shot noise at the level required by their high sensitivity. In an interferometric GW
detector, the amount of allowable circulating power is limited by the non-zero optical absorption
in the substrate and coatings of the test masses and the beam splitter, which will affect both
the controllability and the sensitivity of the instrument 5 6 .
In the test mass, the optical power is predominantly absorbed by the high reflectivity coating
and converted into heat, producing a gradient of temperature inside the substrate. Two different
effects originate from the heating of the test mass:
• non-uniform optical path length distortions (thermo-optic effect, also termed thermal lensing) mainly due to the temperature dependency of the index of refraction;
• change of the profile of the high reflective surface, due to thermal expansion (thermo-elastic
deformation) in both input and end test masses.
In presence of thermal lensing, which changes the power recycling cavity (PRC) mode,
the input laser no longer matches the PRC cavity and the coupling coefficient between the

Figure 1: Infrared image of the heating pattern used by the Virgo TCS.

laser TEM00 and the cavity TEM00 becomes less than one. This leads to a decrease of the
recycling cavity gain and thus of the sidebands power. Since sidebands are used to control
the interferometer, thermal lensing prevents the detector to operate at high input powers. The
consequence is a loss of signal-to-noise ratio at high frequencies due to the increase of shot noise.
In second generation detectors, the thermo-elastic deformation will also be relevant due to
the much higher circulating power in the Fabry-Perot cavities. Thermal expansion will change
the profile of the high reflectivity surface. A bump will raise in the center of the test mass faces,
making their surface profile non-spherical. The cavity will become less concentric, and the spot
sizes at the mirrors will shrink. To maintain the arm cavity mode structure, it will be then
necessary to control the radii of curvature of all test masses.
Advanced thermal compensation system (TCS) will be required to compensate for both
effects, by acting on input and end test masses.
2

Thermal lensing compensation

At present, in LIGO and Virgo, the wavefront distortions in the recycling cavities are corrected
by shining an annular heating pattern generated by a CO2 laser, directly on the input test
masses 9 . An axicon lens (special optics with a conical surface) is used to convert the laser
Gaussian beam into an annular beam. Figure 1 shows a thermal camera image of the heating
pattern currently used in Virgo.
The improved sensitivity of next generation detectors will not allow to shine the test mass
directly with the corrective CO2 beam: the noise introduced by the intensity fluctuations of the
laser would not be compatible with the sensitivity requirements, even if a power stabilization
system is implemented. This implies the need of an additional transmissive optics, named
Compensation Plate (CP), placed in the recycling cavity, where the noise requirements are more
relaxed with respect to those in the Fabry-Perot cavity, to act on with the compensating beam.
The conceptual scheme of the compensation system foreseen for advanced detectors is shown in
figure 2.
An often useful way to picture the effect of a thermal distortions is the fractional power
scattered out from the TEM00 mode 10 , termed ”coupling losses” L:
L = 1 − A∗ A,
where

hE0 |eiφ(x,y) |E0 i
hE0 |Ei
=
= 2π
A=
hE0 |E0 i
hE0 |E0 i

(1)

Z

0

rIT M

eiφ(r) |E0 (r)|2 rdr.

(2)

Figure 2: Scheme of the Advanced Virgo TCS: blue rectangles represent the CPs while the green dots around the
test masses are the RHs.

E0 represents the undisturbed cavity field before being subjected to the phase distortion φ(x, y)
and E is the distorted field. A phase distortion in a cavity, in effect, acts to scatter power out
of the fundamental mode, and thus out of the cavity, and so can be viewed as a simple coupling
loss term.
With no thermal compensation, in Advanced Virgo, the coupling losses would amount to
approximately 5 · 105 ppm. For a comparison, in Virgo, the losses due to thermal lensing are of
the order of 104 ppm. The Advanced Virgo TCS needs to reduce to coupling losses at least by
a factor of 103 to allow the correct operation of the detector at design sensitivity.
The results of optical simulations have shown that the heating pattern used in the current
interferometers (an example is given in figure 1) is not sufficiently precise for the advanced
detectors. The study of the optimization of the heating pattern, made with Finite Element
Model (FEM), has shown that it is possible to reduce the residual coupling losses to about 6
ppm, thus leading to a reduction factor of about 105 .
Different solutions are at present being investigated to generate heating profiles that approximate as much as possible the optimal one: diffractive optical elements, scanning systems
(galvos or crossed Acousto-Optic-Modulators) or Micro Electro-Mechanical Systems (MEMS)
deformable mirrors.
3

Control of the Radius of Curvature of the test masses

The need to control the radius of curvature of the test mass in GW interferometric detectors
has already been faced in the past: the GEO detector 7 used a ring heater (RH) to change the
ROC of one of the two test masses 8 . The ring was placed on the back of the mirror, radiatively
coupled with the face of the optic.
Compensation and control of the test mass high reflectivity (HR) surfaces will be accomplished in Advanced Virgo with the same technique. The TCS baseline design considers four ring
heaters, one around each test mass. The input mirror RH also provide limited compensation of
thermo-optic effect in the recycling cavities.
In order to study the RH dynamics, an ANSYS coupled thermal-structural FEM has been
developed, modeling a simple radiating ring placed around the barrel of the TM at different

Figure 3: Left: scheme of the positioning of the RH along the barrel of the TM. Right: plot of the TM ROC as
a function of the RH power for different positions, the black horizontal line represents the cold state ROC.

distances from the HR surface. At each position, the model calculates the ROC of the TM as a
function of the RH power. The result is reported in figure 3.
It is found that if the position of the RH is at about 15 cm from the TM HR surface, the
power required to recover the cold state ROC (1416 m) is minimized. It must be underlined that
the simple ring heater is a very inefficient solution, since only a small fraction of the emitted
power reaches the TM. By adding a reflecting shield around the ring heater, the amount of
emitted power reaching the TM will increase, thus decreasing the required total emitted power,
with a consequent increase of the RH dynamics with respect to what shown in figure 3.
The engineered design of the ring heater for Advanced Virgo is in progress, taking into
account two important constraints: high temperature operation and UHV compatibility. Moreover, since the last stage of the suspension system will use coil-magnet actuators for the control
of the mirrors, it is necessary to avoid any stray magnetic field generated by the ring heater. In
fact, the coupling of the RH magnetic field to the actuators would introduce displacement noise
in the detector, limiting its sensitivity.
4

TCS sensors

In Advanced Virgo, each optic with a significant thermal load will be independently monitored.
The HR face of each test mass will be monitored in reflection for deformation. The input test
mass/compensation plate phase profile will be monitored on reflection (either on-axis or off-axis)
from the recycling cavity side.
The thermal aberrations will be sensed by several complementary techniques. To lowest
order, the degree of aberration will be manifest in ITF channels, as it is in Virgo. These are scalar
quantities that reflect only the overall conversion of light from the fundamental cavity mode.
To sense the spatial structure of the cavity mode, phase cameras will sample the interferometer
beam. However, the use of spatial sensors to actively control thermal aberrations has not
yet been demonstrated, and the coupled cavity nature of the ITF could make extracting the
aberrations of individual mirrors very problematic. Therefore, wavefront sensors will probe the
input test masses and beam splitter individually.
The ITM-CP phase profile dedicated sensors consist of a Hartmann Wavefront Sensor (HWS),
and a probe beam whose wavefront contains the thermal aberration information to be sensed.
The working principle of the device is shown in figure 4.
The Hartmann sensor selected for Advanced Virgo is that already developed and charac-

Figure 4: Working principle of the Hartmann Wavefront Sensor: an aberrated wavefront W’ is incident on a
Hartmann plate (HP). The resulting rays propagate a distance L, normal to the wavefront, and are incident on
a CCD. The spot position, x′i , is determined by the centroid of that spot’s intensity profile. The reference spot
positions, xi , (either measured using a non-aberrated wavefront, W or calculated using the hole positions in the
HP) are indicated by the intersection of the dotted lines and the CCD. The gradient of the wavefront at the ith
i
aperture is given by ∂∆W
= ∆x
.
∂x
L

terized on test bench experiments and in the Gingin High Optical Power Test Facility for the
measurement of wavefront distortion 11 .
This sensor 12 has been demonstrated to have a shot-to-shot reproducibility of λ/1450 at 820
nm, which can be improved to λ/15500 with averaging, and with an overall accuracy of λ/6800.
The results indicate that the selected Hartmann sensor is both sufficiently sensitive for
the measurements of absorption-induced wavefront distortions in advanced GW interferometers
and is accurate. A prototype of the sensor is in the Tor Vergata Laboratories for further
characterization and integration into the test facility for the development of the Advanced Virgo
Thermal Compensation System.
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Measuring the Virgo area tilt noise with a laser gyroscope
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We report on the measurements of tilt noise performed at the Virgo site with a ring laser
gyroscope. The apparatus is a He-Ne laser operating in a square cavity mounted on a vertical
plane perpendicular to the north-south arm of the inteferometer. We discuss the possibility
of using the ring laser signal to improve the performances of the control system of the Virgo
seismic suspensions. The comparison between the ring laser signal and the control signals for
the longitudinal traslations of the inverted pendulum (IP) shows remarkable coherence in the
frequency range 20 − 200 mHz.

1

Introduction

Over the last 40 years ring laser gyroscopes became one of the most important instruments in
the field of inertial navigation and precise rotation measurements. They have high resolution,
excellent stability and a wide dynamic range. Furthermore no spinning mechanical parts are
required, so these sensors can be manufactured in a very robust way and with a very high
rejection of linear cinematic and gravitational accelerations from the rotational signal. More
recently, over the last 10 years, mainly thanks to the strong improvement in the mirror manufacture technology, very large perimeter ring laser gyroscopes have found application in Geodesy
and General Relativity tests seem feasible in the near future 1 .
In the last years “G” 2 , a monolithic structure of zerodur (a glass-ceramic with ultra-low
thermal expansion coefficient) supporting a squared cavity 4 m in side, operating by the Geodetic
Observatory of Wettzel (Germany), was able to detect very small rotation signals like the twicedaily variations of the earth rotation axis due to solid earth tides 3 , and the nearly diurnal
retrograde polar motion of the instantaneous rotation pole caused by the lunisolar torques 4 .
Comparable results have also been obtained by the New Zealand ring-laser research group.
Inside the underground laboratory located in Cashmere, Christchurch, New Zealand, operated,
the world largest gyrolaser: the UG2, a rectangle 21 m x 40 m 5 .
In this paper we present the experimental results concerning the use of a meter size gyrolaser
as a very sensitive tilt sensor. The system has been installed inside the Virgo central area with
the aim of performing seismic monitoring and improving the control of the inertial suspensions
of the Virgo interferometer. The control system for the IP works only in four degrees of freedom;
three translational and yaw. Due to the equivalence principle, the linear accelerometers providing
the feedback signals are fundamentally unable to distinguish between linear accelerations and
tilts. The generic response ax (t) of an accelerometer, sensitive to the linear acceleration along
2
the longitudinal direction x̂, is given by: ax (t) = ddt2x + gθ(t) where g is the modulus of the local

gravity vector, and θ(t) is the angle between the direction x̂ and the horizontal plane.
The consequences of the coupling between accelerations and tilts are particularly dramatic for
the active control of the IP 6 . In closed loop conditions a rotation introduces a positive feedback
in the the system and thus extra noise. A direct measurement of the tilt is expected to provide
the correction to the measurement of acceleration and then reduce the overall RMS displacements
of the IP. This would in turn improve the sensitivity performances for the gravitational antenna.
The Advanced Virgo
√ project foreseen the development of tilt sensors having a sensitivity at the
level of 10−8 rad/ Hz in the range 5 − 500 mHz in order to decouple the pure rotational motion
from the linear acceleration measurements (see: Virgo note VIR-027A-09 (26 May 2009)).
In the following we will briefly explain the working principles of laser gyroscope, describe
the experimental apparatus and present some measurements of rotational noise detected during
severe weather conditions, characterized by strong wind.
2

Measurement principle

The principle of ring-laser gyroscopes operation is based on the Sagnac effect. Two optical
beams counter propagating inside the same ring resonator require different times to complete
a round-trip. This time difference is proportional to the angular velocity of the local reference
frame measured with respect to an inertial reference frame. In the case of a rotating active laser
interferometer (gyrolaser) the required resonance condition for sustaining the laser action implies
a different optical frequency for the two beams. This difference in frequency is proportional to the
rotation rate and it is easily measured combining the beams outside the ring and by measuring
their beat frequency. The expression for the optical frequency difference (Sagnac frequency) fS
for a ring laser of perimeter P and an area A takes the following form:
fS =

4A
~
~n · Ω,
λP

(1)

where A is the area enclosed by the optical path inside the cavity, P the perimeter, λ the
optical wavelength, and ~n the area versor. The larger is the ring size, the easier the detection
of the Sagnac frequency. Large size also mitigates the effects of lock-in, a major problem with
the small size active ring lasers. Lock-in is the tendency (typical of coupled oscillators with
similar frequency) of the counter-propagating laser beams to lock to one or the other frequency,
practically blinding the ring laser as rotation sensor. The coupling arises in ring laser usually
because of backscattering: part of radiation of both beams scattered in the counter-rotating
direction. Unlike the small ring lasers used for navigation systems, large gyros easily detect
the Earth rotation, which provides a nearly constant background rotation rate. The Earth
contribution is enough to bias the Sagnac frequency of the gyrolaser described in this paper.
Measuring the local rotations with a resolution at the level of some nrad/s implies to resolve
the Earth rotation rate at the level of 1 part in 105 .
3

Experimental apparatus

The photograph of the experimental apparatus is shown in fig. 1. A 180 mm thick and 1.50 m
in side square granite slab supports the whole mechanical ring and defines the laser cavity
reference frame. A reinforced concrete monument supports the granite table vertically, in order
to measure the rotations around the horizontal direction. The laser resonator is a square optical
cavity, 5.40 m in perimeter and 1.82 m2 in area, enclosed in a vacuum chamber entirely filled
with the active medium gas. A fine movement of two opposite placed boxes along the diagonal
of the square is also possible. This is provided by two piezoelectric transducers that allow the
servo control of the laser cavity perimeter length 7 .

Figure 1: The gyrolaser experimental apparatus installed inside the central area of the Virgo interferometer.

Figure 2: Comparison between the normalized RMS fluctuation of the gyroscope rotation signal and the RMS
value of the wind intensity as measured by an anemometer located outside the Virgo central building.

4

Experimental results

The performances of the laser gyroscope as a tilt sensor have been tested in during a measurement
run in strong wind weather conditions. In fig 2 is sketched the comparison between the RMS
rotational noise and the RMS of the wind intensity. The action of the wind on the building
is expected to induce a local tilt on the basement of the Virgo towers containing the super
attenuators, so to introduce an excess noise in the inertial damping system.
Fig. 3 shows the coherence calculated for the the rotational signal and the position sensor
mounted on top the IP of the north-input and west input towers. A period of 2 hours of strong
wind was selected from the data and the coherence function was calculated using the Welch
periodogram/FFT method, with a time window of 108 s and an overlapping of 50%.
5

Discussion and conclusions

A laser gyroscope operating in a four mirrors ring cavity, 1.35m in side, has been employed to
monitor the local ground tilt of the Virgo central area. The detected rotation, superimposed on
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Figure 3: Coherences between the rotation signal measured by the gyrolaser and the longitudinal displacement
signals measured by LVDTs of the top of the inverted pendulums of the north-input tower (upper graph) and
west-input tower (lower graph). The component of the longitudinal displacement parallel to the plane of the laser
gyroscope is labeled as LVDT X for both the graphs.

the Earth-rate constant bias, resulted to be correlated with the excess noise observed in control
signals for the longitudinal traslations of the inverted pendulum (IP) control signals for the
longitudinal traslations of the (IP) The coherence with the translational degrees of freedom in
the plane of propagation of the gyrolaser beams is at the level of 50% in the frequency range
20 − 200 mHz. This result supports the possibility of employing the gyroscope rotation signal
to increase the stability of the active position control of the Virgo suspensions during severe
weather conditions characterized by strong wind.
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Ground based gravitational wave detectors show extremely high displacement sensitivity which
approaches the level set by the quantum limit. However a detection will likely be achieved
at a low signal-to-noise ratio, making it mandatory to know the noise budget and statistics.
The RareNoise project has pointed out a few mechanisms that cause the instruments to
operate at non-equilibrium states. We argue that this aspect has not been given appropriate
consideration and that it could alter the overall predicted performance of the detector. The
large fluctuations of a nonequilibrium object often differ statistically from those studied at
thermodynamic equilibrium. We present experimental and theoretical activity devised to
further investigate this question.

1

Introduction

Ground-based Gravitational Wave (GW) detectors are so sensitive low-loss macroscopic objects
that managing their thermal fluctuations is a challenging necessity for experimentalists. In fact
the intensity of a typical GW of astrophysical origin does not excite the apparatus well above its
intrinsic noise threshold. Concurrently, the fact that the intrinsic thermal fluctuations of such
low-loss macroscopic objects can be measured is, in and of itself, an impressive achievement,
needing further reflection.
One problem that has so far attracted very little attention is the question as to whether the
detectors’ performance can be hampered by non-equilibrium thermodynamic effects, due to their
peculiar architecture 1 . One example is that of interferometers. Test masses are prone to heating
due to the absorbed laser power, which in turn causes mechanical deformation of the mirrors,
further requiring feedback heating to restore the design optimal geometry 2,3 . By this point,
a typical mirror develops a thermal gradient of several degrees, possibly altering its elastic or
thermodynamic features. Furthermore, the power must be dissipated through the other parts of

the apparatus. This situation is very neatly illustrated in the case of a cryogenic interferometer,
in which mirror suspension fibers will mediate a gradient of 10 to 20 K between the mirror and
the cryogenic thermal bath 4,5 . Another example, which we shall discuss, concerns extra power
exchanged with some electronic feedback mechanism 6,7,8 .
Situations in which thermal equilibrium is not attained are very peculiar and hotly debated
in statistical mechanics. It is almost a general principle that the fluctuations of observables, far
away from the mean, can be very different from those of equilibrium, one example being the
rate of energy dissipation. If GW detectors are not in equilibrium, then it is crucial that we
distinguish an ‘event’ from a mere rare nonequilibrium fluctuation.
One of the few results demonstrated to be applicable with some generality deals with the
probability that the time-average of an observable O of positive mean, say Oτ , assumes values
around +x, over the probability that it assumes values around −x, with τ the duration of the
observation. Loosely speaking, relations have been shown to hold 9 , of the kind,
P (Oτ ≈ x)
∝ eτ x
P (Oτ ≈ −x)

(1)

provided that O satisfies certain criteria. One instance is the case of a harmonic oscillator, i.e.
a precision torsion pendulum 10 , which is excited by an electrical field and dissipates energy
through the fluid it is immersed into, the rate of energy dissipation playing the role of O. As
GW detectors are monitored for long enough time scales, the rare events characterized by Eq.
1 may become observable.
2

The electro-mechanical feedback in AURIGA

A first striking conclusion has been drawn by studying the feedback cooling system that has been
developed recently, in the AURIGA detector 6 . One useful and intuitive mathematical scheme
is to consider the fundamental mode of vibration of the electro-mechanical oscillator modeled
by an instantaneous current I(T ) satisfying a Langevin equation 11 , which in the absence of
feedback would read,
1
q(t) = VT (t)
(2)
C
where L, R and C are circuital parameters explicitly related to the mechanical and circuital
features of the apparatus, while VT (t) is the exciting force due to the thermal cryogenic bath. It
satisfies hVT (t)VT (t′ )i = 2RkB T δ(t − t′ ), T being the temperature and kB Boltzmann’s constant.
Via a feedback apparatus that recycles the current with an appropriate phase shift, to a ‘quasiharmonic’ approximation Eq. (2) turns into 11 ,
˙ + R I(t) +
L I(t)

1
e
˙ + RI(t)
L I(t)
+ q(t) = VT (t)
C

(3)

e is an effective resistance which can be expressed in terms of the feedback parameters
Here, R
e
The ratio R/R
> 1 quantifies the extra damping, and therefore the effective ‘cooling’. The current around the resonance preserves its approximate Lorentzian shape, with a modified quality
factor decreased precisely by the mentioned ratio.
While this paradigm which describes the feedback to have the effect of ‘cooling’ the system
is suggestive and useful for some purposes, it may be misleading if taken too literally. The
thermodynamic balance 11 is completely different from that at a mere lowered T . Take for
instance the heat absorbed by the oscillator averaged over a time interval of duration τ , Qτ ,
or the power injected by the (stochastic) thermal force, Pτ , which would both have zero mean
without the feedback. Now we have,

e ≫ R)
Pτ = Qτ + Qτ(→bath) (≃ Qτ if R

Qτ = ∆Uτ + Wτ ;
(→bath)

(4)

∆Uτ is the stored energy, Qτ
the heat dissipated toward the bath. The key is Wτ , the work
done on the feedback by the oscillator, which is an entirely new factor in the thermodynamic
balance. It is strictly positive in the quasi harmonic approximation of Eq. 3. More surprisingly,
Pτ satisfies relations other than Eq. 1. Indeed, writing Oτ = Pτ L/(kB T R), we now have,
P (O ≈ x)
∝ eaτ x (small x);
P (O = −x)

P (O ≈ x)
∝ ebτ x (large x)
P (O = −x)

(5)

e
with a/b = 16/7 12 , a and b dependent on R.
A step further in the characterization of the feedback effect can be obtained by abandoning
the quasi harmonic approximation and writing a Langevin equation with explicit memory terms,
a more correct expression for the dynamical evolution of the current. The formalism is far from
trivial and is treated elsewhere 13 . One obtains an improved prediction for the power spectrum of
the current I(t), SI (ω), which reveals the possibility that the resonance frequency be fine tuned,
by adjusting the cut-off frequency of the low-pass filter, Ω. Figure 1 illustrates one example.
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Figure 1: Thin solid line is a Lorenzian curve representing the power spectrum of the current in the absence
of feedback. The two thick solid lines approximate Lorenzians and represent two instances in which the control
frequency Ω (the low-pass cut-off) is varied, to illustrate the shift of the resonance frequency. The effective
e is kept fixed. The damping effect is visible in both cases.
resistance R

3

Oscillators with gradients - the RareNoise project

The RareNoise project 1 deals with the systematic study of fluctuations of oscillators of high
quality factors, which are subject to thermal gradients. As mentioned, this is a situation more
reminiscent of interferometric detectors. Other than the implementation of a thermal gradient,
crucial aspects are the possibility to control the effect of the bath temperature and of the quality
factor of the material. One dimensional models of molecular dynamics have also been devised to
mimic the thermo-elastic properties of solids. These models are very simple, hence their length
vibrations and thermal fluctuations are more easily controllable and measurable than in more

realistic, but more complicated, models. Indeed, they provide qualitative agreement with real
solids, for example the behavior of their elastic constant E with temperature, see Figure 2 More
advanced, 3 dimensional models of molecular dynamics are also being developed. Together with
the ongoing experiment, they will provide the groundwork for advancing our knowledge in both
GW detectors, and general nonequilibrium problems.
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Figure 2: Elastic constants E for classical MD simulations of one-dimensional models with two different interatomic
potentials, referred to the extrapolated constant at zero temperature (harmonic oscillators).
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GRAVITATION AT SHORT DISTANCES : THEORY
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Lowering the string scale in the TeV region provides a theoretical framework for solving the
mass hierarchy problem and unifying all interactions. The apparent weakness of gravity can
then be accounted by the existence of large internal dimensions, in the submillimeter region,
and transverse to a braneworld where our universe must be confined. I review the main
properties of this scenario, as well as the warped case, and its implications for observations at
non-accelerator gravity experiments.

1

Strings and extra dimensions

In all physical theories, the number of dimensions is a free parameter fixed to three by observation, with one exception: string theory, which predicts the existence of six new spatial dimensions
(seven in the case of M-theory). For a long time, string physicists thought that strings were
extremely thin, having the smallest possible size of physics, associated to the Planck length
∼ 10−35 meters. However, the situation changed drastically over the recent years. It has been
realized that the “hidden” dimensions of string theory may be much larger than what we thought
in the past and they become within experimental reach in the near future, together with the
strings themselves 1,2,3 . These ideas lead in particular to experimental tests of string theory that
can be performed in particle colliders, such as LHC.
The main motivation came from considerations of the so-called mass hierarchy problem: why
the gravitational force remains much weaker than the other fundamental forces (electromagnetic,
nuclear strong and weak), at least up to present energies? In a quantum theory, the masses of
elementary particles receive important quantum corrections which are of the order of the higher
energy scale present in the theory. Thus, in the presence of gravity, the Planck mass MP ∼ 1019
GeV attracts all Standard Model particles to become 1016 times heavier than what they are. To
avoid this catastrophy, one has to adjust the parameters of the theory up to 32 decimal places,
resulting in a very ugly fine tuning.
A possible solution is provided by the introduction of supersymmetry, which may be a new
fundamental symmetry of matter. One of its main predictions is that every known elementary
particle has a partner, called superparticle. Since none of these superparticles have ever been
produced in accelerators, they should be heavier than the observed particles. Supersymmetry
should therefore be broken. However, protection of the mass hierarchy requires that its breaking
scale, i.e. the mass splitting between the masses of ordinary particles and their partners, cannot
be larger than a few TeV. They can therefore be produced at LHC, which will test the idea of
supersymmetry 4 .
a
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On the other hand, a new idea was proposed that solves the problem if the fundamental
string length is fixed to 10−18 − 10−19 meters 3 . In this case, quantum corrections are controlled
by the string scale, which is in the TeV region, and do not destabilize the masses of elementary
particles. Moreover, it offers the remarkable possibility that string physics may be testable soon
in particle colliders.
2

The string scale at the TeV

An attractive and calculable framework allowing the dissociation of the string and Planck scales
without contradicting observations is provided by the so-called type I string theory. In this
theory, gravity is described by closed strings which propagate in all nine dimensions of space,
while matter and all other Standard Model interactions are described by open strings ending on
the so-called D-branes (where D stands for Dirichlet) 5 . This leads to a braneworld description
of our universe, localized on a hypersurface, i.e. a membrane extended in p spatial dimensions,
called p-brane (see Figure 1). Closed strings propagate in all nine dimensions of string theory:
in those extended along the p-brane, called parallel, as well as in the transverse ones. On the
contrary, open strings are attached on the p-brane. Obviously, our p-brane world must have
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Figure 1: In the type I string framework, our Universe contains, besides the three known spatial dimensions

(denoted by a single blue line), some extra dimensions (dk = p − 3) parallel to our world p-brane (green
plane) where endpoints of open strings are confined, as well as some transverse dimensions (yellow space)
where only gravity described by closed strings can propagate.

at least the three known dimensions of space. But it may contain more: the extra dk = p − 3
parallel dimensions must have a finite size, in order to be unobservable at present energies, and
can be as large as TeV−1 ∼ 10−18 m 1 . On the other hand, transverse dimensions interact with
us only gravitationally and experimental bounds are much weaker: their size could reach 0.1

mm 6 .
In the framework of type I string theory, the string scale Ms can be lowered in the TeV
region at the expense of introducing large transverse dimensions of size much bigger than the
string length. Actually, the string scale fixes the energy at which gravity becomes strongly
coupled with a strength comparable to the other three interactions, realizing the unification of
all fundamental forces at energies lower by a factor 1016 from what we thought in past. On
the other hand, gravity appears to us very weak at macroscopic distances because its intensity
is spread in the large extra dimensions 2 . The basic relation between the fundamental (string)
scale and the observed gravitational strength is:
total force = observed force × transverse volume ,
expressing the Gauss law for higher-dimensional gravity. In order to increase the gravitational
force at the desired magnitude without contradicting present observations, one has to introduce
at least two extra dimensions of size that can be as large as a fraction of a millimeter. At
distances smaller than the size of extra dimensions, gravity should start deviate from Newton’s
law, which may be possible to explore in laboratory tabletop experiments 6,7,8 (see Figure 2).

Figure 2: Torsion pendulum that tested the validity of Newton’s law at 55 µm.

Type I string theory provides a realization of this idea in a coherent theoretical framework.
Calculability of the theory implies that parallel dimensions should not be much bigger than
the string length, while the size of transverse dimensions is fixed from the observed value of
Newton’s constant; it should thus vary from the fermi scale (10−14 meters) to a fraction of a
millimeter, depending on their number (varying from six to two, respectively). It is remarkable
that this possibility is consistent with present observations and presents a viable and theoretically
well motivated alternative to low energy supersymmetry, offering simultaneously a plethora of
spectacular new phenomena that can be tested in laboratory experiments and be a surprise in
LHC and other particle accelerators. The main experimental signal is gravitational radiation
in the bulk from any physical process on the world-brane, that gives rise to missing-energy.
Explicit computation of these effects leads to the collider bounds given in Table 1.

Table 1: Collider bounds on the size of gravitational extra dimensions R⊥ in mm.
Experiment

LEP 2
Tevatron
LHC

3

n=2
5 × 10−1
5 × 10−1
4 × 10−3

n=4
2 × 10−8
10−8
6 × 10−10

n=6
7 × 10−11
4 × 10−11
3 × 10−12

Short range forces

There are three categories of predictions in “table-top” experiments that measure gravity at
short distances:
(i) Deviations from the Newton’s law 1/r 2 behavior to 1/r 2+n , which can be observable for
n = 2 large transverse dimensions of sub-millimeter size. This case is particularly attractive on
theoretical grounds because of the logarithmic sensitivity of Standard Model couplings on the
size of transverse space 9 , that allows to determine the hierarchy 10 .
(ii) New scalar forces in the sub-millimeter range, related to the mechanism of supersymmetry
breaking, and mediated by light scalar fields ϕ with masses:
mϕ ≃

m2susy
≃ 10−4 − 10−6 eV ,
MP

(1)

for a supersymmetry breaking scale msusy ≃ 1 − 10 TeV. They correspond to Compton wavelengths of 1 mm to 10 µm. msusy can be either the compactification scale of parallel dimensions
1/Rk if supersymmetry is broken by compactification 11 , or the string scale if it is broken “maximally” on our world-brane 2,3 . A universal attractive scalar force is mediated by the radion
modulus ϕ ≡ MP ln R, with R the radius of the longitudinal (Rk ) or transverse (R⊥ ) dimension(s). In the former case, the result (1) follows from the behavior of the vacuum energy density
Λ ∼ 1/Rk4 for large Rk (up to logarithmic corrections). In the latter, supersymmetry is broken
primarily on the brane, and thus its transmission to the bulk is gravitationally suppressed, leading to (1). For n = 2, there may be an enhancement factor of the radion mass by ln R⊥ Ms ≃ 30
decreasing its wavelength by an order of magnitude 10 .
The coupling of the radius modulus to matter relative to gravity can be easily computed
and is given by:
 ∂ ln Λ
QCD
1

 ∂ ln R ≃ 3 for Rk
1 ∂M
√
; αϕ =
(2)
αϕ =

M ∂ϕ
 2n
n+2 = 1 − 1.5 for R⊥
where M denotes a generic physical mass. In the longitudinal case, the coupling arises dominantly through the radius dependence of the QCD gauge coupling 11 , while in the case of
transverse dimension, it can be deduced from the rescaling of the metric which changes the
string to the Einstein frame and depends slightly on the bulk dimensionality (α = 1 − 1.5 for
n = 2 − 6) 10 . Such a force can be tested in microgravity experiments and should be contrasted
with the change of Newton’s law due the presence of extra dimensions that is observable only
for n = 2 6,7 . The resulting bounds for the higher dimensional gravity scale M∗ , from an analysis
of the radion effects, are 12 :
M∗ >
(3)
∼ 6 TeV (for R⊥ ) .
In principle there can be other light moduli which couple with even larger strengths. For
example the dilaton, whose vacuum expectation value determines the string coupling, if it does
not acquire large mass from some dynamical mechanism, can lead to a force of strength 2000
times bigger than gravity 13 .
(iii) Non universal repulsive forces much stronger than gravity, mediated by possible abelian

gauge fields in the bulk 2,14 . Such fields acquire tiny masses of order Ms2 /MP , as in (1), due
to brane localized anomalies 14 . Although their gauge coupling is infinitesimally small, gA ∼
Ms /MP ≃ 10−16 , it is still bigger that the gravitational coupling E/MP for typical energies
E ∼ 1 GeV, and the strength of the new force would be 106 − 108 stronger than gravity.
In Figure 3 we depict the actual information from previous, present and upcoming experiments 6,7,8 . The solid lines indicate the present limits from the experiments indicated. The

Figure 3: Present limits on new short-range forces (yellow regions), as a function of their range λ and

their strength relative to gravity α. The limits are compared to new forces mediated by the graviton in
the case of two large extra dimensions, and by the radion.

excluded regions lie above these solid lines. Measuring gravitational strength forces at short
distances is challenging. The horizontal lines correspond to theoretical predictions, in particular
for the graviton in the case n = 2 and for the radion in the transverse case. Finally, in Figures. 4, 5 and 6, recent improved bounds for new forces at very short distances are displayed by
focusing on the left hand side of Figure 3, near the origin 7,8 .
4

Warped spaces

Braneworld models in curved space (warped metric) with non-compact extra dimensions may
lead also to gravity modification at short distances. In particular in RS2, space-time is a slice
of anti de Sitter space (AdS) in d = 5 dimensions while our universe forms a four-dimensional
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Figure 4: Bounds on non-Newtonian forces in the range 6-20 µm (see S. J. Smullin et al. 7 ).

(4d) flat boundary 15 . The 4d Planck mass is given by: MP2 = M∗3 /k, with k2 = −Λ/24M∗3 in
terms of the 5d cosmological constant Λ. Note that MP is finite, despite the non-compact extra
dimension in the 5d AdS space, because of the finite internal volume. As a result, gravity is
kept localized on the brane, while the Newtonian potential gets corrections, 1/r + 1/k2 r 3 , which
are identical with those arising in the compact case of two flat extra dimensions. Using the
8
experimental limit k−1 <
∼ 0.1 mm, one finds a bound for the 5d gravity scale M∗ >
∼ 10 GeV,
corresponding to a brane tension T >
∼ 1 TeV. Notice that this bound is not valid in the compact
case of six extra dimensions, because their size is in the fermi range and thus the 1/r 3 deviations
of Newton’s law are cutoff at shorter distances.
In the presence of the string dilaton, the RS setup has a different solution, which is a linear
dilaton background with flat metric in the string frame 16 . An exponential hierarchy is then
obtained via the string coupling gs2 = e−αrc with α a mass parameter and rc the distance of the
Planck from the Standard Model brane in the 5th dimension. The 4d Planck mass is now given
3
by: MP2 ∼ Mα∗ eαrc . This case extrapolates between flat extra dimension and RS warping with
a graviton Kaluza-Klein spectrum m2n = (nπ/rc )2 + α2 /4. Because of the mass gap given by α,
one extra dimension is possible, for α−1 <
∼ 0.1 mm with possible deviations of Newton’s law in
microgravity experiments.
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Figure 5: Bounds on non-Newtonian forces in the range of 10-200 nm (see R. S. Decca et al. in Ref. 7 ).

Curves 4 and 5 correspond to Stanford and Colorado experiments, respectively, of Figure 4 (see also
J C. Long and J. C. Price of Ref. 7 ).
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CASIMIR AND SHORT-RANGE GRAVITY TESTS
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Comparison with theory of Casimir force measurements are used to test the gravity force
law at ranges from 0.1 to 10 micrometers. The interest of such tests depends crucially on
the theoretical evaluation of the Casimir force in realistic experimental configurations. We
present the scattering approach which is nowadays the best tool for such an evaluation. We
then describe the current status of the comparisons between theory and experiments.

1

Introduction

The Casimir effect is an observable effect of quantum vacuum fluctuations which deserves careful
attention as a crucial prediction of quantum field theory 1,2,3,4,5,6 .
Casimir physics also plays an important role in the tests of gravity at sub-millimeter ranges 7,8 .
Strong constraints have been obtained in short range Cavendish-like experiments 9,10 . For scales
of the order of the micrometer, similar tests are performed by comparing with theory the results of Casimir force measurements 11,12 . At even shorter scales, the same can be done with
atomic 13,14,15 or nuclear 16,17 force measurements. A recent overview of these short-range tests
can be found in 18 .
In the following, we focus our attention on Casimir tests of the gravity force law. They are
performed at distances from 0.1 to 10 micrometers for which the Casimir force dominates the
standard gravity force. It follows that the hypothetical new force would be seen as a difference
between the experimental result Fexp and theoretical prediction Fth . This implies that these
two quantities have to be assessed independently from each other. This situation should clearly
forbid anyone to use theory-experiment comparison to prove (or disprove) a specific experimental
result or theoretical model.
2

The problem of vacuum energy

Before entering this discussion, we want to emphasize that the Casimir effect has a fascinating
interface with the puzzles of gravitational physics through the problem of vacuum energy 19,20,21 .
Nernst was the first physicist to notice as soon as in 1916 that zero-point fluctuations of
the electromagnetic field constituted a challenge for gravitation theory 22,23 . The very existence
of these fluctuations dismisses the classical idea of an empty space. When the vacuum energy
density is calculated by adding the zero-point energies over all field modes, an infinite value is
obtained. When a high frequency cutoff is introduced, the sum is finite but still much larger
than the mean energy observed through gravitational phenomena 24,25 .

This problem has led famous physicists to deny the reality of vacuum fluctuations. In
particular, Pauli crudely stated in his textbook on Wave Mechanics 26 :
At this point it should be noted that it is more consistent here, in contrast to the
material oscillator, not to introduce a zero-point energy of 21 h̄ω per degree of freedom.
For, on the one hand, the latter would give rise to an infinitely large energy per unit
volume due to the infinite number of degrees of freedom, on the other hand, it would
be principally unobservable since nor can it be emitted, absorbed or scattered and
hence, cannot be contained within walls and, as is evident from experience, neither
does it produce any gravitational field.
A part of these statements is simply unescapable : the mean value of vacuum energy does
not contribute to gravitation as an ordinary energy. This is just a matter of evidence since the
universe would look very differently otherwise. But it is certainly no longer possible to uphold
today that vacuum fluctuations have no observable effects. Certainly, vacuum fluctuations can be
emitted, absorbed, scattered... as shown by their numerous effects in atomic 27 and subatomic 28
physics. And the Casimir effect 29 is nothing but the physical effect produced by vacuum
fluctuations when they are contained within walls.
3

The Casimir force in the ideal and real cases

Casimir calculated the force between a pair of perfectly smooth, flat and parallel plates in the
limit of zero temperature and perfect reflection. He found universal expressions for the force
FCas and energy ECas
FCas = −

dECas
dL

,

ECas = −

h̄cπ 2 A
720L3

(1)

with L the distance, A the area, c the speed of light and h̄ the Planck constant. This universality
is explained by the saturation of the optical response of perfect mirrors which reflect 100% (no
less, no more) of the incoming fields. In particular the expressions FCas and ECas do not depend
on the atomic structure constants. Of course, this idealization is no longer tenable for the real
mirrors used in the experiments.
The effect of imperfect reflection is large in most experiments, and a precise knowledge of its
frequency dependence is essential for obtaining a reliable theoretical prediction 30 . Meanwhile,
experiments are performed at room temperature so that the effect of thermal fluctuations has
to be added to that of vacuum 31,32 . Then, precise experiments are performed between a plane
and a sphere whereas calculations are often devoted to the geometry of two parallel planes.
The estimation of the force in the plane-sphere geometry involves the so-called Proximity Force
Approximation (PFA) 33 which amounts to averaging over the distribution of local inter-plate
distances the force calculated in the two-planes geometry. But the PFA can only be valid when
the radius R is much larger than the separation L and even in this case its accuracy has to be
assessed.
4

The calculation of the force in the scattering approach

The best tool available for addressing these questions is the scattering approach. This approach
has been used for years for evaluating the Casimir force between non perfectly reflecting mirrors 34,35 . It is today the best solution for calculating the force in arbitrary geometries 36,37 .
The basic idea is that mirrors are described by their scattering amplitudes. When studying
first the geometry of two plane and parallel mirrors aligned along the axis x and y, these amplitudes are specular reflection and transmission amplitudes (r and t) which depend on frequency

ω, the transverse vector k ≡ (kx , ky ) and the polarization p = TE, TM (all these quantities
being preserved by scattering). Two mirrors form a Fabry-Perot cavity described by a global
S−matrix which can be evaluated from the elementary S−matrices associated with the two mirrors. Thermal equilibrium is here assumed for the whole system cavity + fields. Care has to be
taken to account for the contribution of evanescent waves besides that of ordinary modes freely
propagating outside and inside the cavity. The properties of the evanescent waves are described
through an analytical continuation of those of ordinary ones, using the well defined analytic
behavior of the scattering amplitudes. At the end of this derivation, this analytic properties are
also used to perform a Wick rotation from real to imaginary frequencies.
The sum of the phaseshifts associated with all field modes leads to the expression of the
Casimir free energy F
F=

XX
k

r ≡ r1 r2

kB T

X

p

0

d(iξ, k, p) = 1 − r(iξ, k, p)e−2κL

ln d(iξm , k, p) ,

(2)

m

,

ξm

2πmkB T
≡
h̄

s

,

κ≡

k2 +

ξ2
c2

2

≡ A d4πk2 is the sum over transverse wavevectors with A the area of the plates, p the
P
sum over polarizations and 0m the Matsubara sum (sum over positive integers m with m = 0
counted with a weight 21 ); r is the product of the reflection amplitudes of the mirrors as seen by
the intracavity field; ξ and κ are the counterparts of frequency ω and longitudinal wavevector
kz after the Wick rotation.
This expression reproduces the Casimir ideal formula in the limits of perfect reflection r → 1
and null temperature T → 0. But it is valid and regular at thermal equilibrium at any temperature and for any optical model of mirrors obeying causality and high frequency transparency
properties. It has been demonstrated with an increasing range of validity in 34 , 35 and 36 . The
expression is valid not only for lossless mirrors but also for lossy ones. In the latter case, it
accounts for the additional fluctuations accompanying losses inside the mirrors.
It can thus be used for calculating the Casimir force between arbitrary mirrors, as soon as
the reflection amplitudes are specified. These amplitudes are commonly deduced from models of
mirrors, the simplest of which is the well known Lifshitz model 38,39 which corresponds to semiinfinite bulk mirrors characterized by a local dielectric response function ε(ω) and reflection
amplitudes deduced from the Fresnel law.
In the most general case, the optical response of the mirrors cannot be described by a local
dielectric response function. The expression (2) of the free energy is still valid in this case with
reflection amplitudes to be determined from microscopic models of mirrors. Attempts in this
direction can be found for example in 40,41,42 .
P

k

5

R

P

The case of metallic mirrors

The most precise experiments have been performed with metallic mirrors which are good reflectors only at frequencies smaller than their plasma frequency ωP . Their optical response is
described by a reduced dielectric function usually written at imaginary frequencies ω = iξ as
ε [iξ] = ε̂ [iξ] +

σ [iξ]
ξ

,

σ [iξ] =

ωP2
ξ+γ

(3)

The function ε̂ [iξ] represents the contribution of interband transitions and is regular at the limit
ξ → 0. Meanwhile σ [iξ] is the reduced conductivity (σ is measured as a frequency and the SI
conductivity is 0 σ) which describes the contribution of the conduction electrons.

A simplified description corresponds to the lossless limit γ → 0 often called the plasma
model. As γ is much smaller than ωP for a metal such as Gold, this simple model captures the
main effect of imperfect reflection. However it cannot be considered as an accurate description
since a much better fit of tabulated optical data is obtained 30 with a non null value of γ.
Furthermore, the Drude model γ 6= 0 meets the important property of ordinary metals which
have a finite static conductivity
σ0 =

ωP2
γ

(4)

This has to be contrasted to the lossless limit which corresponds to an infinite value for σ0 .
When taking into account the imperfect reflection of the metallic mirrors, one finds that the
Casimir force is reduced with respect to the ideal Casimir expression at all distances for a null
temperature 30 . This reduction is conveniently represented as a factor
ηF =

F
FCas

F =−

,

∂F
∂L

(5)

where F is the real force and FCas the ideal expression. For the plasma model, there is only one
length scale, tha plasma wavelength λP = 2πc/ωP in the problem (136nm for Gold). The ideal
Casimir formula is recovered (ηF → 1) at large distances L  λP , as expected from the fact
that metallic mirrors tend to be perfect reflectors at low frequencies ω  ωP . At short distances
in contrast, a significant reduction of the force is obtained (ηF  1), which scales as L/λP , as a
consequence of the fact that metallic mirrors are poor reflectors at high frequencies ω  ωP . In
other words, there is a change in the power law for the variation of the force with distance. This
change can be understood as the result of the Coulomb interaction of surface plasmons living at
the two matter-vacuum interfaces 43,44 .
As experiments are performed at room temperature, the effect of thermal fluctuations has
to be added to that of vacuum fields 45 . Significant thermal corrections appear at distances L
larger than a critical distance determined by the thermal wavelength λT (a few micrometers at
room temperature). Boström and Sernelius were the first to remark that the small non zero
value of γ had a significant effect on the force at non null temperatures 46 . In particular, there
is a large difference at large distances between the expectations calculated for γ = 0 and γ 6= 0,
their ratio reaching a factor 2 when L  λT . It is also worth emphasizing that the contribution
of thermal fluctuations to the force is opposite to that of vacuum fluctuations for intermediate
ranges L ∼ λT .
This situation has led to a blossoming of contradictory papers (see references in 47,48,49 ). As
we will see below, the contradiction is also deeply connected to the comparison between theory
and experiments.
6

The non-specular scattering formula

We now present a more general scattering formula allowing one to calculate the Casimir force
between stationary objects with arbitrary geometries. The main generalization with respect to
the already discussed cases is that the scattering matrix S is now a larger matrix accounting
for non-specular reflection and mixing different wavevectors and polarizations while preserving
frequency. Of course, the non-specular scattering formula is the generic one while specular
reflection can only be an idealization.
The Casimir free energy can be written as a generalization of equation (2)
F = kB T

X

0

Tr ln D(iξm )

m

D = 1 − R1 exp−KL R2 exp−KL

(6)

The symbol Tr refers to a trace over the modes at a given frequency. The matrix D is the
denominator containing all the resonance properties of the cavity formed by the two objects 1
and 2 here written for imaginary frequencies. It is expressed in terms of the matrices R1 and
R2 which represent reflection on the two objects 1 and 2 and of propagation factors exp−KL .
Note that the matrices D, R1 and R2 , which were diagonal on the basis of plane waves when
they described specular scattering, are no longer diagonal in the general case of non specular
scattering. The propagation factors remain diagonal in this basis with their diagonal values
written as in (2). Clearly the expression (6) does not depend on the choice of a specific basis.
But it may be written in specific basis fitting the geometry under study.
The multiple scattering formalism has been used in the past years by different groups using
different notations (see as examples 50,51,52 ) and numerous applications have been considered. In
particular, the case of corrugated plates or gratings has been extensively studied 53,54,55,56 and
it has given rise to interesting comparisons with experiments 57,58,59 . Note also that calculations
have been devoted to the study of atoms in the vicinity of corrugated plates 60,61,62 .
7

The plane-sphere geometry beyond PFA

Recently, it has also become possible to use the general scattering formula to obtain explicit
evaluations of the Casimir force in the plane-sphere geometry. Such calculations have first
been performed for perfectly reflecting mirrors 63 . They have then been done for the more
realistic case of metallic mirrors described by a plasma model dielectric function 64 . Even more
recently, calculations were made which treat simultaneously plane-sphere geometry and non zero
temperature, with dissipation taken into account 65 .
In these calculations, the reflection matrices are written in terms of Fresnel amplitudes for
plane waves on the plane mirror and of Mie amplitudes for spherical waves on the spherical
mirror. The scattering formula is then obtained by writing also transformation formulas from
the plane waves basis to the spherical waves basis and conversely. The energy takes the form
of an exact multipolar formula labeled by a multipolar index `. When doing the numerics,
the expansion is truncated at some maximum value `max , which degrades the accuracy of the
resulting estimation for very large spheres x ≡ L/R < xmin with xmin proportional to `−1
max .
The results of these calculations may be compared to the experimental study of PFA in the
plane-sphere geometry 66 . In this experiment, the force gradient is measured for various radii of
the sphere and the results are used to obtain a constraint |βG | < 0.4 on the slope at origin βG
of the function ρG (x)
ρG =

G
GPFA

= 1 + βG x + O(x2 ) ,

x≡

L
R

(7)

The slope obtained by interpolating at low values of x our theoretical evaluation of ρG reveals
perf
a striking difference between the cases of perfect and plasma mirrors. The slope βG
obtained
Gold
for perfect mirrors is larger than that βG obtained for gold mirrors by a factor larger than 2
perf
βG
∼ −0.48

,

Gold
βG
∼ −0.21

(8)

Gold is compatible with the experimental bound whereas β perf is not 64 .
As a result, βG
G
The effect of temperature is also correlated with the plane-sphere geometry. The first calculations accounting simultaneously for plane-sphere geometry, temperature and dissipation have
been published very recently 65 and they show several striking features. The factor of 2 between
the long distance forces in Drude and plasma models is reduced to a factor below 3/2 in the
plane-sphere geometry. Then, PFA underestimates the Casimir force within the Drude model
at short distances, while it overestimates it at all distances for the perfect reflector and plasma

model. If the latter feature were conserved for the experimental parameter region R/L (> 102 ),
the actual values of the Casimir force calculated within plasma and Drude model could turn
out to be closer than what PFA suggests. This would affect the discussion of the next section,
which is still based on calculations using PFA.
8

Discussion of experiments

We end up this review by discussing the status of comparisons between Casimir experiments
and theory. We emphasize that, after years of improvement in experiments and theory, we have
to face a lasting discrepancies in their comparison.
On one side, the Purdue and Riverside experiments 67,68,69 appear to favor predictions obtained with γ = 0 rather than those corresponding to the expected γ 6= 0 (see Fig.1 in 68 ). This
result stands in contradiction to the fact that Gold has a finite conductivity. Note that these
experiments are done at distances smaller than 0.75µm where the thermal contribution is small,
so that accuracy is a critical issue here.
On the other side, a new experiment at Yale 70 has been able to measure the force at larger
distances (0.7µm-7µm) where the thermal contribution is larger and the difference between the
predictions at γ = 0 and γ 6= 0 significant. The results favor the expected Drude model (γ 6= 0),
but only after subtraction of a large contribution of the patch effect.
It is worth emphasizing that the results of the new experiment see a significant thermal
contribution and fit the expected model. Of course, they have to be confirmed by further
studies 71 . In particular, the electrostatic patch effect remains a source of concern in Casimir
experiments 72,73 . It is not measured independently in any of the experiments discussed above.
This means that the Casimir effect, which is now verified in several experiments, is however not
tested at the 1% level, as has been sometimes claimed. This also entails that the tests of gravity
at the micrometer range have still room available for improvement.
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A. Lambrecht and S. Reynaud, Poincaré Seminar on Vacuum Energy and Renormalization
1 107 (2002) [arXiv:quant-ph/0302073] and references therein.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

R. Onofrio, New J. Phys. 8 237 (2006).
P. Wolf, P. Lemonde, A. Lambrecht et al, Phys. Rev. A 75 063608 (2007).
S. Lepoutre et al, EPL 88 20002 (2009).
B. Pelle et al, in this book.
V.V. Nesvizhevsky et al, Phys. Rev. D 77 034020 (2008).
V.V. Nesvizhevsky et al, in this book.
I. Antoniadis, S. Baessler, M. Buchner, V.V. Fedorov, S. Hoedl, V.V. Nesvizhevsky, G.
Pignol, K.V. Protasov, S. Reynaud and Yu. Sobolev, Compt. Rend. Acad. Sci. (2011).
C. Genet, A. Lambrecht and S. Reynaud, in On the Nature of Dark Energy eds. U. Brax,
J. Martin, J.P. Uzan, 121 (Frontier Group, 2002) [arXiv:quant-ph/0210173].
M.-T. Jaekel and S. Reynaud, in Mass and Motion in General Relativity, eds L. Blanchet,
A. Spallicci and B. Whiting 491 (2011) [arXiv:0812.3936] and references therein.
M.-T. Jaekel et al, in this book.
W. Nernst, Verh. Deutsch. Phys. Ges. 18 83 (1916).
P.F. Browne, Apeiron 2 72 (1995).
S. Weinberg, Rev. Mod. Phys. 61 1 (1989).
R.J. Adler, B. Casey and O.C. Jacob, Am. J. Phys. 63 620 (1995).
W. Pauli, Die Allgemeinen Prinzipien der Wellenmechanik, in Handbuch der Physik 24
1 (1933); translation reproduced from Enz C.P., in Enz C.P. andMehra J. eds, Physical
Reality andMathematical Description (Reidel, 1974) p.124.
C. Cohen-Tannoudji, J. Dupont-Roc and G. Grynberg, Atom-Photon Interactions (Wiley,
1992).
C. Itzykson and J.-B. Zuber, Quantum Field Theory (McGraw Hill, 1985).
H.B.G. Casimir, Proc. K. Ned. Akad. Wet. 51 793 (1948).
A. Lambrecht and S. Reynaud, Euro. Phys. J. D 8 309 (2000).
J. Mehra, Physica 37 145 (1967).
J. Schwinger, L.L. de Raad and K.A. Milton, Ann. Phys. 115 1 (1978).
B.V. Deriagin, I.I. Abrikosova and E.M. Lifshitz, Quart. Rev. 10 295 (1968).
M.T. Jaekel and S. Reynaud, J. Physique I 1 1395 (1991) [arXiv:quant-ph/0101067].
C. Genet, A. Lambrecht and S. Reynaud, Phys. Rev. A 67 043811 (2003).
A. Lambrecht, P.A. Maia Neto and S. Reynaud, New J. Phys. 8 243 (2006).
A. Lambrecht, A. Canaguier-Durand, R. Guérout, and S. Reynaud, in 6 [arXiv:1006.2959].
E.M Lifshitz, Sov. Phys. JETP 2 73 (1956).
I.E. Dzyaloshinskii, E.M. Lifshitz and L.P. Pitaevskii, Sov. Phys. Uspekhi 4 153 (1961).
L.P. Pitaevskii, Phys. Rev. Lett. 101 163202 (2008); Phys. Rev. Lett. 102 189302 (2009);
B. Geyer et al, Phys. Rev. Lett. 102 189301 (2009).
D.A.R. Dalvit and S.K. Lamoreaux, Phys. Rev. Lett. 101 163203 (2008); Phys. Rev.
Lett. 102 189304 (2009); R.S. Decca et al, Phys. Rev. Lett. 102 189303 (2009).
V.B. Svetovoy, Phys. Rev. Lett. 101 163603 (2008); Phys. Rev. Lett. 102 219903 (E)
(2009).
C. Genet, F. Intravaia, A. Lambrecht, and S. Reynaud, Ann. Found. L. de Broglie 29 311
(2004).
F. Intravaia and A. Lambrecht, Phys. Rev. Lett. 94 110404 (2005).
C. Genet, A. Lambrecht and S. Reynaud, Phys. Rev. A 62 012110 (2000) and references
therein.
M. Boström and Bo E. Sernelius, Phys. Rev. Lett. 84 4757 (2000).
S. Reynaud, A. Lambrecht and C. Genet, in Quantum Field Theory Under the Influence of
External Conditions, ed. K.A.Milton (Rinton Press, 2004) p.36 [arXiv:quant-ph/0312224].
I. Brevik, S.A. Ellingsen and K. Milton, New J. Phys. 8 236 (2006).
G.-L. Ingold, A. Lambrecht and S. Reynaud, Phys. Rev. E 80 041113 (2009).

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

T. Emig, J. Stat. Mech.: Theory Exp. P04007 (2008).
O. Kenneth and I. Klich, Phys. Rev. B 78 014103 (2008).
K.A. Milton and J. Wagner, J. Phys. A 41 155402 (2008).
R.B. Rodrigues, P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev. Lett. 96
100402 (2006); Phys. Rev. Lett. 98 068902 (2007).
R.B. Rodrigues, P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev. A 75 062108
(2007).
R.B. Rodrigues, P.A. Maia Neto, A. Lambrecht and S. Reynaud, EPL 76 822 (2006).
A. Lambrecht and V.N. Marachevsky, Phys. Rev. Lett. 101 160403 (2008); A. Lambrecht,
Nature 454 836 (2008).
H.B. Chan, Y. Bao, J. Zou et al, Phys. Rev. Lett. 101 030401 (2008).
H.C. Chiu, G.L. Klimchitskaya, V.N. Marachevsky et al, Phys. Rev. B 80 121402 (2009).
Y. Bao, R. Gurout, J. Lussange et al, Phys. Rev. Lett. 105 250402 (2010).
D.A.R. Dalvit, P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev. Lett. 100
040405 (2008).
R. Messina, D.A.R. Dalvit, P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev.
A 80 022119 (2009).
A.M. Contreras-Reyes, R. Gurout, P.A. Maia Neto, D.A.R. Dalvit, A. Lambrecht and S.
Reynaud, Phys. Rev. A 82 052517 (2010).
P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev. A 78 012115 (2008).
A. Canaguier-Durand, P.A. Maia Neto, I. Cavero-Pelaez, A. Lambrecht and S. Reynaud,
Phys. Rev. Lett. 102 230404 (2009).
A. Canaguier-Durand, P.A. Maia Neto, A. Lambrecht and S. Reynaud, Phys. Rev. Lett.
104 040403 (2010).
D.E. Krause, R.S. Decca, D. Lopez and E. Fischbach, Phys. Rev. Lett. 98 050403 (2007).
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TESTING THE INVERSE SQUARE LAW OF GRAVITATION AT SHORT
RANGE WITH A SUPERCONDUCTING TORSION BALANCE
E.C. Chalkley, S. N. Aston, C. J. Collins, M. J. Nelson, C. C. Speake
Department of Physics & Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT
We discuss a search for violations of the inverse square law of gravitation at 14µm. A superconducting torsion balance instrument is described and some sources of systematic error are
discussed.

1

Motivation for Short-range Measurements of Gravitation

A postulated solution to the conflict between the density of Dark Energy and the observed magnitude of the Cosmological Constant is to modify spacetime to include compactified additional
dimensions 1 . The presence of these large extra dimensions (LED) would increase the strength
of the gravitational attraction at the range of the radii of the dimensions. The density of Dark
Energy can be used to estimate a scale for these LED; in the case of two extra dimensions this
scale is about 14 µm 2 .
More generally, theorised deviations from the gravitational inverse square law are often characterised as Yukawa potentials. The Yukawa potential energy for a pair of point masses has the
form,
V =−

´
GM1 M2 ³
1 + αe−r/λ
r

(1)

where λ is the characteristic range of the potential, α parameterises the strength of the potential
and M and r represent the masses and separations of objects. This form is also applicable for
LED potentials when r is much larger than the radius of the extra dimensions. In Section 3, the
full extra-dimensional gravitational potential which is required to calculate the extra-dimensional
gravitational potential is discussed.

2

The Superconducting Torsion Balance Instrument

Torsion balances have historically been used to set limits on possible deviations from the gravitational inverse square law 3 . Previously we have developed a spherical superconducting torsion
balance, which employed magnetic levitation4 . The current instrument follows on from this
work, using multiple coils to control all the degrees of freedom of the test mass and to provide
simultaneously high sensitivity to applied torques.

2.1

A Magnetically Levitated Bearing

A novel element in the instrument is the use of a superconducting levitating bearing to replace
the fibre supporting the test mass. The levitation system consists of a bearing structure (see
Figure 1) which supports twelve coils which produce lift and transverse stiffness. The levitation
system is currently being tested using coils handwound from lead wire into milled aluminium
substrates. The final coils used in the experiment are to be manufactured photolithographically
by our collaborators at Heriot-Watt University.

Figure 1: Left: A silica prototype of the float structure that will be levitated, bearing one test mass on the top
circular face Right: The levitating bearing, showing hand-wound lead servo and levitation coils.

The levitated structure or ‘float’ which forms the free element in the torsion balance fits over
the top of the bearing with a test mass forming the upper surface of the disc. A silica prototype
float has been constructed for testing (Figure 1) but the final version used in the experiment
will be an all-copper assembly.
2.2

Experimental Test Masses

The gravitational sources and test masses in the instrument are two identical discs, one placed
on the levitated float structure (the test disc) and one controlled by the micropositioning system
(the source disc). The discs bear identical patterns of 2048 radial stripes, alternating between
Au and Cu organised into 16 sectors of alternating pattern phase. These materials were chosen
because of their large density contrast and their well-matched thermal contraction at 4 K. The
technology for depositing these metals is also very well known, and good results for producing
the experimental surfaces to a high level of flatness can be expected.
3

Torques from Newtonian Gravity and the LED Signal

The gravitational potential of an object of mass M in a spacetime with 2 extra dimensions is
given by,
V4+2 = −

(r2

+

G4+2 M
,
P∞
2 3/2
2
m=1 (ξ2 − 2πRm) )
n=1 (ξ1 − 2πRn) +

P∞

p

(2)

where r is the Euclidean distance given by x2 + y 2 + z 2 and the components of the higher
dimensional distance are (x, y, z, ξ1 , ξ2 ), G4+2 is the higher-dimensional gravitational constant
and n and m are integers representing the number of revolutions around the extra dimensions
5 . By numerically integrating this potential for the case of 4 + 2 dimensions it was calculated
that with a 15 µm spacing, the LED extra torque would be 3.49 × 10−17 Nm. The pitch of the
alternating Au/Cu pattern was set at 90 µm after examining the trade-off between sensitivity
to the LED torque at a spacing of 15 µm and sensitivity to torques due to a Yukawa potential
with λ = 14 µm, as shown in Figure 2.

Newtonian Gravity
2 Large Extra Dimensions, R=14µm
Yukawa potential with α = 1,
λ = 14µm

−17

7

x 10

Test mass pattern
pitch set at 90 µm

6

Torque (Nm)

5
4
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2
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0
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Figure 2: The calculated strength of the forces on the superconducting torsion balance at a separation of 15 µm
due to LED gravity, a Yukawa potential with α = 1 and λ = 14 µm and 4D Newtonian gravity as a function of
pattern pitch.

4

Analysis of Spurious Forces

The torque on the superconducting torsion balance may contain non-gravitational components
that are ideally eliminated from the readout. These excess torques are caused by the coupling
of electrostatic, magnetic, Casimir and other forces to aspects of the test masses.
The experimental surfaces of the test mass are to be constructed to be optically flat at room
temperature, with no correlation between the surface roughness and the underlying pattern. At
4 K, the slightly different thermal contractions mean that the Au stripes will stand 0.2 nm higher
than the Cu stripes. This modulation of the gap between the experimental surfaces couples to
the forces which vary with the local gap size so that a torque may exist to align the Au stripes
on both surfaces. This interaction of the modulation of the gap results in a transverse Casimir
force per unit length per stripe pair, which is given by,
¶

µ

FCas = −

2πδ
π 3 h̄cA2C
N m−1 ,
sin
5
p
60gv0

(3)

where AC is the amplitude of the thermal corrugations, p is the pitch of the spoke pattern,
δ represents the shift parameter of the test mass patterns with respect to one another, and gv0
is the vacuum distance between the surfaces of the test masses, which is the separation . Using
the values gv0 = 13 µm, AC = 0.2 nm and p = 90 µm , the value of FCas is 1.76 × 10−21 Nm−1 .
At this spacing size, and assuming that the corrugations of the test mass at 4 K are no larger
than would be expected from thermal contraction mismatches, the transverse Casimir force is
negligible.
Electrostatic forces are likely to contribute significantly and in the same manner as the Casimir
force, by producing a torque that seeks to align the raised corrugations on both experimental
surfaces. The electrostatic force per unit length per spoke pair is given by,
µ

FElec = −

¶

²0 ∆V 2 A2C
2πδ
N m−1 ,
2π sin
3
2 gv0
p

(4)

where all symbols retain their earlier definitions and ∆V is the potential difference between
the two masses. With ∆V set at a value of 0.01 V and the same gap and corrugation parameters
as used above, the force FM = −4.12 × 10−18 Nm−1 - an order of magnitude smaller than the
LED signal torque.
The torque on the test masses per unit length per stripe pair caused by the contact potential between the Au and Cu stripes is,
Fcpd = −p

µ ¶2
µ
¶
2
∆Vcpd
2π
²0
2πδ
³
´
sin
N m−1 ,
2 sinh 2πgv0
p
p

(5)

p

where ∆Vcpd is the voltage difference due to contact potentials. Without mitigation, Vcpd
between Au and Cu can be of the order of 0.5 V. In this experiment, the experimental surfaces
are to be covered in a micron-thick layer of Au, effectively masking the difference in contact
potentials. The maximum allowed value of the residual contact potential is 5 µV .
The force per unit length per spoke pair due to the differences in diamagnetic polarisation
of the Au and Cu stripes in test masses in a constant magnetic field is given by,
µ

FM

¶

µ

¶

2πt
2πδ
p
(∆χB)2 e−2π(gv0 /p sinh2
sin
N m−1 ,
=
µ0
p
p

(6)

where ∆χ is the difference between the magnetic susceptibilities of the test mass materials,
and t is the thickness of the test mass stripes. For Au-Cu, ∆χ is −1 × 10−5 and the maximum
allowed residual magnetic field is around 1 Gauss. The experimental chamber contains µ-metal
and niobium shielding to ensure the residual field remains significantly lower than 1 Gauss.
5

Conclusions

This experiment is currently in the construction and commissioning stages. If the instrument
performs to design sensitivity at a spacing of 15 µm, it will be possible to provide a limit on the
size of Large Extra Dimensions for the case of 2 extra dimensions at the length scale suggested
by the known density of Dark Energy. Sources of torque noise from spurious forces acting on the
test masses are quantifiable and aspects of experimental design have been designed to mitigate
them.
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SHORT RANGE TESTS WITH NEUTRONS AT ILL

V.V. NESVIZHEVSKY, on behalf of the GRANIT collaboration
Institut Laue-Langevin, 6 rue Jules Horowitz, Grenoble, France, F-38042

The present report is based on a talk given at the Recontres de Moriond and GPhyS
Colloquium “Gravitational Waves and Experimental Gravity” in La Thuile in 2011, and on the
analysis of neutron constraints for short range forces to be published soon in ref. (1). It overviews
advances in neutron experiments constraining short-range interactions. All measurements have been
performed at the high-flux reactor of the Institut Laue-Langevin in Grenoble. We compare the best
neutron constraints with those following from all most precise alternative methods and discus
prospects for their further improvements.

The existence of other fundamental interactions in nature, mediated by new bosons, has been
extensively discussed, given their possibility in many extensions of the standard model of particle
physics (2), (3), (4), (5), (6), (7), (8). Theories with large extra spatial dimensions provide strong
motivation to search for such forces. If a boson is allowed to travel in large extra compactified
dimensions, with a strong coupling constant in the bulk, it behaves in our 4D world as a very
weakly coupled new boson, the coupling being diluted in the extra dimensions. The light dark
matter hypothesis also argues in favor of the existence of new short range interactions. New bosons,
for example, are predicted by most of the grand unified theories embedding the standard model,
with the coupling constant of ~0.1. These strongly coupled bosons have to be heavier than ~1 TeV
if they were not to conflict with present observations; heavier bosons will be searched for at the
LHC. Lighter bosons could mediate a finite range interaction between two fermions: ! ! =
!! ℏ!

!! !! !"

!

!

!!! , where ! ! is the interaction potential, ! is the coupling constant, !! and !! are

the charges of the fermions under the new interaction, and the range of this Yukawa-like potential
! = ℏ/!" is inversely proportional to the boson mass !. We consider the interactions of neutrons
with nuclei of atomic number !, thus the charge of the atom under the new interaction is equal
!! = !, and the neutron charge is equal to unity !! = !. The presence of light bosons would be
shown by deviations from the gravitational inverse square law.
The characteristic range of extra interactions as well as their strength varies largely in
various theories. Therefore a phenomenological approach is chosen: searches for extra Yukawatype forces are pursued over a very broad range !. Nevertheless, in many cases one could point out
promising distances. In theories with two large extra spatial dimensions, the characteristic range is
~!"!!   !; in theories with three large extra dimensions it is ~!"!!   !. Other numbers of extra
spatial dimensions are ruled out by experiments or correspond to too small effects to be observed
with known methods. In all mentioned interesting cases the ranges are accessible for neutron
experiments: !"!!" − !"!!   !; the optimum condition is usually met if !~!! , where !! is the
neutron wavelength. Concerning the strength of extra interactions, one should compare the
constraints resulting from precision neutron experiments with those using all alternative methods.
Searches for short-range modifications of gravity are most sensitive at distances > !"!!   ! (9),
(10). Searches for extra forces on top of the van der Waals or Casimir-Polder or (vdW/CP) forces
give the best constraints in the nanometer range !: !"!!(!) − !"!!   ! (11), (12). Exotic atoms
constrain the sub-picometer domain: < !"!!"   ! (13). Even shorter distances are probed in highenergy accelerator experiments. Neutron constraints are most sensitive in the intermediate range of

!: !"!!" − !"!!   !. In the range of !: !"!!(!) − !"!!   ! neutron experiments could provide
complementary information as well, and higher sensitivity in limited cases.
An attractive feature of neutrons is smallness of false effects due to their electric neutrality.
On the other hand, neutron experiments are strongly limited by the available statistics; this
drawback might be overcome with new low-energy neutron sources. The current constraints for
spin-independent short-range interactions as well as perspectives for their improvement using
neutron experiments are shown in Fig. 1. The range of distances in this figure covers the range of
interest for neutron experiments plus that for the best alternative methods on its lower and upper
boundaries. In this plot, we give the limits for !! as defined above, and for ! in another
parameterization of spin-independent short-range interactions, where ! is normalized to the strength
of gravity: ! ! = !"

!! !!
!

!

!!! . Here !! and !! are masses of the fermions that interact.

Neglecting the small difference between the neutron mass !! and the proton mass !! we can
translate: !! =

!"#!!!
ℏ!

!.

The neutron constraints are derived:
1) From studies of neutron gravitational quantum states (14), (15), (16), (17), (18), based on
data published in refs. (19), (20), (21)) (line 5 in Fig. 1). This first experiment has proven existence
of the phenomenon itself. Much more precise measurements seem to be feasible concerning both
eventual systematic effects and statistical sensitivity (22), (23). First improvements might be
expected in near future in flow-through-type experiments (24), (25), (26); thus the sensitivity of
(25) to new short-range interactions is discussed in (27), and is shown as line 9 in Fig. 1. In a
second step we aim at large increase in sensitivity profiting from long storage of UCN in
gravitational quantum states in the closed trap in the GRANIT spectrometer (line 10 in Fig. 1);
2) From the data on neutron whispering gallery effect (28), (29), (30) (line 6 in Fig. 1). This
very first measurement provided already the absolute accuracy of measuring energy differences of
quantum states significantly better than 10-3, however, proper analysis of eventual systematic effects
has not yet been done. We present therefore a conservative estimation for the short-range-forces
constraints based on the given accuracy that could be guaranteed on the present stage of our
analysis, and will continue working on further improvements (line 11 in Fig. 1, (31));
3) From neutron scattering on nuclei (13)) (line 7 in Fig. 1). The idea of this method was
proposed in ref. (32). Preliminary estimation of an even stronger constraint from neutron scattering

on nuclei at shortest distances is available (33); as the calculation procedure used there is based on
possibly incomplete information, as stated by the author, on resonances in the nuclei used, as well
as on complex multi-parametric mathematical analysis, without any study of global and local
minima in the fit, it would be of interest to finalize the analysis and provide a reliable constraint.
Concerning neutron scattering on nuclei, further improvements in sensitivity (line 11 in Fig. 1) are
expected to follow from measurements of quasi-elastic scattering of UCN on atoms in diluted noble
gases using gravitational spectrometers of total energy (31), and from measurements of asymmetry
of scattering of slow neutrons on atoms in diluted noble gases (13). A possibility of improving
constraints using neutron-optical experiments is discussed in ref. (34). High-energy neutron-proton
scattering on small angles was analyzed in view of getting constraints at even shorter distances than

those presented in Fig. 1 in ref. (35).
Fig. 1. The exclusion plot for new spin-independent interactions: the interaction strength !,
normalized to the gravitational interaction (on left), and the interaction strength !! (on right) is
given as a function of the characteristic distance. The best currently constraints are shown in thick
solid lines; preliminary results are indicated in thick dash-dotted lines; the best neutron constraints,
but not the best currently available, are given in thick dashed lines; thin dotted lines in purple color

correspond to projected sensitivity in various neutron experiments. Red color is reserved for
measurements of gravity at short distances; blue-color constrains result from precision
measurements of Casimir interactions; all constraints originated from neutron experiments are
shown in green; constraint from measurements of exotic atoms is indicated in orange. Constraints
“1” and “2” are obtained from measurements of short-range gravity in the torsion-balance (9) and
the cantilever (10) experiment respectively. Constraints “4”, “12” and “13” follow from
measurements of extra forces on top of Casimir and van der Waals interactions in refs. (12), (36),
in reanalysis presented in ref. (11) of the experiment (37), and in ref. (38) respectively. We do not
show the limit “3” from ref. (11), based on an experiment by Lamoreaux (39), as well as the limit
“14” from ref. (40), based on an experiment by Ederth (41), as solid constraints; ref. (42) shows
that correlations between fitted parameters deteriorate the sensitivity; furthermore a new
systematical uncertainty was found (43) in the original experiment (39). Constrain “5” follows
from measurements of neutron gravitational quantum states (14). Constrain “6” is derived from the
data on neutron whispering gallery effect (these proceedings). Constrain “7” follows from neutron
scattering on nuclei (13)). Constrain “8” is obtained from analysis of precision measurements of
exotic atoms (13). Constrain “15” is obtained using searches for low-mass bosons from the Sun in
a high-purity germanium detector (44). Lines “9”, “10”, “11” correspond to our estimations of
eventual improvements in neutron constraints following from measurements of gravitational
quantum states in a flow-through mode, in storage mode using the GRANIT spectrometer, from
quasi-elastic scattering of UCN at diluted noble gases and from neutron whispering gallery effect
respectively.
Many experiments look for spin-dependent short-range forces. Additional spin-dependent
interaction could be caused by new, light, pseudoscalar bosons such as the Axion. The Axion was
originally proposed in refs. (45), (46), (47), (48) as a solution to the strong CP problem, caused by
the smallness of the neutron electric dipole moment. The Axion would have profound consequences
in cosmology and astrophysics (49), and the non-observation of these effects limits the Axion to
have a mass in between 10 µeV and 10 meV. The general form of the potential caused by the
exchange of a pseudoscalar, axion-like, boson between a polarized spin-1/2 particle and another
ℏ! !

unpolarized particle of the same kind is (50): ! ! = !!! !!! !"!

!

!!

!! ∙ !

!

!

+ !! !"# −!/! .
!"

Here, !!! !!! is the product of the relevant coupling coefficient between particle 1 (unpolarized) and
2 (polarized), and gives the strength of the potential. !! and !! are the mass and the spin of the
polarized particle, ! is the distance between the particles, and ! = ℏ/!" is the Yukawa range of
the new interaction. The Yukawa range is used as a free parameter in the analysis, as the mass ! of
the new exchange boson is not known a priori.
Most experiments look for new forces between electrons. More recently, much progress was
made in searches for new forces between nucleons. Comparisons between the coupling strengths for
electrons and nucleons require a particular model of the new interaction. Fig. 2 shows the exclusion
for new interactions between nucleons. The range for the ! values shown here is given by optimum
sensitivity of neutron and polarized 3He experiments.

Fig. 2. Searches for short-range nucleon spin-dependent interactions. Each line is excluding
the region to the top. The limit from (55) (1, black solid line) was achieved by comparing the
precession frequencies of atomic magnetometers made from either 199Hg or Cs atoms in presence of
a 475 kg source mass made from lead. The sensitivity of the experiment with polarized 3He,
described in these proceedings by Yuri Sobolev, is indicated in (2, thin dotted blue line). The limit
from ref. (56) (3, blue solid line) was derived from the spin relaxation rate in polarized 3He cells;
after subtraction of known causes of relaxation, the new interaction would constitute an extra
relaxation channel. An even more constraining limit from experiments on storage of polarized 3He
has been proposed (57) but the validity of the method used is being questioned (58). The limit in
ref. (59) (4, thin green dash-dotted line) was derived from the study of gravitationally bound states
of ultracold neutrons; the publication (59) triggered in significant extend the whole experimental
program on spin-dependent short-range nucleon-nucleon interaction presented in the present
proceedings. The limit from ref. (60) (5, thick green dashed line, proposed in (61)) was derived
from comparison of the precession frequencies of ultracold neutrons in chambers in a vertical
magnetic field, where the chamber bottom plate is made from a more dense material than top plate
and vice versa. A force as in eq. (2) changes the precession frequency with a sign which depends on
the position of the denser plate. The limit from ref. (62) (6, thick green solid line, criticized in ref.
(63)) was derived from the fact that a new short-range spin-dependent force would cause spin
relaxation of ultracold neutrons in vicinity of a reflecting surface; limits on the depolarization
probability were turned into limits on new forces of that kind. The transmission of an unpolarized
sample through a horizontal slit with an absorber at the top would look differently from the

measurement if a sufficiently strong new interaction given by eq. (2) would modify the wave
functions of the gravitational bound states in dependence of their spin, as in a Stern-Gerlach
experiment. We add projected sensitivities of different stages of the study of gravitationally bound
quantum states: Assuming that an accuracy of 10-3 can be reached in the determination of the
energy difference between ground state and second excited state in the flow-through experiment, we
would be exploring some new territory in the exclusion plot at the range of a few micrometers (7,
thin purple dotted line). The ultimate goal of GRANIT is to measure energy difference between
quantum states of stored ultracold neutrons. Assuming an accuracy of 10-6, which is achieved if the
precision is just the natural line-width of the transition, and assuming this line width is limited only
by the neutron beta decay lifetime, we get the second project limit (8, thin purple dotted line). In ref.
(64), a more optimistic scenario where a precision better than the size of the natural line width with
the help of a Ramsey technique is discussed. An analogous method based on spin precession in a
setup measuring neutron EDM and not requiring gravitational quantum states of neutrons is
proposed in ref. (65).

Conclusion
The neutron methods considered in this report include asymmetric and quasi-elastic neutron
scattering on atoms of diluted noble gases, as well as centrifugal and gravitational quantum states of
neutrons near surface. Neutron constraints are competitive in the distance range of 10-11-10-7 m,
significant further improvements could be expected here in near future. Intense efforts are
continuing to improve constraints for short-range forces at larger distances up to 10-5 m, with the
goal to approach the currently best methods.

We appreciate financial support of Agence National de Recherche.
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We demonstrate that - for the first time - the method of Rabi spectroscopy usually used in atom
optics can now be applied to quantum states in the gravity potential of the Earth together
with a mechanical or magnetic coupling 1 . This technique allows a precise measurement of
quantum mechanical phase shifts of a Schrödinger wave packet bouncing off a hard surface
in the Earth’s gravitational field. The idea behind this method is that phase shifts in gravity
potentials can now be related to frequency measurements with unprecedented accuracy.
The experiment addresses some of the unresolved questions of modern science: the nature of
the fundamental forces and underlying symmetries, the nature of gravitation at very small
distances, and the nature of cosmological mass and the energy density of the universe.

1

Introduction

Gravity experiments at short distances might provide an answer for the ”big questions” about
space, time, and a unification of all forces, where space-time may not be restricted to four dimensions. Hypothetical extra-dimensions, curled up to cylinders or tori with a small compactification
radius would lead to deviations from Newton’s gravitational law at very small distances 2 . These
ideas triggered gravity experiments of different kinds, which in the past ten years have validated
Newton’s gravitational law down to about 50 µm 3–7 . The basic problem in searching for new
physics at small distances is that the size of the objects under study needs to be reduced, too,
which is accompanied by a reduction in signal intensity.
Our test of the law of gravity at small distances is based on quantum objects 8 using a new
resonance spectroscopy technique. This method allows precise measurement 9 of quantum states
with neutrons in the gravity potential of the earth with a Schrödinger wave packet bouncing
off a hard horizontal surface. The concept is related to Rabi’s magnetic resonance technique
for measurements of nuclear magnetic moments 10 . The sensitivity is extremely high, because a
quantum mechanical phase shift is converted into a frequency measurement. The sensitivity of
resonance methods reached so far 11 is 6.8 × 10−22 eV, or one Bohr rotation every six days.
a
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2

The Gravity Resonance Spectroscopy Method

In a two-level spin-1/2-system coupled to a resonator, magnetic transitions occur, when the
oscillator frequency ω equals the Bohr frequency of the system. Rabi 10 resonance spectroscopy
measures the energy difference between these levels |pi and |qi and damping γ. The wave function
of the two level system is
Ψ (r̄, t) = hr̄|Ψ (t)i = Cp (t) e−iωp t up (r̄) + Cq (t) e−iωq t uq (r̄)

(1)

with the time varying coefficients Cp (t) and Cq (t).
With the frequency difference ωpq between the two states, the frequency ω of the driving field,
the detuning δω = ωpq − ω, the Rabi frequency ΩR and the time t, the coupling between the
time varying coefficients is given by





d C̃p (t)
i δω ΩR
C̃p (t)
=
(2)
C̃q (t)
dt C̃q (t)
2 Ω∗R −δω
with a transformation into the rotating frame of reference:
i

Cp (t) = C̃p (t) · e− 2 δωt
i

Cq (t) = C̃q (t) · e− 2 δωt .

(3)

ΩR is a measure of the strength of the coupling between the two levels and is related to the
vibration strength. Such oscillations are damped out and the damping rate depends on how
strongly the system is coupled to the environment.
We succeeded in generalizing this system and describe quantum states in the gravity field of
the Earth in analogy to a spin-1/2-system, where the time development is described by the Bloch
equations. The linear gravity potential leads to measured 12–14 discrete non-equidistant energy
eigenstates |ni of a bouncing quantum particle above a horizontal mirror. Neutron matter waves
are excited by an oscillator coupled to these states and we drive transitions between state |pi
and state |qi. The energy scale is the pico-eV-scale.
In our case, the damping is caused by the scatterer 14 at height h above a mirror. A key
point for the demonstration of this method is that it allows for the detection of resonant transitions |pi → |qi at a frequency, which is tuned by this scatterer height. The additional mirror
potential 14 shifts the energy of state |3i as a function of height, see Fig. 2. The absorption is
described phenomenologically by adding decay terms γp and γq to the equations of motion:





d C̃p (t)
i (δω + iγp )
ΩR
C̃p (t)
=
.
(4)
Ω∗R
(−δω + iγp )
C̃q (t)
dt C̃q (t)
2
The oscillator is realized by a vibrating mirror i.e. a modulation of the hard surface potential
in vertical position. It is also proposed to use oscillating magnetic gradient fields 15 for that
purpose. Neutron mirrors are made of polished optical glass. Interactions limit the lifetime of a
state of a two-level system. Lifetime limiting interactions are described phenomenologically by
adding decay terms to the equations of motion termed as damped oscillation.
A typical Rabi resonance spectroscopy experiment consists of three regions, where particles
pass through. One firstly has to install a state selector in region 1, secondly a so called π-pulse
creating the superposition of the two states, whose energy difference is to be measured in region 2, and a state detector in region 3, see Fig. 2. In our experiments with neutrons, regions 1 to
3 are realized with only one bottom mirror coupled to a mechanical oscillator, a scatterer on top
and a neutron detector behind, see Fig. 2. The scatterer only allows the ground state to pass
and prepares the state |pi. It removes and absorbs higher, unwanted states 14 . The vibration, i.e.
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Abbildung 1: Comparison of different Resonance Spectroscopy Techniques

a modulation of the mirror’s vertical position, induces transitions to |qi, which are again filtered
out by the scatterer. The neutrons are taken from the ultra-cold neutron installation PF2 at
Institute Laue-Langevin (ILL). We restrict the horizontal velocity to 5.7m/s < v < 7m/s. The
experiment itself is mounted on a polished plane granite stone with an active and a passive
anti-vibration table underneath. This stone is leveled with a precision better than 1 µrad. A
mu-metal shield suppresses the coupling of residual fluctuations of the magnetic field to the
magnetic moment of the neutron is sufficiently.

3

Experimental Results

Within the qBounce 2 experiment, we performed several resonance spectroscopy measurements
with different geometric parameters, resulting in different resonance frequencies and widths. In
general, the oscillator frequency at resonance for a transition between states with energies Ep
and Eq is
Eq − Ep
ωpq =
= ωq − ωp .
(5)
h̄
The transfer is referred to as Rabi transition. We have measured transitions |1i ↔ |2i, |1i ↔ |3i,
|2i ↔ |3i, and |2i ↔ |4i. In detail, we describe the |1i ↔ |3i transition with ω13 = ω3 − ω1 , see
Table 1. On resonance (ω = ω13 ), this oscillator drives the system into a coherent superposition
of state |1i and |3i and we can chose amplitude a in such a way that we have complete reversal
of the state occupation between |1i and |3i. It is - as we have done - convenient to place the
scatterer at a certain height h on top of the bottom mirror. This allows us to tune the resonance
frequency between |1i and |3i due to the additional potential of the scatterer, which shifts the
energy 14 of state |2i and |3i, but leaves state |1i unchanged, see Fig. 2. The energy levels and the
probability density distributions for these states are also given in Fig. 2. The scatterer removes
neutrons from the system and the Rabi spectroscopy contains a well defined damping.
The observable is the measured transmission |1i to |3i as a function of the modulation frequency and amplitude, see Fig. 3-3. For this purpose, we attached piezo-elements underneath.
They induce a rapid modulation of the surface height with acceleration a. We measure a with
a noise and vibration analyzer attached to the neutron mirror system. In addition to this, the
position-dependent mirror vibrations were measured using a laser-based vibration analysis system. The piezo-system by itself does not possess small resonance curves, which might influence
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Abbildung 2: Experimental Parameters (Figure taken from 1 )

the neutron transmission in the frequency range considered.
For the first experiment, Fig. 3 shows the measured count rate as a function of ω. Blue
(brown) data points correspond to measurements with moderate (high) vibration strength
1.5 ≤ a ≤ 4.0 m/s2 (4.9 ≤ a ≤ 7.7 m/s2 ). The corresponding Rabi resonance curve was calculated using their mean vibration strength of 2.95m/s2 (5.87m/s2 ). The black data point sums up
all of the measurements at zero vibration. The gray band represents the one sigma uncertainty of
all off-resonant data points. The brown line is the quantum expectation as a function of oscillator
frequency ω for Rabi transitions between state |1i and state |3i within an average time of flight
τ = L/v = 23 ms. The normalization for transmission T , frequency at resonance ω13 and global
parameter f are the only fit parameters. It was found that the vibration amplitude is constant
to the flight path of the neutrons but depends in a linear way on their transversal direction.
f is a weighting parameter to be multiplied with the measured vibration strength to correct
for these linear effects. A sharp resonance was found at frequency ω13 = 2π × (705 ± 6) Hz,
which is close to the frequency prediction of ω13 = 2π × 671 Hz, if we remember that the height
measurement has an uncertainty due to the roughness of the scatterer 14 . The weighting factor
is found f = 0.56 ± 0.16. The full width at half maximum is the prediction made from the time
the neutrons spend in the modulator. The significance for |1i → |3i excitations is 3.5 standard
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Abbildung 3: Gravity resonance spectroscopy and excitation 1 : a The transmission as a function of modulation
frequency shows a sharp resonance at ω13 = 2π × (705 ± 6)s−1 . The grey band represents the statistical 1σ uncertainty of all off-resonant data points. Blue (brown) data points correspond to measurements with moderate (high)
vibration strength 1.5 ≤ a ≤ 4.0m/s2 (4.9 ≤ a ≤ 7.7m/s2 ). The corresponding Rabi resonance curve is calculated
using their mean vibration strength of 2.95m/s2 (5.87m/s2 ). The black data point sums up all measurements at
zero vibration. b Combined result for both measurements with mirror length L = 10 cm and L = 15 cm. The
transmission in units of the unperturbed system is displayed as a function of detuning. The significance for gravity
spectroscopy between state |1i and |3i at ω13 is 4.9 standard deviations. The left and right data points combine
all off-resonant measurements with |(ω − ω13 ) /∆ω| ≥ 3. c Measured damped Rabi oscillation as a function of
ΩR converted in vibration strength in units of [m/s2 ] and extrapolation to higher vibration strengths according
to Eq. 9. In resonance, the neutron transmission decreases as expected theoretically in the same frequency band
|(ω − ω13 ) /∆ω| ≤ 0.6. This effect is visible for both experiments (black, red). The shorter mirror length in the
second measurement results in a reduced sensitivity to |1i ↔ |3i transitions, and the Rabi oscillation reaches its
minimum at higher vibration amplitudes.

deviations.
The fit used in Fig. 3 contains three parameters, the resonant frequency ωpq , the transmission normalization N , and vibration strength parameter f to be multiplied with the measured
acceleration. The damping as a function of ΩR was measured separately, see Fig. 3, as well as
the width of the Rabi oscillation and background (0.005 ± 0.0002 s−1 ).
In a second measurement, the length L = 10 cm reduces the average flight time to τ = 15 ms.
The scatterer height differs by 1.6 µm from the first measurement, thus changing the resonant
frequency prediction to ω13 = 615 Hz. We observe the resonance frequency ω13 = 2π × (592 ± 11)
Hz close to the prediction and f = 0.99 ± 0.29. Fig. 3 shows the combined result for both
measurements with mirror length L = 10 cm and L = 15 cm. The transmission in units of the
unperturbed system is displayed as a function of detuning. In total, the significance for gravity
resonance spectroscopy between state |1i and |3i at ω13 is 4.9 standard deviations. The left and
right data points combine all off-resonant measurements with |(ω − ω13 ) /∆ω| ≥ 3, where ∆ν is
the half width at half maximum.
4

Summary and Outlook

For the experiments discussed, the sensitivity of the measured energy difference between the
gravity levels is 7.6 × 10−3 . This corresponds to ∆E = 2 × 10−14 eV, which allows a test of
Newton’s law at short distances.
This is interesting, because it addresses some of the unsolved questions of modern science: the
nature of the fundamental forces and underlying symmetries and the nature of gravitation at
small distances 3 . Another example is suggested by the magnitude of the vacuum energy in the
universe 16,17 , which again is linked to the modification of gravity at small distances.
The long term plan is to apply Ramsey’s method of separated oscillating fields to the spectroscopy of the quantum states in the gravity potential above a horizontal mirror 9 . Such measurements

with ultra-cold neutrons will offer a sensitivity to Newton’s law or hypothetical short-ranged
interactions that is about 21 orders of magnitude below the energy scale of electromagnetism.
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Forca-G: A trapped atom interferometer for the measurement of short range forces
B. PELLE, G. TACKMANN, Q. BEAUFILS, X. WANG, A. HILICO and F. PEREIRA DOS SANTOS
S. PELISSON, R. MESSINA, M.-C. ANGONIN and P. WOLF
LNE-SYRTE, Observatoire de Paris, LNE, CNRS, UPMC, 61 avenue de l’Observatoire,
75014 Paris, France
The aim of the Forca-G project 1 lies into the study of short range atom-surface interactions.
Using cold 87 Rb atoms trapped into a 1D-optical lattice close to the reflecting surface, an
atomic interferometer involving a coherent superposition between atomic states at different
distances from the mirror can be realized. This would allow a precise measurement of the
potential experienced by the atoms. In the range of 1-20 µm, the atom-surface interaction is
dominated by QED potential (Casimir-Polder or Van der Waals). Besides, a precise measurement of this interaction would also allow a test of Newton’s law at short distance. In a first
step, we have demonstrated the efficienty of our atomic interferometer in a regime far from
the surface with a measurement of the Bloch frequency.

Introduction
Measurement of short range (< 1 mm) forces is one of the challenge of modern experimental
physics. The use of cold atoms for the measurement of atom-surface forces 2 can be a promising
alternative to microelectromechanical systems and torsion balance which probe surface-surface
forces. 3 In particular, good control of the experimental parameters and coherence properties
make the use of trapped cold atoms an interesting candidate to compete in precision with
mechanical systems.
1

Principle of the experiment

In this first step, our system is composed of
far from the reflecting mirror.

87 Rb

atoms trapped in a vertical 1D-optical lattice

The internal atomic structure isE approximated by a two-level system,
with two long lived
E
2
2
states, |gi = 5 S1/2 , F = 1, mF = 0 and |ei = 5 S1/2 , F = 2, mF = 0 , the ground and excited
hyperfine levels separated in energy by hνHF S (see Fig. 1).
In a vertical geometry, the atoms confined in the periodic potential experience a linear
acceleration due to Earth’s gravity, which is described by the following external Hamiltonian: 4
Hext =

h̄2 k̂ 2 Ul
+
(1 − cos (2kl ẑ)) + ma gẑ
2ma
2

(1)

where h̄ is the Planck’s constant, k̂ the atomic momentum, ma the atomic mass, Ul the lattice
depth, kl the optical lattice wavevector, ẑ the vertical position and g the gravity.

Figure 1: Wannier-Stark ladder where νB is the Bloch frequency, νHF S the hyperfine transition between the states
|gi = 52 S1/2 , F = 1, mF = 0 and |ei = 52 S1/2 , F = 2, mF = 0 of 87 Rb, m the quantum number corresponding
to the lattice sites and Ω∆m the coupling between the wells m and m ± ∆m.

For this system, the solution of the time independant Schrödinger’s equation is the socalled Wannier-Stark ladder where the Eigenstates |Wm i are separated in energy by the Bloch
frequency νB (see Eq. 2) and spatially localised in the lattice site corresponding to the quantum
number m (see Fig. 1). Indeed, in the presence of gravity acceleration, the energy levels of
each lattice site are shifted out of resonance and provided the trap depth is sufficiently high,
Landau-Zener tunneling can be neglected. 4
hνB = ma gλl /2

(2)

Transitions between |gi and |ei can be induced by a probe laser, with wavevector kef f ,
which couples |Wm , gi to |Wm0 , ei either in the same well or in neighboring wells. This coupling
between these two states (see Fig. 1) leads to Rabi oscillations with a Rabi frequency given by: 4
Ω∆m = ΩUl =0 hWm | e−ikef f ẑ |Wm±∆m i

(3)

where ΩUl =0 is the Rabi frequency in the absence of the lattice potential. Ω∆m does not depend on the initial site m but only on the absolute value of ∆m. Such transitions are realized with a two photon transition connecting the ground and excited hyperfine levels, |gi and
|ei, using counterpropagating vertical Raman beams which implies a momentum transfer of
4π
kef f = k1 + k2 ≈ λRaman
, where λRaman = 780 nm.

2

Experimental setup

Before being transferred into the mixed dipole trap, about 107 87 Rb atoms are cooled down
to 2µK by a far detuned molasse after a magneto-optical trap (MOT) in 3-dimensions, fed in
500 ms by a 2D-MOT delocalised in a second vacuum chamber limiting the residual pressure
inside the main chamber.
Our vertical optical lattice loading is made with a far blue detuned laser (λl = 532 nm, beam
waist 600µm). A red detuned (λ = 1064 nm, beam waist 200µm) dipole trap is superimposed
on it in order to provide a transverse confinement (see Fig. 2).
To prepare our atoms in the states |gi and |ei and to be sensitive to stray magnetic fields only
to second order, we apply a depumping pulse to obtain atoms in |F = 1i, followed by an optical pumping with 95% efficiency, transferring the Zeeman sublevels from |mF = ±1i to |mF = 0i.

Figure 2: Experimental setup for the optical trapping and Raman intersite transitions. The different beams are
superimposed using dichroic mirrors. The Raman beams are also superimposed and one of them is retro-reflected
to allow counterpropagating transitions.

At this stage, the atoms are ready to be interrogated by stimulated Raman transitions where
we coherently transfer atoms from one lattice site to another. These transitions are driven by two
circularly polarized counterpropagating beams (λ = 780 nm, collimated beam radius 1 cm) far
detuned from atomic resonance which are aligned along the mixed dipole trap beams (see Fig. 2).
At the end of the sequence, the confining lasers are shut down and a time of flight detection
is made by state selective fluorescence giving the information about the population, Ng and Ne ,
e
in the two states |gi and |ei and the transition probability, Pe = NgN+N
.
e
3

Results

During the interrogation phase of our measurement sequence, we realise an atomic RamseyRaman interferometer by the use of Raman transition with two Raman π/2-pulses separated by
a time T . This leads to a quantum superposition of two different states at different positions,
|Wm , gi and |Wm0 , ei, leaving the possibility to extract from their phase difference their difference of potential energy experienced during the time T .
This interference pattern is displayed on Fig. 3 where we plot the measured transition probability Pe as a function of the Raman frequency νRaman . We observe multiple sets of Ramsey
fringes when νRaman = νHF S + ∆m × νB (see Fig. 1), which is the signature that the atoms
actually tunneled across ∆m lattice sites. The strength of the coupling of these resonances,
given by Eq. 3, varies from one transition to the other, but goes to zero for far lattice sites.
To go further in our difference of potential energy measurement, we investigate the sensitivity
and the stability of our Bloch frequency measurement. This is done by locking with a controlled
servo computer integrator the frequency difference of the counterpropagating Raman lasers on
the center interference fringe of the intersite transition ∆m = ±3. Measuring alternatively on
the right or left transition and calculating the half-difference allow us to be sensitive to 6νB
and cancel some of the systematics on frequency shifts as quadratic Zeeman effect or differential
lightshifts. Then for an interrogation time T = 400 ms and a cycle time of Tc = 1.4 s, the
Allan standard deviation of the frequency difference decreases as 0.1Hz.τ −1/2 until τ = 7, 000 s,

Figure 3: Ramsey-Raman interferometer showing evidence of transitions between up to 6 neighboring lattice
sites, each having a different Rabi frequency (see Eq. 3) and all separated by the Bloch frequency νB = 569 Hz,
modulated by interference fringes which are separated by ν = 1/T , with T the time in between the two Raman
π/2-pulses. Inset: zoom on the transition ∆m = −3 to let appear the interference fringes.

with τ the integration time in seconds. This corresponds to a statistical uncertainty on the
measurement of the Bloch frequency of 6 × 10−5 in relative value after 1 s integration.
Conclusion
Providing some technical issues as the necessity to initially select atoms in one well or to reach
the same level of accuracy near the reflecting mirror of the lattice, this result would lead to a
statistical uncertainty in the measurement of the Casimir-Polder potential of 1% for a distance
of 5 µm and an integrating time of 1000 s.
On the long view, by comparison with numerical calculations made by R. Messina et al. 5 in
order to cancel down to the 1% level the shift in difference of potential energy due to CasimirPolder, tests of gravity in the range of 1-20 µm could be improved with such a Wannier-Stark
interferometer as discussed in P. Wolf et al.. 6
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7.
Tests of relativity
in the solar system

Planetary ephemerides and gravity tests in the solar system

A. Fienga
Institut UTINAM, 41 bis avenue de l’observatoire
Besançon, France

We review here the tests of fundamental physics based on the dynamics of solar system objects.

1

Introduction

The solar system has the most well known dynamics with a very ancient history of observations.
GR (GR) was first tested at the astronomical scale since the dynamical impact of GR has then
astronomical effects. The Eddington first observations of the light bending during the 1919
solar eclipse and the explanation by GR of the perihelia advance of Mercury in 1915 are the first
stones of regular checks obtained at the astronomical scale with the Moon, the planets and the
asteroids of the solar system. Since the nineties, planetary dynamics was drastically improved
thanks to the numerous space missions orbiting planets and very accurately tracked by radio
and VLBI observations. Since the Apollo missions, the Moon is also intensively observed with
even greater accuracy. The figure 1 pictures the situation. For the Moon, the accuracy is at the
centimeter level on a period of 35 years. For the planets, the geocentric distances are estimated
at the meter level for Mars on a period of about 10 years due to MGS, MO and MEX tracking
data. For Venus the improvement is also important but over a more limited period (2006-2010)
thanks to the VEX mission. The improvement of the accuracy of Jupiter orbit stops with the
latest available flyby data obtained with the Cassini mission in 2000. This latest gives very good
constraints on the Saturn orbit which is now known with an accuracy of 20 meters over 3 years.
GR is then confronted with very accurate observed positions of the Moon and the planets. The
solar system is then an ideal laboratory for testing gravity.
In the same time, theoretical developments ask to be tested in the solar system or forecast GR
violations at the solar system scales. One can cite for example the violation of the equivalence
principal by the standard models for unification of quantum physics and GR, the supplementary
advances of planet perihelia and nodes expected by the MOND theories, the variation with
distance of the PPN parameters β and γ induced by dark energy (1 ) or string theory (2 , 3 ),
variation of the gravitational constant G induced by dark energy (4 ) or scalar field theories (5 )
as well as supplementary accelerations due to dark matter (6 ,7 ), MOND theories (8 ) or modified
gravitational potentials (9 , 10 ).
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Figure 1: Best fitted residuals for Moon and planets. The planetary residuals have been estimated with INPOP10a
(11 ) when the Moon residuals labelled (Muller 2010) have been estimated by 12 and those labelled (Williams et al.
2009) have been presented by 13 as well as the APOLLO median uncertainties.

2
2.1

General overview
Tests based on direct spacecraft dynamics

The accuracy of the spacecraft tracking data orbiting a planet, in interplanetary phase or during
a flyby can reach up to few centimeters over several months. Such tracking is done using doppler
shift observations or VLBI differential measurements which are very sensitive to the deflection
of light. With such accuracy, the tracking data of space missions seem to be a good tool to test
gravity. However, some factors as navigation unknowns (AMDs, solar panel calibrations), planet
unknowns (potential, rotation...), effect of the solar plasma, or the correlation with planetary
ephemerides limit such gravity tests. Dedicated missions have then to be planed in order to
overcome such difficulties. For example, the PPN γ determination obtained by 14 was done
during very specific periods of the Cassini mission, especially dedicated to such tests.
The dynamics of the solar system planets and moons is less affected by non gravitational or
unexpected accelerations and by technical unknowns and is constrained with also high accuracy.
2.2

LLR tests

With LLR observations, positions and velocities of the Moon are known with an accuracy from 10
to 1 centimeter over 35 years. With the APOLLO project (19 ), new developments in observational
techniques improve this accuracy with an observational error of about 1 millimeter. With such
accuracy, 20 plans improvements of at least one order of magnitude in the test of the equivalence
principle, the determination of the PPN parameter β and of the test of inverse square law.
The table 1 gathers the main tests of gravity done using LLR observations as well as planetary
ephemerides and spacecraft tracking. The LLR analysis is clearly one of the main source of
information for gravity. It produces tests with the best available accuracy for the equivalence
principal, the prefered-frame tests and the detection of possible supplementary accelerations
induced by dark matter. Present limitations in the modeling of the lunar interior, the Earth
rotation as well as the planetary ephemerides induce differences between the teams analyzing the
LLR observations (16 , 15 ) of several centimeters where the supposed accuracy of the APOLLO
observations is about 1 millimeter. These discrepancies are obvious on figure 1. An intensive

Table 1: Results of gravity tests realized in the solar system. Columns 1 and 2 give the label of the tests and
the studied objects. The Column 3 gives the obtained results with the mean value and 1 σ least square standard
deviations of the estimated parameter, except for the β, γ, $̇sup , and Ω̇sup obtained with the planets. see the
text for more details. The last column gives the alternative theories of gravity which can be constrained by these
results. The values of β given here were all obtained with a value of γ given by 14 . The ISL α obtained with LLR
is for λ = 4 × 108 km when the ISL α based on Mars data analysis is for λ = 1010 km.

Tests
EP η ×104
[∆M/M ]SEP × 1013
PPN γ ×104
with β = 1
PPN β × 104

Ġ/G ×1013
[ y−1 ]
α1 × 105
α2 × 105
ISL α
Ω̇deSitter
[ mas.cy−1 ]
$̇sup , Ω̇sup
[ mas.cy−1 ]
asupp
[ m.s−2 ]

Objects
Moon-LLR
Moon-LLR
Spacecraft
Planets
Moon-LLR
Moon-LLR
Moon-LLR
Planets
Planets
Moon-LLR
Planets
Planets
Moon-LLR
Moon-LLR
Moon-LLR
Planets
Moon-LLR
Planets
Moon-LLR
Planets

Results

References

Theoretical impact

4.4 ± 4.5
6±7
-2 ± 2
0.21 ± 0.23
0.45 ± 0.75
40 ± 50
1.2 ± 1.1
1.5 ± 1.8
-0.41 ± 0.78
0.4 ± 2.4
2±7
0.1 ± 1.6
-0.6 ± 0.4
-7 ± 9
2±2
10−10
10−10
6 ± 10

15

Standard model,
string theory

16
15
14

this paper

Dark Energy,
string theory

16
15
16

Dark Energy,
string theory

this paper
17
16

scalar-field theory

17
18
16

scalar-field theory

16
16

Standard model

17
16

40 → 0.1

this paper

10−16
10−14

16

this paper,

MOND, Dark matter

Dark Matter density
Pioneer anomaly

work of comparisons and improvement of the Moon dynamics is now in progress.
2.3

Tests based on planetary ephemerides

As already discussed in section 1, the tracking observations of spacecrafts orbiting or flying by
planets became very accurate in the nineties. The Mars data are crucial for the adjustment
of the planetary ephemerides due to their high accuracy (about few meters on the Earth-Mars
distances), their number (about 30 % of the complete data set) and their long time span (from
1998 to 2010). This makes the planetary ephemerides very depend on this type of data and
also very sensitive to the Mars orbit modeling and to the perturbations of the asteroids. On
table 1 are found the tests done with planetary ephemerides. The dynamics of the planets give
very competitive estimations of β and γ PPN parameters as well as variations with time of the
gravitational constant. Supplementary acceptable advances in the nodes and perihelia of planets
are also constrained with the observations used in the adjustment of the planetary ephemerides.
Tests of possible Pioneer-like accelerations on outer planet orbits have also been tested with
high accuracy. The limitations of the gravity tests obtained with planetary ephemerides are
mainly linked with the overweight of the Mars datasets and with the perturbations of the
asteroids. As demonstrated in 16 , there is a strong correlation on the geocentric Mars distances
between the sun oblatness, the PPN parameter β and the mass of the asteroid ring used to
average the perturbations of small asteroids on planet orbits. The decorrelation between the
PPN parameters, the sun oblateness and the asteroid perturbations is then better obtained
when the global adjustement of all the planet orbits is done simultaneously. Furthermore, the
decorrelation between the β and γ parameters are only possible if the two following equations
are solved together in the fitting procedure.
∆$̇ =

3πJ2 R2
2π(2γ − β + 2)GM
l0 + l 1 + t
+
and ∆t = (1 + γ)GM ln
,
2
2
2
2
2
a(1 − e )c
a (1 − e )
l0 + l 1 − t

where ∆$̇ is the advance of perihelia of the perturbed planet induced by GR (first term)
and the oblateness of the sun J2 (second term with R2 , the sun radius). In the first equation,
a,e are the semi-major axis and the eccentricity of the perturded planet and GM is the mass
of the sun. In the second equation, ∆t is the Shapiro delay, the supplementary delay induced
by the deflection of the light path by the sun.
3
3.1

Results and discussions
Equivalence principal

A detailed description of the method used to test the equivalence principal in using LLR observations is given in 15 . The test is an estimation of the gravitational mass to inertial mass ratio
of the Moon and of the Earth. In GR, this ratio is equal to 1. However in PPN formalism, it
can be formulated as
U
MG /MI = 1 + η[(
)]
M c2
where U is the body’s gravitational self-energy, M is the mass of the body, c the speed of light
and η a PPN parameter equal to 0 in GR. In the equation of the geocentric motion of the Moon,
15 have introduced the differences in accelerations induced by M /M 6= 1 for the Moon and
G
I
of the Earth. By comparisons to the LLR observations, it becomes possible to estimate the
acceptable MG /MI ratio by direct least square fit of the numerically integrated acceleration or
of the analytical estimations based on 21 . The results presented in table 1 are the one obtained
by 15 combined with the laboratory estimations of the weak equivalence principal obtained by
22 .
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Figure 2: Variations of postfit residuals obtained for different values of PPN β (x-axis) and γ (y-axis). [1] stands
for a PPN β value obtained by (25 ) using LLR observations with γ = 0, [2] stands for 26 by a global fit of EPM
planetary ephemerides. K11 stands for 17 determinations based mainly on Mars data analysis. M08 for 16 and
W09 for 15 give values deduced from LLR for a fixed value of γ, B03 stands for 14 determination of γ by solar
conjunction during the Cassini mission.

As the PPN parameter η is linked to the β and the γ by η = 4β − γ − 3, for a given value
of γ, values for the β parameters can be deduced. Same methods have been applied by 16 with
about the same results. Values obtained by 15 and 16 are given in table 1.
3.2

PPN parameter β and γ

Since 23 and 24 , estimations of the PPN parameters are done with INPOP on a regular basis as well
as estimations of acceptable supplementary advances of perihelia and nodes. A specific method
presented in 24 is used for these estimations. In order to overcome the correlation problems, we
built up several planetary ephemerides for different values of the PPN parameters (β, γ) with a
simultaneous fit of initial conditions of planets, mass of the Sun and asteroid densities. On figure
2 are plotted the variations of postfit residuals induced by the modification of the corresponding
β and γ parameters. The left hand side plot gives the variations of postfit residuals including
Mercury flyby normal point when the right hand side plot gives the variations of residuals without
the Mercury observations. The different levels of colors indicate the percentage of variations of
the postfit residuals compared to those obtained with INPOP10a. By projecting the 5% area
on the β-axis (or the γ-axis), one can deduced the corresponding β (or γ) interval given in table
1 in which the residuals are modified by less than 5%. In looking at the two figures, one can see
that the use of the Mercury flyby data give smallest intervals of possible β,γ. This is consistent
with the fact that the Mercury observations are far more sensitive to gravity modifications than
other data (see table 1 in 24 ).
3.3

Frame-dragging and prefered frame tests

Based on LLR observations, 16 estimate a supplementary advance in the node of the Moon
induced in GR by the motion of the Moon in the gravitational field of the Earth. The effect is
called the de Sitter effect and the results are presented in table 1. Prefered-frame coefficients
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Figure 3: Postfit residuals in meters obtained by comparison between Cassini tracking data and several
ephemerides with added Pioneer-like accelerations. The characteristics of the accelerations are given in m.s−2

α1 and α2 have also been estimated by the same authors. Results are presented in table 1.
3.4

Supplementary accelerations

Supplementary accelerations can be induced by dark matter and dark energy surrounding the
solar system or inside the solar system. Alternative descriptions of gravity can also induced
modifications in the gravitational potential and then supplementary acceleration in the motion
of solar system bodies and spacecraft. Possible tests have been made in introducing either
constant accelerations in one specific direction (Pioneer-like anomaly with outer planets, dark
matter with the Earth-Moon orbit) either accelerations induced by f(r) gravity or exponential
potentials (ISL). 16 and 17 have constrained the ISL potential for the geocentric Moon (λ = 4×108
km) and Mars (λ = 1010 km). Some other estimations should be investigate for λ > 1012 km.
Results are given in table 1. For the Pioneer-like accelerations, the figure 3.4 gives the postfit
residuals obtained by comparisons between the observed Earth-Saturn distances deduced from
the Cassini tracking data and planetary ephemerides integrated with supplementary constant
accelerations and fitted over the INPOP10a data sample. These accelerations are similar in
direction to the Pioneer accelerations but their modules vary from 10−11 to 5.10−13 m.s−2 . As
one can see on figure 3.4 only accelerations smaller than 5.10−13 m.s−2 are acceptable compared
to the present accuracy of the Cassini observations. This result was confirmed by 27 .
3.5

Supplementary advances of perihelia and nodes

New theoretical models (8 , 28 ) forecast supplementary advances in the orbits of the solar system
objects. Supplementary advances in the perihelia and nodes of the planets (from Mercury to
Saturn) have also been tested in INPOP and are presented on table 2. All these results are
based on the method presented in 24 . With INPOP10a 11 no supplementary advances in node
or perihelia is detected when with INPOP08 24 supplementary advance in the Saturn perihelia

Table 2: Values of parameters obtained in the fit of INPOP08 24 and INPOP10a 11 to observations. The supplementary advances of perihelia and nodes are estimated in INPOP10a and INPOP08 as the interval in which the
differences of postfit residuals from INPOP10a are below 5%. P09 stands for (26 ) and P10 for (18 ).

$̇sup
mas.cy−1
Mercury
Venus
EMB
Mars
Jupiter
Saturn
Ω̇sup
mas.cy−1
Mercury
Venus
EMB
Mars
Jupiter
Saturn

INPOP08

INPOP10a

P09

P10

-10 ± 30
-4 ± 6
0.0 ± 0.2
0.4 ± 0.6
142 ± 156
-10 ± 8

0.4 ± 0.6
0.2 ± 1.5
-0.2 ± 0.9
-0.04 ± 0.15
-41 ± 42
0.15± 0.65

-3.6 ± 5
-0.4 ± 0.5
-0.2 ± 0.4
0.1 ± 0.5

-4 ± 5

-6 ± 2

-10 ± 15

200 ± 100
0.0 ± 10.0
0.0 ± 2
-200 ± 100
-200 ± 100

1.4 ± 1.8
0.2 ± 1.5
0.0 ± 0.9
-0.05 ± 0.13
-40 ± 42
-0.1 ± 0.4

was possible. Such variations can be explained by the improvement of INPOP10a outer planet
orbits compared to INPOP08.
4

Conclusions

With the present gravity tests done in the solar system, GR is confirmed at the 10−4 accuracy for
PPN parameter β and the equivalence principal and at 10−5 for PPN γ. No supplementary advances of perihelia and nodes are detected at the present accuracy of the planetary ephemerides.
Variations of the gravitational constant are not expected above 10−13 yr−1 and stringent limits
for the ISL tests are given for the inner solar system. Messenger tracking data would bring
important informations for PPN parameter determinations and ISL tests should be done in the
outer solar system.
5
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TESTS OF GRAVITY AT THE SOLAR SYSTEM SCALE
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F75252 Paris Cedex 05
As confirmed by tests performed in the solar system, General Relativity (GR) presently represents the best description of gravitation. It is however challenged by observations at very large
length scales, and already at the solar system scale, tracking of the Pioneer 10/11 probes has
failed to confirm their expected behavior according to GR. Metric extensions of GR, which are
presented here, have the quality of preserving the fundamental properties of GR while introducing scale dependent modifications. We show that they moreover represent an appropriate
family of gravitation theories to be compared with observations when analysing gravity tests.
We also discuss different tests which could allow one to determine the metric extension of GR
prevailing in the solar system.

1

Introduction

General Relativity (GR) is unique among fundamental theories as it has first been introduced
on the basis of general principles 1 , before being confirmed by observations 2 . However, while
GR agrees with the most precise observations made in the solar system, recent observations
performed at larger length scales show inconsistencies between the visible content of larger parts
of the Universe and the gravitation laws according to GR. The anomalous rotation curves of
galaxies 3 and the anomalous acceleration of type Ia supernovae 4 can point at the existence of
important amounts of dark matter in galactic halos 5,6 and of dark matter and energy at the
cosmological scale 7,8 . But, should these dark constituents remain unobserved, this could mean
that the gravitation laws have to be changed at these scales. The necessity to modify GR may
even come earlier, already at the solar system scale, if the anomaly observed on the navigation
data of the Pioneer 10/11 probes 9 did not find a conventional explanation.
Beside observational data, theoretical arguments also plead for considering the possibility
of scale dependent gravitation laws. The coupling constants of the other three fundamental
interactions are known to develop a scale dependence as a consequence of radiative corrections,
a property which justifies the idea of a possible unification of all fundamental interactions.
Gravitation, being also both geometry and a field theory, should share this property. Assuming
”asymptotic safety” 10 , renormalization group techniques allow one to derive the general features
of the scale dependence of gravitation. When combined with observational constraints, they lead
to favour a family of metric extensions of GR for describing gravitation 11 .
We briefly review here the properties of such metric extensions of GR and obtain a parametriza-

tion of these theories suiting phenomenological purposes. We discuss how they can be used when
analysing gravity tests performed in the solar system and when searching anomalous gravitation
properties with respect to GR.
2

General Relativity and its metric extensions

GR plays an exemplary role among fundamental theories because of two essential properties: it
describes gravitation both as geometry and as a field theory. The first property deeply affects
modern spacetime metrology, which relies on a strong relation between gravitation and geometry:
definitions of reference systems depend on an underlying metric gµν which refers to solutions of
gravitational equations of motion 12 . This assumption is made possible by the identification of
gravitation with the geometry of spacetime. According to GR, all bodies, massive and massless
ones as well, follow geodesics in absence of non gravitational forces. Geodesics are obtained
from a universal geometric distance, defined by the metric gµν and which also coincides with the
proper time delivered by clocks along their motions. This results in particular in the universality
of free fall, a principle which has been verified to hold at very different length scales, ranging
from millimeter 13,14 to astronomic scales 15 , and at a very high precision level (10−13 ).
On the other hand, as one of the four fundamental interactions, gravitation is also described
by means of a field, characterized by the way it couples to its sources. In GR, the metric
field couples to energy-momentum tensors Tµν through its Einstein curvature Eµν , a particular
combination of Ricci (Rµν ) and scalar (R) curvatures. As both tensors are divergenceless, Tµν
as a consequence of conservation laws and Eµν of Bianchi identities, coupling can be realized by
a unique proportionality constant, Newton gravitation constant GN 16,17 (c is light velocity)
8πGN
1
Tµν
Eµν ≡ Rµν − gµν R =
2
c4

(1)

But gravitation is a very weak interaction, so that the particular form of the gravitational
equations of motion (1) is extremely difficult to bring to experimental test. Usually, tests of
gravity are only performed in an indirect way, by comparing observations with predictions which
can be obtained on the basis of metrics satisfying equations (1). As a consequence, the particular
field theory characterizing gravitation, and GN , appear to be tested with much less precision
than the geometric nature of gravitation.
Moreover, theoretical arguments suggest that the gravitational equations of motion (1) cannot remain valid over arbitrary energy or length scales. Indeed, as a universal mechanism
occuring in field theories, higher order processes modify couplings and propagators. This is the
case for electro-weak and strong interactions, whose coupling constants become scale dependent
and follow renormalization group trajectories. In a similar way, radiative corrections should lead
to a scale dependence of the gravitational coupling, making the gravitational equations specified by GR (1) only approximately valid 10 . Remarkably, these theoretical arguments appear to
be met by anomalous observations performed at very large length scales 3,4 , which can also be
interpreted as questioning the validity of GR at such scales 5,6,7,8 .
Although the case of gravitation shows to be theoretically involved, the main features of
the expected scale dependences can nonetheless be obtained from general properties. The symmetries, or gauge invariance, underlying gravitation constrain observables to take the form of
geometric quantities 18,19 . Hence, the further couplings induced by radiative corrections involve
squares of curvatures so that GR can indeed be seen to be embedded in a family of renormalizable field theories. This implies that, when radiative corrections are taken into account,
gravitation can still be described by a metric theory, but that the single gravitation constant
GN must be replaced by several running coupling constants 20 characterizing additional terms in
the Lagrangian. There results that GR, defined by Einstein-Hilbert Lagrangian (1), is extended

to a theory which is both non local, as a result of radiative corrections, and non linear, due to
their geometric nature. It leads to gravitational equations of motion which can be put under a
general form, with a susceptibility replacing Newton gravitation constant 21
Eµν = χµν (T ) =

8πGN
Tµν + δχµν (T )
c4

(2)

The resulting equations appear to be difficult to solve due to a particular mixing realized between
non linearity and non locality.
As another general property, radiative corrections can be seen to essentially differ in two
sectors corresponding to couplings to massless or massive fields 20,21 : in the former case, traceless energy-momentum tensors couple to Weyl curvature only, while in the latter case couplings
between energy-momentum traces and the scalar curvature also occur. GR should then be extended to metric theories which are characterized by two sectors, of different conformal weights,
with corresponding running coupling constants G(0) and G(1) which generalize Newton gravitation constant GN . The relations between coupling constants can be given simple expressions
in a linearized approximation (using a representation of fields in terms of momentum k and
introducing the corresponding projectors π on trace and traceless parts)22,23
(0)
(1)
Eµν = Eµν
+ Eµν
,

πµν ≡ ηµν −

kµ kν
k2

πµν π 00 8πG(1)
πµν π 00 8πG(0)
(1)
}
T
,
E
=
T00
00
µν
3
c4
3
c4
= GN + δG(0) ,
G(1) = GN + δG(1)

(0)
Eµν
= {πµ0 πν0 −

G(0)

(3)

Although the two running coupling constants remain close to GN , non locality and non linearity
combine in an intricate way and do not allow a decomposition as simple as (3) to hold beyond
the linearized approximation. Alternatively, one can look for non linear but local theories which
approximate the previous metric extensions of GR. It is remarkable that, due to the presence
of two sectors, such approximations can be obtained which involve higher order field derivatives
and nonetheless correspond to theories with stable ground states 24 .
To the theoretical difficulties implied by non locality combined with non linearity, some
compensation can be found in direct observations. Indeed, the latter show that gravitation
should remain very close to GR over a large range of scales. They moreover show that departures
from GR can happen not only at large energy scales, as expected if gravitation should unify with
other fundamental interactions, but also at large length scales 3,4 . Gravitation tests performed
up to now make it legitimate to consider the effective gravitation theory at ordinary macroscopic
length scales to be a perturbation of GR 2 . Solutions of the generalized equations (2) should
then correspond to perturbations of the solutions of GR equations of motion (1). Equivalently,
equations (2) may be seen as providing metrics which remain close to those determined by GR
and just differ from the latter by curvature anomalies 25
E = [E]GR + δE,
δE = δE

(0)

+ δE

[E]GR = 0

where

T ≡0

(1)

(4)

Metric extensions of GR are thus characterized by two independent components of Einstein
curvature tensor δE (0) and δE (1) , reflecting the two different running coupling constants G(0)
and G(1) modifying GN (as seen in the linear approximation (3)). When solving the gravitation
equations of motion (2), the two independent Einstein curvature components are replaced by two
gauge-invariant potentials ΦN and ΦP (for a point-like source, using Schwarzschild coordinates)
δE00 ≡ 2u4 (ΦN − δΦP )′′ ,

δErr ≡ 2u3 Φ′P

1
u≡ ,
r

()′ ≡ ∂u

(5)

In the case of GR, Einstein curvature vanishes and the solution depends on a single potential
ΦN taking a Newtonian form (ΦP vanishing in this case). In the general case, the potential ΦN
extends Newton potential while ΦP describes a second gravitational sector. These potentials
can be seen as a parametrization of admissible metrics in the vicinity of GR solutions, which
thus represent good candidates for extending GR beyong ordinary macroscopic scales. This
parametrization appears to be appropriate for analysing existing gravity tests and confronting
GR with plausible alternative theories of gravitation.
3

Phenomenology in the solar system and gravity tests

The solution of the gravitation equations of motion (2) takes a simple form in the case of a
stationary point-like gravitational source, as it corresponds to a static isotropic metric which
reduces to two independent components (written here in spherical isotropic coordinates)




ds2 = g00 c2 dt2 + grr dr 2 + r 2 (dθ 2 + sin2 θdϕ2 )
g00 = [g00 ]GR + δg00 ,

grr = [grr ]GR + δgrr

(6)

[g]GR denotes the approximate metric satisfying GR equations of motion (1), which can be
written in terms of Newton potential. In this case, the two independent components of the
metric δg00 and δgrr are in one to one correspondence with the two independent components
of Eintein curvature δE (0) and δE (1) . Quite generally, the explicit expressions of the metric
components in terms of the two gravitational potentials ΦN and ΦP (5) are obtained by inverting
the usual relation between metrics and curvatures 25 .
The most precise tests of GR have been realized in the solar system. Phenomenology in
the solar system is usually performed with parametrized post-Newtonian (PPN) metrics 26,27 .
Neglecting the Sun’s motions, the corresponding PPN metrics reduce to the form (6), with g00
and grr being determined by Newton potential φ and two Eddington parameters β and γ
g00 = 1 + 2φ + 2βφ2 + . . . ,
GN M
|φ| ≪ 1
φ ≡ − 2 ,
c r

grr = −1 + 2γφ + . . .
(7)

The parameters β and γ describe deviations from GR (obtained for β = γ = 1) in the two
sectors, corresponding respectively to effects on the motion of massive probes and on light
deflection. PPN metrics are a particular case of metric extensions of GR, corresponding to a
two-dimensional family which describes non vanishing but short range Einstein curvatures
ΦN = φ + (β − 1)φ2 + O(φ3 ),
ΦP = −(γ − 1)φ + O(φ2 )

1
1 
δE00 = 2 O(φ2 ),
δErr = 2 2(γ − 1)φ + O(φ2 )
[PPN]
r
r

(8)

In contrast, general metric extensions of GR are parametrized by two gravitational potentials
ΦN and ΦP (5) describing arbitrary Einstein curvatures. These two functions may be seen as
promoting the constant parameters β and γ to scale dependent functions. The latter manifest
themselves as an additional dependence of gravitational effects on a geometric distance. The
latter can be either a distance between points (as the probe and the gravitational source) or a
distance between a point and a geodesic (as the impact parameter of a light ray).
Existing gravity tests put constraints on possible deviations from GR, hence on allowed
metric extensions of GR (6) at the scale of the solar system. Direct scale dependence tests
have up to now been performed in the first sector only. They were designed to look for possible
r
modifications of Newton potential taking the form of a Yukawa potential (δφ(r) = αe− λ φ(r)),
characterized by a stength parameter α and a range λ. These tests, performed for λ ranging from

the submillimeter range, using dedicated experiments 28,29 , to the range of planetary orbits, using
probe navigation data and planetray ephemerides 28,30 , show that the strength α of a Yukawa-like
perturbation must remain rather small at all these scales, so that the form of the gravitational
potential in the first sector is rather strongly constrained to remain Newtonian. However,
constraints become much less stringent below the submillimeter range, where Casimir forces
become important 29 , and at scales of the order of the outer solar system, where observations
used to determine ephemerides become less precise. They moreover only concern the first sector.
The increasing set of observations performed in the solar system has progressively reduced
the allowed deviations from GR for the two PPN parameters β and γ. Presently, the best
constraint on the value of γ is given by the measurement of the Shapiro time delay, induced
by the gravitational field of the Sun on the radio link which was used to follow the Cassini
probe during its travel to Saturn 31 . GR prediction for the variation of the deflection angle, near
occultation by the Sun, has been confirmed, constraining γ to be close to 1 with a precision of
2.5 × 10−5 . A similar bound is provided by VLBI measurements of light deflection 2 . One may
remark that such a precision is obtained when assuming that the parameter γ remains constant.
As the deflection angle decreases with the impact parameter of the ray, the precision on the
measurement of the deflection angle is mainly due to small impact parameters. As a result, the
corresponding constraints should be sensitively less stringent when confronted to general metric
extensions of GR, which allow γ to depend on the impact parameter of the ray.
The value of γ being assumed, the parameter β can be obained either by means of a direct
measurement, such as Lunar Laser Ranging 15 , measuring the Sun polarization effect on the Moon
orbit around the Earth, or by means of big fits, using all data made available by probe navigation
and astrometry measurements, to determine planet ephemerides 32,33,34 . Both methods lead to
similar constraints on β, fixing the latter to remain close to 1, up to deviations less than 10−4 .
Let us remark that these determinations are performed at the scale of the Moon orbit in one case,
and at a scale of several astronomic units (AU) in the other case. They can also be considered
as independent estimations of β being performed at different length scales.
Available data for gravitation at large length scales in the solar system are rather few.
Hence, the navigation data of the Pioneer 10/11 probes, during their travel in the outer part
of the solar system, provide an important consistency check for models of gravitation in the
solar system. Remarkably, the analysis of Doppler data has failed to confirm the predictions
made according to GR. Comparison of observed with predicted values resulted in residuals
which did not vanish but could be interpreted as exhibiting the presence of an anomalous
acceleration aP = (0.87±0.13) nm s−2 , directed towards the Sun or the Earth, and approximately
constant over distances ranging from 20AU to 70AU 9 . Many attempts have been made to find
a conventional explanation to the Pioneer anomaly as a systematic effect either related to the
probe itself, allowed by a loss of energy from power generators on board, or to the environment
of the probe, due to the presence of dust or gravitating matter in the outer solar system 35 .
These have been followed by sustained efforts for recovering further data and performing new
analyses covering the whole Pioner 10/11 missions 36 . Up to now, these attempts have remained
unsuccessful in explaining the totality of the Pioneer anomaly.
Furthermore, a recent study, confirming the secular part of the Pioneer anomaly, has also
analysed the modulations apparent in the Doppler data, showing that their frequencies correspond to the Earth’s motions, and that the Doppler residuals can be further reduced by
introducing simple modulations of the radio links 37 . Modulated anomalies cannot be produced
by a conventional explanation of the secular part but require a further mechanism (trajectory
mismodeling, solar plasma effects, ...) to be accounted for. On the other hand, simple models
modifying the metric are able to reproduce both types of anomalies. These features leave the
possibility of a common gravitational origin of the Pioneer anomalies, pointing at a deficiency
of GR occuring at length scales of the order of the solar system size.

4

Tests of metric extensions of GR

Besides being favoured by theoretical arguments, metric extensions of GR also provide an appropriate tool for analysing gravity tests performed in the solar system. Most precise tests realized
at or beyond the AU scale strongly rely on Doppler ranging, hence on an appropriate modeling
of electromagnetic links and the trajectories of massive bodies. Metric extensions of GR provide
a general and simple expression for the time delay function T (x1 , x2 ) which describes the links
used to follow a massive probe (xa ≡ ra (sin θa cos ϕa , sin θa sin ϕa , cos θa ) with a = 2, 1 respectively denoting the coordinates of the probe and a station on Earth, T (x1 , x2 ) is written here
for a static istropic metric (6)) 38
cT (r1 , r2 , φ) ≡

Z

(r)dr
− ggrr
00

r2

r1

q

− ggrr
(r) −
00

ρ2
r2

,

φ=

Z

ρdr/r 2

r2

r1

cos φ ≡ cos θ1 cos θ2 + sin θ1 sin θ2 cos (ϕ2 − ϕ1 )

q

rr
− gg00
(r) −

ρ2
r2

(9)

φ is the relative angle, when seen from the gravitational source, of the two points x1 and x2 and
ρ the impact parameter of the light ray joining these points. The two-point function T (x1 , x2 )
describes the time taken by a light-like signal to propagate from position x1 to position x2 (thus
giving a parametrization of lightcones). The time delay function can be seen to be parametrized
by metric components (9), hence by the two gravitation potentials (ΦN , ΦP ). Doppler signals are
obtained by taking the time derivative of T (x1 , x2 ), and evaluating the latter on the trajectories
of the probe and the Earth station. As geodesics must be determined according to the same
metric extension of GR, the two potentials also enter the expressions of the trajectories 25 .
Comparison between metric extensions and GR predictions can be performed explicitly and
analysing the former within the framework of GR leads to deviations which take the form of
Pioneer-like anomalies (δa = δasec + δaann denotes the time derivative of Doppler signals 9 )
c2
δasec ≃ − ∂r (δg00 ) + [r̈2 ]GR
2

 
d
dφ
δaann ≃
δρ
dt
dt GR



c2
δ(g00 grr )
− δg00 − ∂r2 [g00 ]GR δr2
2
2


(10)

The gravitational potentials in the two sectors contribute to both the secular part δasec and
the modulated part δaann of the anomaly. These furthermore depend on the probe and Earth
motions, which are obtained from the equations for geodesics and initial conditions. Hence,
Pioneer-like anomalies appear as a prediction of metric extensions of GR. These moreover predict strong correlations between secular and modulated anomalies, which can be considered as
signatures to be looked for in observations 23,38 .
Besides directly, through a precise analysis of probe navigation data, the two gravitational
potentials may also be expected to be determined as part of a big fit of all navigation and
astrometric data, such as those used to obtain the ephemerides of planets and some of their
characteristic constants. In such an approach, the two potentials play the same role as Eddington
parameters β and γ 32,33,34 , with the additional feature of allowing significant dependences on
length scales of the order of the solar system size 25 . The results of Doppler and ranging
observations should then be taken into account by using the time delay function (9) and the
geodesics, depending on the two gravitational potentials (ΦN , ΦP ) which define a general metric
extension of GR. Clearly, the need to recall to numerical methods entails that the neighborhood
defined by the two potentials, in their general form, is too large to be totally scanned by a fit.
Hence, it appears crucial to design simplified models which depend on a small number of real
parameters but still preserve the scale dependences which are most likely to be observed 39 .

Metric extensions of GR also predict effects which can be expected to be exhibited by future
experiments benefiting from a high increase in precision measurement. The time delay function
(9) results in a particular scale dependence of the gravitational deflection of light which can
be equivalently represented as an additional dependence of the deflection angle ω, or else of
Eddington parameter γ, on the impact parameter of the light ray (M denotes the mass of the
gravitational source, r its distance to the observer, χ the apparent relative angle between the
light source and the gravitational source) 23
ω(χ) ≃

GN M 1 + γ(χ)
c2 r
tan χ2

The two gravitational potentials characterizing metric extensions combine to induce a modification of the deflection angle which, in contrast to GR, contains a part which increases with
the impact parameter. Such deviations should then become more noticeable for measurements
performed with a high precision and at small deflection angles. In a near future, GAIA will
perform a survey of our neighborhood in our galaxy and will follow with a very good accuracy
an extremely large number of astrometric objects 40,6 . This will include in particular a very large
number of light deflection observations performed at small deflection angles, or at large angular
distances from the Sun
δω < 40µas,

ω ∼ 4mas,

χ ∈ [45◦ , 135◦ ]

As a consequence, GAIA data will improve the accuracy for the observed mean value of γ (better
than 2 × 10−6 ) and will make it possibe to map the dependence of γ on χ over its whole range
of variation. Such a mapping could put into evidence small deviations from GR and moreover
allow to determine and fit their particular dependence.
A definite answer to the question of modifying the gravitation theory at the solar system
scale would be provided by missions embarking dedicated means for directly measuring the
effects of gravity. A first example is OSS mission 41 which, beside ranging facilities, will also
possess a high precision accelerometer, thus allowing to distinguish the effects of gravitation
from other forces affecting the probe and hence to determine unambiguously whether the probe
follows a geodesic, and whether the latter corresponds to GR. Another mission, SAGAS 42 , aims
at reaching the outer part of the solar system with, beside an accelerometer, an atomic clock on
board. Using the combined information obtained, with a very high precision, from the optical
links and the clock on board, one would be able to reconstruct the gravitational potentials in
the two sectors, and thus to exactly determine the gravitation theory prevailing at the largest
scales which can be reached by artificial probes.
5

Conclusion

When generalized under the form of a metric extension, GR remains a successful theory of
gravitation within the whole solar system. Minimal modifications allow one to account for all
gravity tests performed up to the solar system scale and to confirm the position of GR as the
basis of gravitation theory. They moreover correspond to scale dependences of the gravitational
coupling, thus bringing gravitation closer to the other fundamental interactions.
From a phenomenological point of view, metric extensions of GR appear as a convenient
tool for testing gravity within the solar system. They may also provide a natural answer to the
presence of anomalies when observations are analysed by confrontation with GR. The actual
theory of gravitation can be approached by looking for such anomalies occuring in residuals of
direct ranging data or big fits. It may also be determined by future high precision observations
(GAIA) or dedicated missions in the solar system (OSS, SAGAS).
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OSS (Outer Solar System) Mission
B. Christophe and OSS Team
ONERA - The French Aerospace Lab, F-92322 Chatillon, France
OSS is an M-class mission to explore the Neptune system almost half a century after flyby
of the Voyager 2 spacecraft with a unique opportunity to visit a selected Kuiper Belt object
subsequent to the passage of the Neptunian system. The probe will also embark instruments
allowing precise tracking of the probe during cruise. It allows to perform the best controlled
experiment for testing, in deep space, General Relativity, on which is based all the models
of Solar system formation. The design of the probe is mainly constrained by the deep space
gravity test in order to minimise the perturbation of the accelerometer measurement.

1

Introduction

Outer Solar System (OSS) Mission, proposed in the frame of the ESA Cosmic Vision call for a
M mission, continues a long and bright tradition by associating the communities of fundamental
physics and planetary sciences in a mission with ambitious goals in both domains. OSS will
visit Neptune and its moon Triton, nearly half a century after Voyager 2 and then a Kuiper Belt
object.
During its cruise to the Outer Solar System, the precise tracking of the probe will be used for
testing the predictions of General Relativity (deep space gravity and measurement of Eddington’s
parameter γ).
This paper focuses on the fundamental physics aspect of the mission, with a brief description of
the scientific objectives, the instrumentation suite, the mission trajectory and the spacecraft.
2
2.1

Fundamental Physic Scientific Objectives
Deep space gravity

General Relativity, the current theoretical formulation of gravitation, is in good agreement
with most experimental tests of gravitation 1 . But General Relativity is a classical theory and
all attempts to merge it with the quantum description of the other fundamental interactions
suggest that it cannot be the final theory of gravitation. Meanwhile, the experimental tests
leave open windows for deviations from General Relativity at short 2 or long distance 3 scales.
General Relativity is also challenged by observations at galactic and cosmic scales. The
rotation curves of galaxies and the relation between redshifts and luminosities of supernovae
deviate from the predictions of the theory. These anomalies are interpreted as revealing the
presence of new components of the Universe, the so-called ”dark matter” and ”dark energy”
which are thought to constitute respectively 25% and 70% of the energy content of the Universe
4 5 . Their nature remains unknown and, despite their prevalence, they have not been detected
by any other means than gravitational measurements. Given the immense challenge posed by

Figure 1: GAP exploded view: Bias Rejection System (left) and MicroSTAR accelerometer (right)

these large scale behaviors, it is important to explore every possible explanation including the
hypothesis that General Relativity is not a correct description of gravitation at large scales 6 7 .
Testing gravitation at the largest scales reachable by man-made instruments is therefore
essential to bridge the gap between experiments in the Solar System and astrophysical or cosmological observations. A key idea of OSS mission (as previously proposed 8 9 10 11 ) is to measure
non-gravitational forces acting on the spacecraft, with a target accuracy of 10 pm.s−2 . Combining these measurements with radio tracking data, it becomes possible to improve by orders of
magnitude the precision of the comparison with theory of the spacecraft gravitational acceleration.
2.2

Measurement of the Eddington’s parameter γ

The Eddington parameter γ, whose value in General Relativity is unity, is a fundamental parameter in most tests of relativistic gravitation. In fact, (1 − γ) yields one measurement of the
deviation from General Relativity from competing theories: it gauges for example, the fractional
strength of scalar interaction in scalar-tensor theories of gravitation. This deviation (1 − γ) has
been shown to be smaller than 2 × 10−5 by the Cassini relativity experiment performed at solar
conjunctions in June 2002 12 .
The orbit of the spacecraft will be tracked during the whole cruise phase, in order to test
General Relativity to an unprecedented level of accuracy (see previous section). A particularly
interesting test will take benefit of solar conjunctions to repeat the Cassini relativity experiment
but with a largely improved accuracy (at the 10−7 level) thanks to the laser ranging equipment
onboard.
3
3.1

Fundamental Physic Payload
Accelerometer: GAP

The DC accelerometer GAP is used in complement of the navigation instruments to measure
the non gravitational acceleration applied to the spacecraft. GAP is composed of an electrostatic accelerometer MicroSTAR, based on ONERA expertise in the field of accelerometry and
gravimetry (CHAMP, GRACE, GOCE missions, 13 ), and a Bias Rejection System (see Figure
1).
The three axes accelerometer is based on the electrostatic levitation of the inertial mass with
no mechanical contact with the instrument frame. The mechanical core of the accelerometer is
fixed on a sole plate and enclosed in a hermetic housing in order to maintain a good vacuum
around the proof-mass. The bias calibration system consists in a flip mechanism which allows a
180◦ rotation of the accelerometer to be carried out at regularly spaced times 14 . It is equipped
with a piezo-electric rotating actuator and a high-resolution angle encoder working in closed
loop operation.

The resolution of the instrument is 1 pm/s2 in DC, with a global performance of 10 pm/s2
taking into account the effect of integration in the S/C (alignment, centrifugal acceleration, S/C
self-gravity ...).
3.2

Laser Science Instrument

For the laser Doppler measurement, two different concepts are proposed and briefly described
below.
One way Laser - TIPO
The TIPO experiment (Télémétrie Inter Planétaire Optique) proposed by the OCA team is a
one-way laser ranging project derived from satellite and lunar laser ranging (SLR/LLR) and
optical time transfer T2L2. The TIPO principle is based on the emission of laser pulses from an
Earth based station towards the spacecraft. These pulses are timed in the respective timescales at
departure on Earth and upon arrival on the spacecraft. The propagation time and the respective
distance between Earth and spacecraft are derived from the difference of the dates of departure
and arrival. This one-way laser ranging permits distance measurements on a Solar System scale
(up to 30 AU) as the one-way link budget varies only with the square of the distance, contrary
to the power of four for usual laser telemetry.
Two way coherent laser - DOLL
The DOLL optical link concept for OSS is the optical equivalent of the radio link, with an onboard laser transponder and ground terminals at already operating satellite/lunar laser ranging
stations. In its baseline version OSS-DOLL features in particular:
- continuous wave laser operation in both directions (two-way system) at λ=1064.5 nm;
- heterodyne onboard laser transponder (minor modification of the present homodyne LCT
transponder);
- high precision optical Doppler (range-rate) measurement;
- data transfer and range measurement;
- large stray light rejection from heterodyne detection and thanks to a controlled frequency
offset (100 MHz) between incoming and outgoing laser signals, using a space qualified USO
(ACES/PHARAO Quartz oscillator).
3.3

Radio-Science and Very Large Baseline Interferometer

The probe navigation is based on precision Doppler tracking, which are optimized at two wavelengths, X- and Ka-bands, in a two-way coherent mode. The dual link enables the calibration
of the dispersive effects of the charged particles in the interplanetary plasma. X- and Ka-bands
have been flown reliably in a coherent mode on at least two deep space missions (Cassini and
Juno) and are planned for several more upcoming missions (Bepi-Colombo). The two-way coherent mode enables the transponder(s) to take advantage of the superior stability of H-maser
based clocks at the ground stations. The performance can be expressed in Doppler noise in units
of velocity or in terms of the dimensionless Allan deviation and should be at least 10−14 at an
integration time of 1000 s.
Observations of the spacecraft using global Very Large Baseline Interferometer arrays with 10
or more radio telescopes and maximum baselines of ∼10 000 km at X-band in a phase referencing
mode using the natural extragalactic radio sources for phase calibration can provide positioning
accuracy at a level of 0.1 nrad, or 150 m at a distance of 10 AU.

Figure 2: OSS orbit for a launch in 2020, with Venus and Earth flybys (left) or Earth and Saturn flybys (right)

4

Mission and Spacecraft

A direct trajectory would enable almost annual launch windows at the expense of a relatively
heavy launcher due to the high initial velocity which is required. Transfers using inner solar
system gravity assists would require less heavy launchers. Two optimized trajectories are compared in Figure 2. A preliminary analysis of the mission profile shows the capability to deliver
a 500 kg class probe.
The spacecraft architecture, illustrated in Figure 3, is organized so as to:
- provide a planet-pointing side with the observation instruments;
- accommodate the laser instrument for the measurement of the Eddington parameter with
a pointing towards the Earth;
- provide the lowest and most axisymmetrical self-gravity as viewed from GAP;
- make coincide as much as possible the dry mass centre of gravity, the propellant centre of
gravity, the radiation pressure force line and the GAP;
- ensure a stable and reliable alignment between the GAP and the High Gain Antenna
(HGA) to ensure consistency between radio science and accelerometry;
- accommodate the two Advanced Stirling Radioisotope Generators (ASRG) required for the
mission by minimising their impact on the rest of the spacecraft (including radiation).

Figure 3: Spacecraft viewed from top, with HGA and closure panels removed:
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University, USA), J. Helbert, H. Hussmann, N. Schmitz, F. Sohl, K. Stephan (DLR/Institute of
Planetary Research, Germany), H. Dittus (DLR/Institute of Space System, Germany), P. Brown
(Imperial College London, UK), R. Srama (IRS, University of Stuttgart and MPIK, Heidelberg,
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ON THE ANOMALOUS INCREASE OF THE LUNAR ECCENTRICITY
L. IORIO
Ministero dell’Istruzione, dell’Università e della Ricerca (M.I.U.R.)
Viale Unità di Italia 68, 70125, Bari (BA), Italy.
Possible explanations of the recently reported anomalous increase of the eccentricity of the
lunar orbit are sought in terms of classical Newtonian mechanics, general relativity, and longrange modifications of gravity.

Anderson and Nieto, in a recent review1 of some astrometric anomalies detected in the
solar system by some independent groups, mentioned also an anomalous secular increase of the
eccentricity e of the orbit of the Moon
ėmeas = (9 ± 3) × 10−12 yr−1

(1)

based on an analysis of a long LLR data record spanning 38.7 yr performed by Williams and
Boggs2 with the dynamical force models of the DE421 ephemerides3,4 including all the known
relevant Newtonian and Einsteinian effects. Notice that Eq. 1 is statistically significant at a
3σ−level. The first account5 of this effect appeared in 2001 by Williams et al., who gave an
extensive discussion of the state-of-the-art in modeling the tidal dissipation in both the Earth
and the Moon. Later, Williams and Dickey6 , relying upon the 2001 study5 , released an anomalous
eccentricity rate as large as ėmeas = (1.6 ± 0.5) × 10−11 yr−1 . Anderson and Nieto1 commented
that Eq. 1 is not compatible with present, standard knowledge of the dissipative processes in the
interiors of both the Earth and Moon, which were, actually, modeled by Williams and Boggs2 .
Naive, dimensional evaluations of the effect caused on e by an additional anomalous acceleration A can be made by noticing that
ė '

A
,
na

(2)

with
na = 1.0 × 103 m s−1 = 3.2 × 1010 m yr−1

(3)

for the geocentric orbit ofp
the Moon, whose mass is denoted as m. In it, a is the orbital
.
.
semimajor axis, while n = µ/a3 is the Keplerian mean motion in which µ = GM (1 + m/M )
is the gravitational parameter of the Earth-Moon system: G is the Newtonian constant of
gravitation and M is the mass of the Earth. It turns out that an extra-acceleration as large as
A ' 3 × 10−16 m s−2 = 0.3 m yr−2

(4)

would satisfy Eq. 1. In fact, a mere order-of-magnitude analysis based on Eq. 2 would be
inadequate to infer meaningful conclusions: finding simply that this or that dynamical effect

induces an extra-acceleration of the right order of magnitude may be highly misleading. Indeed,
exact calculations of the secular variation of e caused by such putative promising candidate
extra-accelerations A must be performed with standard perturbative techniques in order to
check if they, actually, cause an averaged non-zero change of the eccentricity. Moreover, it may
well happen, in principle, that the resulting analytical expression for hėi retains multiplicative
factors 1/ej , j = 1, 2, 3, ... or ej , j = 1, 2, 3... which would notably alter the size of the found
non-zero secular change of the eccentricity with respect to the expected values according to
Eq. 2.
It is well known that a variety of theoretical paradigms7,8 allow for Yukawa-like deviations9
from the usual Newtonian inverse-square law of gravitation. The Yukawa-type correction to the
.
Newtonian gravitational potential UN = −µ/r, where µ = GM is the gravitational parameter
of the central body which acts as source of the supposedly modified gravitational field, is
 r
αµ∞
UY = −
exp −
,
(5)
r
λ
in which µ∞ is the gravitational parameter evaluated at distances r much larger than the scale
length λ. In order to compute the long-term effects of Eq. 5 on the eccentricity of a test particle
it is convenient to adopt the Lagrange perturbative scheme10 . In such a framework, the equation
for the long-term variation of e is10
 



de
1
1 − e2
1
∂R
∂R
√
=
−
,
(6)
dt
na2
e
∂M
1 − e2 ∂ω
where ω is the argument of pericenter, M is the mean anomaly of the test particle, and R
denotes the average of the perturbing potential over one orbital revolution. In the case of a
Yukawa-type perturbation, Eq. 5 yields
  
αµ∞ exp − aλ
ae
hUY i = −
I0
,
(7)
a
λ
where I0 (x) is the modified Bessel function of the first kind Iq (x) for q = 0. An inspection
of Eq. 6 and Eq. 7 immediately tells us that there is no secular variation of e caused by an
anomalous Yukawa-type perturbation.
The size of the general relativistic Lense-Thirring11 acceleration experienced by the Moon
because of the Earth’s angular momentum12 S = 5.86 × 1033 kg m2 s−1 is just
ALT '

2vGS
= 1.6 × 10−16 m s−2 = 0.16 m yr−2 ,
c2 a3

(8)

i.e. close to Eq. 4. On the other hand, it is well known that the Lense-Thirring effect does not
cause long-term variations of the eccentricity. Indeed, the integrated shift of e from an initial
epoch corresponding to f0 to a generic time corresponding to f is13
0

∆e = −
0

2GS cos I (cos f − cos f0 )
√
,
c2 na3 1 − e2

(9)

in which I is the inclination of the Moon’s orbit with respect to the Earth’s equator and f is
the true anomaly. From Eq. 9 it straightforwardly follows that after one orbital revolution, i.e.
for f → f0 + 2π, the long-term gravitomagnetic shift of e vanishes.
A promising candidate for explaining the anomalous increase of the lunar eccentricity is,
at least in principle, a trans-Plutonian massive body X of planetary size located in the remote
peripheries of the solar system. Indeed, the perturbation induced by it would, actually, cause a

non-vanishing long-term variation of e. Moreover, since it depends on the spatial position of X
in the sky and on its tidal parameter
. GmX
KX = 3 ,
dX

(10)

where mX and dX are the mass and the distance of X, respectively, it may happen that a suitable
combination of them is able to reproduce Eq. 1. Let us recall that, in general, the perturbing
potential felt by a test particle orbiting a central body due to a very distant, pointlike mass can
be cast into the following quadrupolar form


2 
KX 2
ˆ
UX =
r − 3 ~r · l
,
(11)
2
where ˆl = {lx , ly , lz } is a unit vector directed towards X determining its position in the sky. In
Eq. 11 ~r = {x, y, z} is the geocentric position vector of the perturbed particle, which, in the
present case, is the Moon. Iorio14 has recently shown that the average of Eq. 11 over one orbital
revolution of the particle is

KX a2 
hUX i =
U e, I, Ω, ω; ˆl ,
(12)
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where U e, I, Ω, ω; ˆl is a complicated function of its arguments14 : Ω is the longitude of the
ascending node and I is the inclination of the lunar orbit to the ecliptic. In the integration
yielding Eq. 12 ˆl was kept fixed over one orbital revolution of the Moon, as it is reasonable given
the assumed large distance of X with respect to it. Eq. 6, applied to Eq. 12, straightforwardly
yields
√

15KX e 1 − e2 
hėi =
E I, Ω, ω; ˆl .
(13)
16n


Also E I, Ω, ω; ˆl is an involved function of the orientation of the lunar orbit in space and of the
position of X in the sky14 . Actually, the expectations concerning X are doomed to fade away.
Indeed, apart from the modulation introduced by the presence of the time-varying I, ω and Ω in
Eq. 13, the values for the tidal parameter which would allow to obtain Eq. 1 are too large for all
the conceivable positions {βX , λX } of X in the sky. This can easily be checked by keeping ω and
Ω fixed at their J2000.0 values as a first approximation. Indeed, Iorio14 showed that the physical
and orbital features of X postulated by two recent plausible theoretical scenarios15,16 for X would
induce long-term variations of the lunar eccentricity much smaller than Eq. 1. Conversely, it
turns out that a tidal parameter as large as
KX = 4.46 × 10−24 s−2

(14)

would yield the result of Eq. 1. Actually, Eq. 14 is totally unacceptable since it corresponds to
distances of X as absurdly small as dX = 30 au for a terrestrial body, and dX = 200 au for a
Jovian mass.
An empirical explanation of Eq. 1 can be found by assuming that, in addition to the usual
Newtonian inverse-square law for the gravitational acceleration imparted to a test particle by a
central body orbited by it, there is also a small radial extra-acceleration of the form
A = kH0 vr .

(15)

In it k is a positive numerical parameter of the order of unity to be determined from the
observations, H0 = (73.8 ± 2.4) km s−1 Mpc−1 = (7.47 ± 0.24) × 10−11 yr−1 is the Hubble
parameter at the present epoch17 , defined in terms of the time-varying cosmological scaling factor

.
S(t) as H0 = Ṡ/S , and vr is the component of the velocity vector ~v of the test particle’s proper
0
motion about the central body along the common radial direction. Indeed, a straightforward
application of the Gauss perturbative equation for e to Eq. 15 yields

√

1 − e2 1 − 1 − e2
hėi = kH0
.
(16)
e
Since eMoon = 0.0647, Eq. 16 can reproduce Eq. 1 for 2.5 . k . 5. Here we do not intend to
speculate too much about possible viable physical mechanisms yielding the extra-acceleration
of Eq. 15. It might be argued that, reasoning within a cosmological framework, the Hubble
law may give Eq. 15 for k = 1 if the proper motion of the particle about the central mass is
taken into account in addition to its purely cosmological recession which, instead, yields the
well-known local extra-acceleration of tidal type Acosmol = −q0 H02 r, where q0 is the deceleration
parameter at the present epoch.
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10. B. Bertotti, P. Farinella and D. Vokrouhlický Physics of the Solar System, (Kluwer Academic Press, Dordrecht, 2003).
11. J. Lense and H. Thirring, Phys. Z. 19, 156 (1918)
12. D. D. McCarthy and G. Petit, IERS Technical Note No. 32. IERS Conventions (2003).
12. (Verlag des Bundesamtes für Kartographie und Geodäsie, Frankfurt am Main, 2003).
13. M. H. Soffel, Relativity in Astrometry, Celestial Mechanics and Geodesy, (Springer, Berlin,
1989).
14. L. Iorio, Mon. Not. Roy. Astron. Soc. doi:10.1111/j.1365-2966.2011.18777.x (2011).
15. P. S. Lykawka and T. Mukai, Astron. J. 135, 1161 (2008).
16. J. J. Matese and D. P. Whitmire, Icarus 211, 926 (2011).
17. A. G. Riess, L. Macri, S. Casertano, H. Lampeit, H. C. Ferguson, A. V. Filippenko, S. W.
Jha, W. Li, R. Chornock and J. M. Silverman, Astrophys. J. 730, 119 (2011).

Radioscience simulations in General Relativity and in alternative theories of
gravity
A. Hees1,2 , P. Wolf2 , B. Lamine3 , S. Reynaud3 , M.T. Jaekel4 , C. Le Poncin-Lafitte2 , V. Lainey5 , A.
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In this communication, we focus on the possibility to test GR with radioscience experiments.
We present a new software that in a first step simulates the Range/Doppler signals directly
from the space time metric (thus in GR and in alternative theories of gravity). In a second
step, a least-squares fit of the involved parameters is performed in GR. This software allows one
to get the order of magnitude and the signature of the modifications induced by an alternative
theory of gravity on radioscience signals. As examples, we present some simulations for the
Cassini mission in Post-Einsteinian gravity and with the MOND External Field Effect.

1

Introduction

There is still a great interest in testing General Relativity (theoretical motivations such as quantification of gravity, unification with other interactions. . . ). Within the solar system, the gravitational observations are always related with radioscience measurements (Range and Doppler)
or with angular measurements (position of body in the sky, VLBI). In this communication, we
present a new tool that performs simulations of radioscience experiments in General Relativity
and in alternative metric theories of gravitation. The developed software simulates Range and
Doppler signals directly from the space time metric (and from the initial conditions of the bodies considered). The aim of this tool is to provide orders of magnitude and signatures for the
variations of the Range/Doppler induced by alternative theories of gravity. In order to compare
signals in different theories, a least-squares fit of the different parameters involved in the problem
(mainly the initial conditions) is performed. In this communication, we present the principles
of the software and results of simulations of the Cassini probe mission during its cruise from
Jupiter to Saturn with Post-Einsteinian modifications of gravity (PEG) 1,2 or with an external
field effect due to a MONDian modification of gravity 3 .
2

Description of the software

Our software directly generates Doppler/Range signal from the metric considered in a fullyrelativistic way. This includes the integration of the equations of motion in a given coordinate
time, the computation of the time transfer of light and the clock behavior.

The equations of motion are derived from the metric and the geodesic equations integrated
with respect to coordinate time 4 .
The connection between the coordinate and proper time of clocks is obtained by integrating
the equation of proper time 4
q
dτ
= g00 − 2g0i vi − gij vi vj
dt

(1)

where gµν is the space-time metric, vi is the velocity of the clock and τ its proper time.
Finally, the time transfer is also determined directly from the metric using Synge World’s
function formalism 5 . Within this formalism, one does not need to integrate the photon trajectory in order to get the time transfer or the frequency shift (in the linear approximation).
Instead, those quantities are expressed as integrals of functions defined from the metric (and
their derivatives) along the photon Minkowski path. For example the coordinate propagation
time can be expressed as 5
T (xie (te ), xir (tr ), tr ) =

Rer
Rer
+
c
c

Z 1

f (z α (µ))dµ

with
i
i
j
f = −h00 − 2Ner
h0i − Ner
Ner
hij ,

(2)

0

i
Ner
=

hµν = gµν − ηµν ,

xir − xie
,
Rer

(3)

xie , te are the position and time of the emitter (computed iteratively assuming flat space time),
xir , tr are the position and time of the receptor and Rer = xie (te ) − xir (tr ) . The integral in (2)
is performed over a Minkowski path between emitter and receptor (z α (µ) is a straight line). A
similar expression is used for the frequency shift.
In order to investigate the observable signatures of an alternative theory of gravity in the
Range and Doppler data we perform a least-squares fit in GR on the different parameters (initial
conditions and masses of the bodies) and search for identifiable signatures in the residuals. The
fit of initial conditions is necessary in order to avoid effects due to the choice of coordinates. As
a matter of fact, this fit is always done in practice, which means that a reasonable analysis of
the signal produced by an alternative theory has to be done after the fit.
3

Simulations of Cassini mission

As an example, we simulate the two-way range and Doppler signals to the Cassini spacecraft
from June 2002 during 3 years (when the probe was between Jupiter and Saturn). To simplify
the situation we only consider the Sun, the Earth and Cassini spacecraft.
3.1

Post-Einsteinian Gravity (PEG)

The first alternative metric theory considered is Post-Einsteinian Gravity (PEG) 1,2 . From a
phenomenological point of view this theory consists in including two potentials ΦN (r) and ΦP (r)
to the metric. Here we concentrate on the sector ΦP (r). We consider a series expansion. That
is to say we suppose the spatial part of the metric to be modified as follows


gij = [gij ]GR − 2δij χ1 r + χ2 r2 + δγ

GM
c2 r



(4)

where r is a radial isotropic coordinate, M is the sun mass, c the velocity of light and G the
gravitational constant. The parameter δγ is related to the post-newtonian parameter δγ = γ −1.
Different simulations were performed with different values of the three PEG parameters.
For example, Figure 1 represents the Range and Doppler differences between a simulation in a

theory with δγ = γ − 1 = 10−5 and in GR. The three peaks occur during solar conjunctions.
The signal due to the conjunction is not absorbed at all by the fit of the initial conditions which
nevertheless absorbs a large modulations in the range signal.
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Figure 1: Representation of the Range (on the left) and Doppler (on the right) signals due to an alternative theory
with γ − 1 = 10−5 . The blue line is the difference between a simulation in the alternative theory and a simulation
in GR (with the same parameters). The green line is the residuals obtained after analyzing the simulated data in
GR (which means after the fit of the different parameters).

To summarize, Figure 2 represents the maximal difference between the Doppler generated
in PEG theory and the Doppler generated in GR for different PEG theories (characterized by
their values of χ1 , χ2 and δγ). If we request the residuals to be smaller than Cassini Doppler
accuracy (roughly 10−14 ), we get boundary values for the three parameters: χ1 < 5 10−22 m−1 ,
χ2 < 2 10−33 m−2 and γ − 1 < 3 10−5 (which is very similar to the real estimation 6 ).
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Figure 2: Representation of the maximal Doppler signal due to PEG theory (parametrized by three parameters
χ1 , χ2 , γ − 1) for the Cassini mission between Jupiter and Saturn. The blue lines represent the maximal Doppler
difference between a simulation in the alternative theory and a simulation in GR (with the same parameters).
The green lines represent the maximal residuals obtained after analyzing the simulated data’s in GR (i.e. after
the fit of the parameters). The read lines represent the assumed Cassini accuracy.

3.2

MOND External Field Effect (EFE)

Another alternative theory considered is the External Field Effect produced by a MOND theory 3 . In this framework, the dominant effect
is modeled
by a quadrupolar contribution to the


Q2 i j
GM
1
Newtonian potential U = r + 2 x x ei ej − 3 δij where ei is a unitary vector pointing towards the galactic center and 2.1 10−27 s−2 ≤ Q2 ≤ 4.1 10−26 s−2 is the value of the quadrupole
moment whose value depends on the MOND function.

Figure 3 represents the effect of the EFE on the Range and Doppler signals from Cassini. It
can be seen that the signal are just below the Cassini accuracy (10−14 in Doppler). Therefore,
the Cassini arc considered here is not sufficient to provide a good test of MOND External Field
Effect.
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Figure 3: Representation of the Range (on the left) and Doppler (on the right) signals due to the MOND EFE
(Q2 = 4.1 10−26 s−2 ). The blue line is the difference between a simulation with the EFE and a simulation in GR
(with the same parameters). The green line shows the residuals obtained after analyzing the simulated data in
GR (which means after the fit of the different parameters).

4

Conclusion

In this communication, we have presented a new tool that performs Range/Doppler simulations
in metric theories of gravity. With this software, it is easy to get the order of magnitude and the
signature of the modifications induced by alternative theories of gravity on radioscience signals.
As an example, we have presented some simulations for the Cassini mission in Post-Einsteinian
Gravity and we have derived boundary values for some PEG parameters. We have also presented
simulations including the MOND External Field Effect and we have shown that this effect is too
small to be detected during the Cassini cruise between Jupiter and Saturn.
In the future, further simulations can be done for other theories and other (future and past)
space missions.
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GAME - Gravitation Astrometric Measurement Experiment
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The Gravitation Astrometric Measurement Experiment (GAME) is a mission concept based
on astronomical techniques (astrometry and coronagraphy) for Fundamental Physics measurements, namely the γ and β parameters of the Parameterized Post-Newtonian formulation
of gravitation theories extending the General Relativity. The mission concept, measurement
approach and instrument design are briefly described.

1

Introduction

The experiment of Dyson, Eddington and Davidson, whose concept is sketched in the left panel
of Fig. 1, gave the first confirmation of Einstein’s General Relativity theory by observation of
known stellar fields during the May 29th, 1919 eclipse. It measured the apparent positions of a
few stars, within a few degrees from the solar limb during the eclipse, compared to their unperturbed relative positions. The arc variation is interpreted in terms of light deflection, providing
an estimate of the γ parameter with precision ∼ 10%, i.e. to a 10−1 accuracy estimation of
the PPN γ parameter. Measurements of light deflection from the ground are affected by several
shortcomings, as short eclipse duration, high background flux from the solar corona, atmospheric
disturbances and the limited number of bright sources in the field, thus limiting the achievable
performance independently from foreseeable technological improvements. The current best estimate of γ, from the Cassini experiment, is in the 10−5 range 1 . The β parameter was estimated
through accurate orbit determination of Solar System bodies 2 which put to evidence the effect
of perihelion shift excess, extending the historical case of Mercury.
The main scientific goal of GAME is the estimation of key parameters of the Parametrized
Post-Newtonian formalism, commonly used to test the metric theories of gravity in the weak-field
regime of the Solar System. The focus is on Eddington’s parameters, γ, to a few 10−8 , and β, to a
few 10−6 . The possibility of testing gravity theories to this accuracy has significant implications
for our understanding of several physical and astrophysical issues at a very fundamental level.
GAME can also provide crucial information on several other issues of Solar system (in particular
Near Earth Object orbit determination), extra-solar planetary systems, stellar astrophysics and
high angular resolution monitoring of the Corona and circumsolar environment.
2

Science goal: estimation of the PPN γ parameter

The Parametrised Post-Newtonian (PPN) formalism 3 was introduced to classify the metric
theories of gravity at their Post-Newtonian level through a set of parameters. The γ parameter

Figure 1: Deflection by the Solar gravitational field of the light rays from stars. The apparent star position
is displaced away from the Sun because of the photon path bending (left). On the right, the observable: arcs
between stars from each field, whose length is modulated with time, depending on pointing position vs. the Sun.

quantifies the effect of mass on space-time curvature, while β is related to the superposition nonlinearity for the gravity fields of different bodies, and in General Relativity (GR) γ = β = 1.
However, GR acts as a cosmological attractor for scalar-tensor theories of gravity, with expected
deviations on γ in the 10−5 − 10−7 range. Also, observational evidence has been achieved for
an accelerated expansion of the Universe at the present time. This was interpreted in the
concordance ΛCDM scenario as the effect of a long range perturbation to the gravity of the
visible matter, generated by the so-called Dark Energy. Other observations at different scale
(e.g. galaxy rotation curves) are explained with non-barionic Dark Matter or some kind of
GR modification (e.g. Pioneer anomalies 4 ). However, these data might also be explained with
a modified version of GR, in which the curvature invariant R in Einstein’s equations is no
longer constant (f (R) gravity theories). Present experimental data are not accurate enough to
discriminate among the options, but this could be done with a < 10−7 -level measurement of γ 5 .
From a phenomenological standpoint, the γ parameter is associated to the light deflection,
and it can be shown 6 that the accuracy on γ is proportional to that on the light deflection, directly
related to the measurement precision of the angular separation.
Light deflection has peak value of 1′′.74 at the solar limb, and decreases rapidly at increasing
angular distance. Thus, in order to estimate the γ parameter at the 10−6 level and beyond,
microarcsec (µas) level measurements of relative star positions (Fig. 1, right) are required, at
a few degrees from the Sun (Fig. 2, left). Previous simulations showed that the 10−7 level
of accuracy could be reached within the baseline of this measurement concept, scaled to fit a
small mission framework 6 . The 10−8 accuracy goal of the medium mission GAME version 7
comes from improvement factors as the longer mission duration, use of four larger fields of view
labelled North, South, East and West (Fig. 2, right), and an optical configuration which also
allows for a better control of systematic errors. In addition to the four Sun-ward fields, GAME
also observes at the same time four (“outward”) fields in the direction opposite to the Sun.
Adoption of a highly symmetrical instrument design mitigates the calibration requirements,
as the instrument response is the same, at first order, for all fields. Using the same optical paths
and detector, perturbations are expected to act mainly in common mode, reducing their influence
on the differential measurement. Observation of selected fields at different epochs modulates the
deflection ON (Sun between fields) and OFF (Sun at large distance). The benefits to systematic
error control of simultaneous observation of 2 + 2 or 4 + 4 fields are not only related to increased
efficiency, but above all to real time compensation of systematic errors 8 .
The superposition can be achieved with techniques similar to those adopted in Hipparcos
and Gaia, i.e. a beam combiner (BC) folding onto the same detector the images of the two fields.
The separation between observing directions, materialised by the BC, is the base angle (BA).

Figure 2: The GAME satellite observing stellar fields close to the Sun and in the opposite direction (left). Nominal
position of the four Sun-ward fields (right).

3

The measurement technique and performance

GAME is based on a 1.5 m diameter telescope, with coronagraphic and multiple field beam
combination sub-systems. The satellite is oriented with a side always set within 35◦ to the Sun,
thus simplifying the design of payload thermal control and solar panel allocation; the detector
radiator is naturally set on the dark side. The telescope is endowed with a pupil mask and a
folding mirror for injection of the out-ward field beams. Each sub-aperture acts as a coronagraph
for rejection of the Sun disk at the R ≤ 10−8 level, and of the inner Corona, whereas, with respect
to the stellar fields, the set of sub-pupils works as a Fizeau interferometer, feeding the underlying
monolithic telescope. The background is limited by the Corona at 2◦ from the Sun centre, to
∼ 9 mag per square arcsec. Suppression of the Sun disk light requires coronagraphic techniques.
GAME observes in step-and-stare mode four fields around the Sun, at radial distance 2◦
(deflection: ∼ 0′′.233 ) from the Sun centre, and set at 90◦ from each other. In addition to the
four “Sun-ward” fields, GAME also observes at the same time, and using as much as possible
the same parts of the instrument, four “outward” fields with the same relative placement in
the direction opposite to the Sun. Subsequent exposures of the superposed fields are taken,
to compute the photo-centre location of each star image in deflection ON and OFF epochs.
The photo-centre displacement provides an estimate of the angular value of light deflection,
which can then be averaged over the star sample. Relaxed requirements are imposed on a priori
knowledge of star parameters and on pointing accuracy; accurate reconstruction of attitude and
sample astrometry is expected from the data processing.
3.1

Instrument conceptual design and key characteristics

The GAME optical concept is based on Fizeau interferometry, to achieve a convenient trade-off
between the angular resolution needed for precision astrometry, and coronagraphic requirements,
applied to small apertures achieved by pupil masking on the underlying telescope.
A schematic view of the Sun-ward beam path is shown in the left side of Fig. 3. The
Sun beams from PM (dashed lines) are sent out to space through the M1 holes, whereas the
stellar beams from two Sun-ward fields (e.g., N and S), shown as dotted and dash-dot lines,
are separated by geometric optics. The apertures on M1 also allow photons from star in the
outward fields to get into the system, as shown in the right side of Fig. 3. The folding mirror FM
between PM and M1 is used to inject the out-ward beams back on M1 and into the telescope.
Thus, the out-ward field stars are imaged on the focal plane, superposed to the Sun-ward ones,
and using mostly the same optical system, with the only addition of the flat mirror FM.
The aperture geometry is replicated several times, thus providing the desired Fizeau mask
on PM, generating images with resolution comparable with the full underlying telescope (image
FWHM < 100 mas) for each of the observed fields. The desired four field instrument, pair-wise
symmetric and using as far as possible the same components in common mode, is thus achieved.

Figure 3: Left panel: Rejection of Sun beam (dashed line) and injection of two Sun-ward field beams (dash-dot
and dotted line); right panel: injection of one outward beam (solid line).

3.2

Performance assessment

The measurement scheme of GAME is fully differential, since it is based on determination
of the variation between epochs of the angular distance between stars in selected fields. The
measurement noise performance (random error) depends on the location precision on individual
sources, and on the total number of sources. The individual location precision depends on the
instrument characteristics, source spectral type and magnitude, and on background level 9 .
The expected performance of GAME on γ in terms of noise limit vs. the mission lifetime
is σ(γ)/γ = 2.8 × 10−8 . The error limit includes a further 30% degradation associated to
uncalibrated systematic errors, taking the realistic performance to σ(γ)/γ = 3.8 × 10−8 . The
performance on β (∼ 10−6 ) and other science topics is estimated in a similar way.
4

Conclusions

The smart combination of modern astrometric and coronagraphic techniques allows the definition
of a mission concept able to provide unprecedented results on Fundamental Physics by estimation
of the PPN parameters γ and β, respectievly to the 10−8 and 10−6 range.
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A relativistic positioning system has been proposed by Bartolomé Coll in 2002. Since then,
several group developed this topic with different approaches. I will present a work done in
collaboration with Ljubljana University and the ESA Advanced Concepts Team. We developed
a concept, Autonomous Basis of Coordinates, in order to take advantage of the full autonomy
of a satellite constellation for navigation and positioning, by means of satellite inter-links. I
will present the advantages of this new paradigm and a number of potential application for
reference systems, geophysics and relativistic gravitation.

1

Relativistic Positioning Systems (RPS)

The first proposal for a relativistic positioning system is SYPOR (“Système de Positionnement
Relativiste”), proposed by Bartolomé Coll in 2002 1 . It is an alternative to the scheme of usual
positioning systems. The idea is to give the constellation of satellites the possibility to constitute
by itself a primary and autonomous positioning system, without any a priori realization of a
terrestrial reference frame.
The relativistic positioning system is defined with the introduction of emission coordinates,
which contain dynamical information of the satellite constellation. They have been reintroduced
recently by several articles 2,3,4,5 . The definition of these coordinates is rather simple, but they
are a very powerful tool in general relativity. Let us define four particles a = 1, 2, 3, 4 coupled to
general relativity. Along their worldlines Ca , one defines four one-parameter families of future
null cones Na (τ a ) which are parametrized by proper time. The intersection of four future null
cones Na (τ a ) from four worldlines Ca defines an event with emission coordinates (τ 1 , τ 2 , τ 3 , τ 4 ).
Then, a user receiving four electromagnetic signals broadcasting the proper time of four satellites
knows its position in this particular coordinate system.
RPS have been studied with different approaches these last years 6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21 .
The purpose of this proceeding is to present an approach developed by a collaboration between
the Advanced Concepts Team of the European Space Agency, the department of physics of
Ljubljana University and SYRTE/Paris Observatory/UPMC.

2

From emission to global coordinates

A GNSS is a system of satellites emitting precise timing signals for the purpose of providing a
local coordinate basis in space-time. In order to determine his space-time position with respect
to this basis, an observer must receive four proper times emitted by four different satellites, and
be able to calculate the local coordinates of the four satellites as a function of their emission
coordinates.
We studied the use of emission coordinates theoretically and in practical scenarii by numerical simulations 16,20,21 . We provided mathematical tools to translate emission coordinates into
space-time coordinates of the observer. A local Schwarzschild coordinate system was introduced
as an idealized prototype of space-time in the vicinity of the Earth. The problem of connecting
the local Schwarzschild frame to the global inertial frame is well understood in the framework of
classical non-relativistic gravitational perturbation theory, but remains to be done in a general
relativistic framework.
Analytic solutions for light-like and time-like geodesics were obtained in order to implement
two algorithms: (i) an algorithm that calculates emission coordinates corresponding to the local
Schwarzschild coordinates of a user, and (ii) the “reverse” algorithm that calculates space-time
coordinates of a user from its emission coordinates. In a first approach, we assumed that orbital
parameters of satellites are known. We have shown that the use of a fully relativistic code in
GNSS offers a very promising alternative to the use of post-Newtonian approximations, and
presents no technical obstacle.
The effects of non-gravitational perturbations have been studied. We have shown that the
only yardstick of a GNSS is the clock, which provides absolute position both in space and time
to any accuracy and stability allowed by noise and clock drifts. Clock drifts, adding up after
some time, would result in considerable error in absolute position in space if the the clocks were
not controlled. In current positioning scheme, correcting the clocks needs a constant monitoring
of the satellites via Earth telemetry and the precise realization of a terrestrial reference frame.
However, we realized that a GNSS constellation is also a very precise clock of its own, since
orbital periods of its satellites are accurate constants of motion. Therefore, we proposed to
use the dynamical information given by mutual timing between satellites to improve the long
term phase stability of onboard clocks, as well as to improve the precision of constants of
motion of the constellation. This proposal led us to define the concept of Autonomous Basis
of Coordinates (ABC). Within such a scheme, we have shown that it is possible to correct the
clocks to a level considerably surpassing the classical scheme, which is limited in accuracy by
stochastic components of Earth dynamics.
3

Autonomous Basis of Coordinates (ABC)

In a GNSS constellation with more than four satellites, more than four emission coordinates
are received by an observer: the positioning problem is over-determined. In order for the local
basis to be self consistent, all combinations of emission coordinates, received at any event in
space-time, must give the same four local coordinates for this event. The main constraint on
self-consistency of a GNSS system comes from the precision of constants of motion. In order to
adress this problem, the concept of Autonomous Basis of Coordinates (ABC) is introduced in
Čadež et al. 20 . We propose that the constants of motion be determined and checked internally
by the GNSS system in such a way that each satellite checks its own position as any other
observer with respect to all the other satellites: in addition to emitting its proper time, each
satellite also receives other satellite’s emission coordinates and makes its information available
to the central GNSS control 22,23 .
The ABC concept aims to describe in a coherent frame both the dynamics of non-interacting

test bodies transmitting emission coordinates and the propagation of electromagnetic waves
providing those coordinates. It uses the fact that both light and test bodies trajectories are
geodesics that can be derived from the same Hamiltonian. It provides a means to translate
dynamical information into the conventional representation based on local frames. Dynamical
information, expressed in terms of emission coordinates, gives direct information about the
Riemannian structure of space-time, and thus allows the construction of a local frame with
coordinates and metric that provides a precise definition of equations of motion. We call the
reference system and coordinates built via the ABC concept the ABC reference system and the
ABC coordinates.
Let us use the nomenclature introduced by J. Kovalevsky and I. Mueller 24 to describe the
ABC reference system:
Concept: the ABC coordinate system is built such that dynamics is consistent; dynamics is
given by a Hamiltonian, that both describe space-time geometry and non-gravitational forces.
Physical structure: the reference system is physically materialized by a constellation of satellites in Earth orbit and inter-satellite links. Light and satellite geodesics create a physical
space-time web that probe the space-time geometry.
Modelling: the model characterizes a particular choice of the Hamiltonian. We have studied
three particular Hamiltonians 20 : Minkowski, Kepler and Schwarzschild. The ultimate goal is
to obtain a Hamiltionian containing a complete description of all known gravitational and nongravitational perturbations. This is the purpose of the Slovenian PECS/ESA project: “Relativistic global navigation system” a .
Realization: A realization of the reference system needs the implementation on future GNSS
constellation of inter-satellite links, which is now under study 22,23 . We have done a simulation 16,20,21 for some specific idealized space-time geometries and have discovered some generic
properties of ABC systems, as robustness of recovering constants of motion with respect to noise
in the data, consistency of description with redundant number of satellites, the possibility to
use the constellation as a clock with long term stability and the possibility to use perturbation
theory to refine the Hamiltonian toward a better long term dynamical prediction. For example,
we have shown an internal consistency of Galileo satellites positions at the millimetre level after
only four orbits (∼ 36 hours) with 200 data points (one point every 10 mn). The accuracy
of constants of motion is expected to increase with time, when more data will become available to evaluate smaller and smaller discrepancies between dynamic prediction and dynamic
observations provided by exchange of emission coordinates between satellites.
4

Applications in geophysics and relativistic gravimetry

Dynamics of bodies and light in a given space-time is unique to the geometry of this spacetime. Therefore, geometry can in principle be determined on the basis of dynamical information
and vice versa, dynamics can be predicted with an accuracy limited, in principle, only by the
accuracy of geometric information. Thus the GNSS with inter-satellite links is a new type of
gravimeter, we call it Riemannian gravimeter, that creates a space-time web with light and
satellite geodesics that “scan” the space-time geometry around Earth.
The accuracy of an ABC reference system, realized with Galileo satellites, would increase
with the accuracy of geometric information derived from dynamics. However, the relation of such
an ABC reference system to a celestial reference system is not trivial, since the ABC reference
system is gauged with the local geometry of the part of space-time where satellites move, while
signals from distant quasars travel long distances accross the universe and are affected by the
intervening curvature of spacetime. Thus, the relation between the ABC reference frame and a
a

http://www.esa.int/SPECIALS/PECS/index.html

celestial reference frame could, in principle, reveal important new information about the way in
which the local geometry is integrated into the global arena of space-time. A discrepancy between
the two frames could also reveal a violation of the equivalence principle, if non-gravitational
perturbations as solar pressure can be modelled or measured accurately.
The possibility to define an extremely precise ABC reference frame is also very interesting
for geophysics. A sub-millimetre level of accuracy of satellite positions would eventualy allow
comparable position accuracy on Earth surface, at least statistically, by properly averaging
positions obtained by ground based GNSS receivers. Below millimetre level of accuracy, the
shape of Earth and absolute positions of markers on the ground would certainly elucidate many
important phenomena about our planet Earth. For example, a much deeper understanding of
interior structure of the Earth could be reached by studying Earth and ocean tides. Continental
drift would be measured with a precision, that could possibly be sufficient to model changing
strain and stress in the Earth crust and eventually lead to earthquake prediction. Gravitational
potential differences and driving ocean currents could also be detected, allowing us to study
ocean dynamics at the same level of precision as todays meteorology understands dynamics of
atmosphere.
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In the next decade or two, extremely accurate tests of general relativity under extreme conditions are expected from gravitational wave observations of binary black hole mergers with a
wide range of mass ratios. In addition, major improvements are planned in both strong and
weak equivalence principle tests; clock measurements based on the ACES program on the ISS;
more accurate light-bending measurements; and other new types of tests. However, whether
these tests are all consistent with general relativity or not, it still appears desirable to proceed with a much improved measurement of the Shapiro time delay. A suggested approach1
is based on using a high-quality optical clock in a drag-free spacecraft near the sun-earth L1
point and a smaller drag-free transponder spacecraft in a two-year period solar orbit. Laser
phase travel-time measurements would be made between the two spacecraft over a period of 10
or 20 days around the time when the line of sight passes through the Sun. The requirements
on the optical clock stability and on the drag-free systems will be discussed. The accuracy
achievable for the time-delay appears to be better than 1 part in 100 million.

1

Introduction

The first suggestion to measure the gravitational time delay for electromagnetic waves passing
near the sun was made by Irwin I. Shapiro in 1964.2 The extra gravitational time delay for
two-way measurements of light propagating from Earth to a spacecraft passing behind the Sun
can be more than 200 microseconds. In the Parametrized Post-Newtonian (PPN) formulation of
gravitational theory, the main contribution to the time delay is proportional to (1 + γ), where
γ is a measure of the curvature of space. In General Relativity (GR), γ = 1.
In view of the well-known lack of a theory that connects GR with quantum theory, improvement of high-accuracy tests of the predictions of GR should be the object of research in
the coming decade. Many alternatives to GR involve additional scalar fields. Studies of the
evolution of scalar fields in the matter-dominated era of the universe indicate that the universe’s
expansion tends to drive the scalar fields toward a state in which the scalar-tensor theory is only
slightly different from GR. Some scalar-tensor extensions of GR3,4 predict deviations from the
GR value of γ in the range from 10−5 to 10−8 . Improved information about γ would provide
important insight into the evolution of the universe and directly limit the range of applicabilituy
of alternative gravitational theories.
Recently, a measurement of γ with accuracy ±2.3 × 10−5 was made during the Cassini
mission.5 Further improvements in the accuracy for γ to roughly 10−6 are expected from two
missions of the European Space Agency (ESA): the GAIA astrometric mission, which will measure the gravitational deflection of light rays by the sun, and the Bepi Colombo mission to

Mercury, which will make improved measurements of the solar time delay. We describe here a
mission1,6,7 that can reach an accuracy of about 1 × 10−8 for determining γ.
2

Mission orbits and predicted time delay

For the proposed mission, one spacecraft (S1) containing a highly stable optical clock would be
placed in an orbit near the L1 point, about 1.5 million km from the Earth in the direction of
the Sun. The second spacecraft (S2) would have a 2 year period orbit in the ecliptic plane, with
an eccentricity of 0.37. S2 would pass through superior solar conjunction about 1, 3, and 5 years
after launch and would be near aphelion at those times. Both spacecraft would have drag-free
systems to nearly eliminate the effects of spurious non-gravitational forces. A measurement of γ
to a level of 1 × 10−8 would be carried out by observing the time delay of laser signals exchanged
between the two spacecraft when the line of sight passes near the Sun’s limb. Atmospheric
effects would be absent and continuous observation would be possible. With S2 near aphelion,
the range rate would be low, and the orbit determination problem would be much reduced.
The crucial measurements of time delay occur within a few days of superior conjunction
and are primarily characterized by a logarithmic dependence on the distance of closest approach
of the light to the mass source. The predicted gravitational time delay due to a non-rotating
mass source, expressed in terms of the radii rA , rB of the endpoints of the photon path, and the
elongation angle Φ between the radius vectors from the source to the endpoints, is 8
c∆tdelay = µ(1 + γ) log



rA + rB + rAB
rA + rB − rAB



−

µ2 rAB (8 − 4β + 8γ + 3ǫ)
µ2 (1 + γ)2 rAB
+
(1)
rA rB (1 + cos Φ)
4rA rB sin Φ

where µ = GM⊙ /c2 , and rAB is the geometric distance between the endpoints in isotropic
coordinates and β and ǫ are PPN parameters measuring the nonlinearity of the time-time and
space-space components of the metric tensor. In GR, (8 − 4β + 8γ + 3ǫ)/4 = 15/4. The time
delay in Eq. (1) is expressed in terms of observable quantities, and does not involve the unknown
impact parameter or distance of closest approach. The non-linear terms are a few nanoseconds
so they are significant, but do not have to be estimated with great accuracy. The contributions
to time delay due to the solar quadrupole moment are small and can be estimated with sufficient
accuracy that they will not contribute significantly to the error budget.
The measurements will be made by transmitting a laser beam with roughly 40 GHz sidebands
on it from from S1 to S2, and comparing with a similar beam generated on S2 and sent back
to S1. From the phase differences of the sideband beat notes, the round-trip delay time can be
obtained. With 20 cm diameter telescopes, and given the one-way travel time of about 1600
s, the received signal would be roughly 1000 counts/s for 1 W of transmitted power. This is a
weak signal, but it is strong enough so that the chances of a cycle slip should be very small. If
we consider the round-trip delay times ∆tdelay to be the observable, then the change in delay
from 0.75 days to 4 days on either side of conjunction is about 64 microseconds.
3

Signal-to-Noise Analysis

We can estimate the lowest possible uncertainty that could be attained in this experiment on
the basis of the optimal Wiener filter, which takes advantage of the known time signature of
the signal and includes the expected clock noise.1,7,9 For this case, uncertainties in the various
orbit parameters for the two spacecraft are ignored, and the travel time between the spacecraft
is assumed to be constant except for changes in the gravitational time delay. The time signature
of γ ∗ = (1 + γ)/2 is taken to be represented by the logarithmic function
g(t) = −B(log |Rt| − M )

(2)

where M is the mean value of log |Rt| over the time periods −t2 to −t1 and t1 to t2 (a short time
interval during occultation is excluded), and for the proposed experiment B = 0.97 × 8µ/c =
3.82 × 10−5 s. The rate at which the line of sight to the distant spacecraft passes across the sun
is R = 1.9 solar radii per day.
Let g(f ) be the Fourier transform of g(t) over the time of the measurements. Then the
signal-to-noise ratio may be found 1,7,9 in terms of an integral over all frequencies of |g(f )|2 .
An important consequence of the logarithmic form of the time delay, Eq. (2), is that if the
noise has a constant spectral density, only about 2.5% of the signal-to-noise ratio comes from
frequencies below 1 microHz, where the acceleration and clock noise are expected to increase.
Just integrating down to 1 microHz, we find an uncertainty less than 1 × 10−9 for γ. Almost all
of the power in |g(f )|2 is at frequencies between 1 and 8 microHz, so it is clear that the noise
at these low frequencies will provide the main limitation on the results.
Actually, all of the in-plane parameters for the orbits of the two spacecraft have to be
solved for, as well as γ. Our model for this includes uncorrelated 0.02 picosecond uncertainties
for measurements of the round-trip travel time over
√ 3-hr periods. This is in addition to our
−15
assumed white clock frequency noise of 5 × 10 / Hz down to at least 1 microHz. Spurious
acceleration noise is not included in this model, but its effect has been estimated to be small
with our assumptions about its spectrum. The resulting uncertainty in γ is less than 1 × 10−8 .
So far, we have assumed that time-delay measurements are only made over a total period of
8 days around solar conjunction. This was done in order to make sure that spurious acceleration
noise at frequencies below 1 microHz would have little effect. However, simulations for longer
observing times are desirable, with full allowance for spurious acceleration noise at the lowest
frequencies, as well as for the orbit determination part of the problem. The longer observation
period may help to improve the determination of orbit parameters as well as γ.
4

Spacecraft S1 clock

The major requirement for the mission is to fly an optical clock on S1 that has very high
stability over a period of at least 8 days around superior conjunction. The nominal design goal
for the mission
is to achieve a fractional frequency noise power spectral density amplitude of
√
−15
5 × 10 / Hz from 1 Hz down to at least 1 microHz. (This is nearly equivalent to an Allan
√
deviation of 5 × 10−15 / τ for times from 1 s up to 106 s.)
√
As an example of the desired performance, a spectral amplitude of about 2 × 10−15 / Hz has
been achieved in the laboratory down to 1 mHz for the 267 nm transition in sympatheticallycooled Al+ ions in a magnetic trap.10 Other leading candidates for optical clocks in space are
cooled Sr88 atoms11,12 and Yb171 atoms13,14 in optical latices. However, substantial development
is needed to show that such optical clocks can be designed for use in space and can be space
qualified.
5

Drag-free system

The required performance builds on that planned for the LISA mission. For frequencies down to
10−4 Hz for LISA, the
√ requirement on the acceleration power spectral density amplitude is less
2
−15
than 3×10 m/s / Hz. However, the performance is expected to degrade at lower frequencies.
The main challenge for achieving good performance at low frequencies is minimizing thermal
changes, and particularly thermal gradient changes, near the freely floating test mass in the
drag-free system. On LISA this is done almost completely by passive thermal isolation. For a
time delay mission, a fairly slow active temperature control system would be used at frequencies
below 10−4 Hz. Changes in solar heat input over the 8 days around conjunction would be quite

small for S2, because conjunction
occurs near aphelion. The required drag-free performance is
√
2
−13
roughly 1 × 10 m/s / Hz down to 1 microHz.
In fact, much of the desired freedom from spurious accelerations needed for LISA has been
demonstrated in the laboratory with torsion pendulum measurements.15 But, more important,
the overall performance of the drag-free system will be demonstrated in the LISA Pathfinder
Mission, which is scheduled for launch by ESA in 2014.16,17
6

Other scientific benefits from the mission

Additional effects such as those arising from non-linear terms in the 00-component of the metric
tensor, parameterized by β, as well as other time delay effects originating in the sun’s rotation,
can also be measured. The clock at the L1 point will experience frequency shifts from the earth’s
potential, solar tidal effects, and second-order Doppler shifts. Relative to a reference on earth’s
surface, the fractional frequency shift is about +6.9 × 10−10 , and is almost all gravitational.
Comparing the clock at L1 with a similar clock on earth’s geoid will give accuracies of a few
parts per million in a few hours, which is orders of magnitude more accurate than the VessotLevine 1976 Gravity Probe A result. This result is comparable to that expected from the
upcoming ACES mission.18
7

Postscript

After the Moriond Meeting we learned about proposals19,20 for a mission called ASTROD I,
with improved measurement of the gravitational time delay as one of its main objectives. In the
proposed mission, the time delay measurements would be made between a drag-free spacecraft
in a solar orbit with a semi-major axis of about 0.6 AU and laser ranging stations on the Earth.
The projected accuracy for determining the PPN parameter gamma is 3 × 10−8 .
In these papers the drag-free requirement √
is given explicitly only over the frequency range
from 0.0001 to 0.1 Hz, and is 3 × 10−14 m/s2 / Hz at 0.0001 Hz. And the only clock frequency
stability requirements given are 1 × 10−14 for the clock in the satellite by comparison with
ground clocks and 6 × 10−14 stability in the round-trip travel time of roughly 1700 s. However,
to reach the accuracy goal given for gamma appears to require low levels of spurious acceleration
noise and clock noise down to about 1 microHz or lower. Thus it seems possible that quite low
spurious acceleration and clock noise levels at low frequencies actually were implemented in the
simulations on which the ASTROD I accuracy goals are based.
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Probing the dark energy nature with type Ia supernovae : cosmological
constraints from the Supernova Legacy Survey first 3-years
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We present the recent cosmology results from the Supernova Legacy Survey (SNLS). Complementing the 242 high redshift type Ia supernovae sample from the first 3 years of the
Supernova Legacy Survey with other mostly nearby supernovae samples, we measure a dark
energy equation of state parameter w parameter consistent with a cosmological constant. The
sytematic uncertainties we fully take into account are approximately equal to the statistical
uncertainties. Combining the supernovae data with WMAP7 CMB and SDSS BAO measurements, we obtain a most precise measurement of the dark energy equation of state w = −1.068
with a precision of 0.08.

1

Introduction

The first evidence for the universe expansion acceleration was provided at the very end of last
century 1,2a . By using a few dozens of type Ia supernovae as standardized candles, discovered
and monitored with CCDs camera on 4-m class telescope, the Supernova Cosmology Project
and the High Z Team found that the universe expansion had stop decelerating 5 Gyr ago.
Since then, other cosmological probes — the cosmic microwave background (CMB) temperature fluctuations, the baryon acoustic oscillations (BAO) imprinted in the galaxies spatial
distribution, weak gravitational lensing mapping dark matter clustering etc. — have provided
new evidence for the presence of a dark energy component opposing gravity and accounting for
75% of the total universe energy density. The physical origin of cosmic acceleration remains
though a deep mystery.
In the last decade, new generation supernova surveys have brought improvements in the
quantity and the homogeneity of the supernova sample. The supernovae evidence for acceleration
has been strengthed. Combining the different cosmological probes, it is now possible to adress the
question of the dark energy nature, by measuring its equation of state parameter : w = pX /ρX .
With the substantial increase up to ∼ 1000 SNeIa distance measurements and the consequent
reduction of statistical errors, sytematics errors have become the limiting factor and as such the
key issue.
The Supernovae Legacy Survey is a 5 year program which goal is to measure the dark energy
equation equation of state w in combination with other measurements to better than 0.10, paying
special attention to include and limit thoroughly any systematics effects.
a

See e.g. (Frieman, 2009)3 for a review.

2

Expansion history and the universe content

In an expanding isotropic and homogeneous universe, distances between galaxies at rest scale as
d ∝ a(t). In such an expanding universe, light emitted by one observer at time t and observed
by another at later time t0 is observed to be redshifted, by a factor 1 + z = λ(t0 )/λ(t) =
a(t0 )/a(t), directly related to the scale factor a(t). The expansion dynamics is governed through
the Einstein equations by the universe energy content. Matter, with a present day reduced
density ΩM = ρM (t0 )/ρcrit (t0 ) – the critical density corresponds to a flat geometry for the
universe — decelerates the universe expansion. If the expansion is accelerating, one of the
simplest explanation is the existence of a second energy component, a perfect fluid X, with a
repulsive equation of state w = pX /ρX < −1/3 and a corresponding reduced density ΩX : the
dark energy. Mapping the expansion history a(t) thus yields measurements of the cosmological
parameters ΩM , ΩX , and w.
The nature of the dark energy remains enigmatic. It could be a constant energy component,
such as the cosmological constant Λ originally postulated by Einstein, or, formally equivalent,
the vacuum energy of particle physics, in these cases w = −1. Another possibility is that the
dark energy be a dynamical fluid, whith a time variating equation of state w(z) – or w(a). An
alternative explanation would require to modify the General Relativity at cosmologically large
scales, or invoke inhomogeneities inducing apparent acceleration (the “back-reaction”).
3

Type Ia supernovae : standard candles as cosmological probes

For an object of intrinsic luminosity L, the flux f measured by the observer defines the luminosity
distance in term of the usual inverse square law : f = L/(4πd2L ). The dependency of dL on the
redshift z (the Hubble diagram) is related to the integrated expansion history, and as such to
the energy content of the universe and the aforementionned cosmological parameters :
dL ≡

q

f /4πL = cz/H0 × D(z; ΩM , ΩX , w)

(1)

As one measure fluxes and not luminosities, the use of standard candles is of particular importance. With these objects of fixed luminosity L, one can measure relative distances. and thus
be able to constrain the cosmological parameters without having to know the luminosity L, nor
the Hubble constant H0 values.
Type Ia supernovae (SNe) are cosmic explosions that display an impressive homogeneity.
These rare (1 per galaxy per millenium) and bright events, observable at cosmological distances,
are thought to arise from the explosion of a white dwarf accreting matter from a companion
and reaching the stability Chandrasekhar mass limit. The companion could be an evolved main
sequence star, a red giant or a white dwarf. They are easily identified using spectroscopy, as
they exhibit strong absorption features at the time of their peak luminosity.
With a 40% dispersion of their peak luminosity measured in the Johnson B band, they
qualify as standard candles. But they do however exhibit a correlation bewteen their peak
luminosity and the time evolution behaviour of their lightcurve and also with their restframe
colors. By taking into account these empirical relations — acknowledged as the brighter-slower
and the brighter-bluer relations —, the observed dispersion is reduced to ∼10%. This results in
a dispersion of ∼5% for the estimated distance : they are standardized candles.
In order to estimate the cosmological parameters, we will be comparing the restframe peak
fluxes (e.g. in the restframe Johnson B band) of SNe Ia exploding at different redshifts (Eq. 1).
This requires to observe them in different filters, which intercalibration must then be precisely
known. To evaluate the restframe Johnson B band value at peak, one needs to interpolate the
fluxes measurement between several different filters and also at different dates : for this we

use a time dependent spectrophometric model of the SN Ia emission, φ(λ, t), that we construct
empirically using spectrophometric data of nearby and distant SNe Ia.
The relationship between distance d, flux f and luminosity L translates simply in the logarithmic scales of the magnitudes, involving the corresponding quantities of distance modulus µ,
apparent magnitude m and absolute magnitude M :
µ = m?B − M, M = MB − α × shape + β × color

(2)

For each SN are estimated the three quantities m?B , corresponding to the peak B flux, the shape
of its lightcurve, and its color at peak. The absolute magnitude of the SN is parametrized so
that MB (fully degenerated with H0b ) corresponds to the luminosity of the (shape=0, color=0)
standard SN Ia, and α and β empirically account for the linear corrections corresponding respectively to the brighter-slower and the brighter-bluer relations. The cosmological parameters are
~ θ~ beeing the
evaluated through a χ2 fit where µ is compared to its predicted value µcosmo (z; θ),
parameters describing the cosmological model. MB , α and β are fitted on the Hubble diagram
along with the cosmological parameters.
4

The Supernova Legacy Survey

The Supernova Legacy Survey experimental setup and strategy have been designed so as to
obtain sufficient quality data and to meet the necessary requirements to control the systematics.
Using the 1 square degree imager Megacam4 mounted on the 3.6-m Canadian-France-Hawai
Telescope at Mauna Kea (Hawaii), we obtain a survey deep enough to reduce the Malmquist
bias that affects all flux limited surveys6 .
Both supernovae discovery and photometry are carried out with one instrument. We can
thus devoid all the necessary time to the thorough understanding and the calibration of the
instrument5 .
SNLS is a rolling search i.e. we repeat observations of the same 4 fields, enabling the followup of the already discovered SN and the detection of newly exploded SN at the same time. It is
thus possible to go back in our image data base to recover early, pre-discovery SN photometry.
This strategy permits to obtain well sampled lightcurve so as to measure precisely of m?B and
the lightcurve shape.
The four g r i z filters make it possible to measure the B restframe flux from z=0.1 to z=1.,
and also estimate precisely the restframe U-B and B-V colors of the SNe.
By observing 40 nights a year during 5 years (the survey ended in August, 2008), we obtained
∼ 450 SNe Ia. All were spectroscopically identified on 10-m class telescopes7,9,10,11 , which allows
to limit the non Ia contamination of the sample.
Finally, deep SN-free images stacks were built, to estimate the SNe host galaxy colors,
enabling to caracterize the SN environment.
5

SNLS-3 years data Analysis

The constraints and systematic uncertainties from the SNLS-3 data are fully detailed in Conley
et al.12 . We present here the SN sample, and some of the different steps involved in the data
analysis.
SNLS is mainly a European and Canadian project : all the analysis steps were performed with
independent pipelines on each side of the atlantic ocean. Calibration, the spectro-photometric
model have been improved since the SNLS-1 year results. We also reckon with the host galaxy
nature influence.
b

We fix H0 = 70 km/s/Mpc.

Finally, when estimating the cosmological parameters, we fully take into account the sytematics uncertainties as well as the statistical ones by incorporating them in the covariance matrix
that enter the χ2 minimization procedure. Publishing this full covariance matrix makes it possible to other authors to exploit the SN data without loss of information.
5.1

The supernovae sample

To obtain precise cosmological measurement requires a long enough lever-arm in redshift in the
Hubble diagram (Eq. 1). We must then add to the SNLS sample complementary supernovae
sample coming from external surveys.
The supernovae sample consists of 472 SNe Ia : 123 nearby supernovae, 93 at intermediate
redshift form the Sloan Digitized Sky Survey (SDSS) supernovae search, 242 from SNLS and 14
Hubble Space Telescope (HST) supernovae.
The nearby sample at z ∼ 0 are gathered from various sources, mainly the Calan/Tololo13 , the
CfAI-II-III14 and the CSP15 searches. The photometry of one third of this sample is expressed
in the Landolt system, to which the Megacam magnitude system must be tied : this crosscalibration requirement induces the main systematic effect in this analysis.
At z > 1, ground observations are difficult, and the HST sample of 14 SNe Ia at z=0.7-1.4
complements the high redshift part of the Hubble diagram.
Finally, we add 146 SNe Ia at intermediate redshift z < 0.4 from the SDSS Supernova
Survey. This component of the SDSS-II survey carried out repeat imaging of a 300 square degree
southern equatorial stripe using a dedicated 2.5-meter telescope in drifts scan mode at Apache
Point Observatory, New Mexico. They discovered and measured about 500 spectroscopically
confirmed SNe Ia. The SDSS filter system has been thouroughly studied and is very similar to
the Megacam system : as a consequence the intercalibration is not as problematic as with the
nearby sample.
5.2

Calibration

The calibration procedure of the SNLS data achieved an accuracy of a 1% precision5 . It consists
in two steps : the observations are first standardized onto some magnitude system, using a
catalog of standard stars of known magnitudes. Then the standard system magnitudes are
converted into absolute fluxes : for this we rely on a reference star, of known magnitudes
and spectral energy density (SED). Both SNLS and SDSS survey selected a red reference star
measured by the HST CALSPEC16 calibration program.
To achieve the required precision, the spatial non-uniformities of the imager were mapped
using dithered observation of dense stellar fields. Because part of the external low-z SNe sample
is calibrated against the Landolt UBVRI system, the Megacam griz system has to be anchored
to the Landolt system. The uncertainties in the Landolt magnitudes of our reference star BD
17◦ 4708 are the largest single identified sytematic uncertainty in our current analysis.
5.3

The spectro-photometric model : SALT2 & SIFTO

To obtain for each SN the peak restframe B band magnitude and its lightcurve shape and color,
we make use of two independent lightcurve fitters, SIFTO17 and SALT218 . The SALT2 model
for the rest-frame flux parametrization may be written as :
φ(λ, t) = X0 × [M0 (λ, t) + X1 × M1 (λ, t)] exp(C CL(λ))
M0 is the mean spectrum and the corresponding parameter X0 is the flux normalisation. M1
describes the main variability of the SNe Ia and happens to naturally reproduce a brighter-slower

relation : X1 is thus equivallent to a lightcurve shape parameter. C corresponds by construction
to a color, and the color law CL encodes the corresponding variation of the model.
M0 , M1 and CL are computed using a training sample of nearby and SNLS SNe Ia lightcurves
and spectra. The SNe distances are not used, which makes it possible to use nearby as well as
distant SNe for the training. As the U band data from nearby SNe turned out to be problematic,
we used u’ measurement of nearby data when available, and we especially rely on distant SNe g
optical data, which sample the UV restframe at a redshift of z ∼ 0.4.
No assumption were made on the color law CL wavelength dependency nor its cause —
wether it be due to intrinsic SNe Ia variation or to the reddening by dust somewhere along the
line of sight : in the intergalactic medium, the host galaxy or a dust shell around the SN. As
there is no a-priori knowledge of the dust properties, or its putative evolution with environment
and/or redshift, no prior was set on the distribution of the SNe Ia C (color) parameter.
The color law is mathematically equivalent to an extinction law, but it does differ in the
UV part from the dust extinction law as measured in the Milky Way Galaxy19 , and also the
selective ratio corresponding to β ∼ 2.5−3 in Eq. 2 is smaller than the MW value RB ∼ 4. This
differences can be interpreted either as an unusual extinction occuring in the SN environnement,
or an intrinsic color variation dominating the extinction effects.
In a nutshell, we make no assumption and let the SNe Ia data decide : on the range of their
color value, on the selective ratio β value, and on the color law CL wavelength dependency.
SIFTO model consists of a SED sequence, which is time dilated by a stretch factor depending
on the wavelentgh. It does not contain an explicit color variation law but a linear color relation
tailing the color=B-V to the U-B color, and the lightcurve shape.
Comparing the two fitters results permits to evaluate the uncertainties associated with the
different choices involved in their design. As they perform equally well, we use the average of
the two, and propagate the differences as systematic uncertainties.
5.4

Host galaxy nature influence

To address the question whether MB , α and β in Eq. 2 are universal parameters, and whether
there is any dependence on the SN environnement, we undertook a photometric study of the SN
host galaxies. Their ugriz fluxes were measured on deep stacked images free of SN light, and
supplementary data from the WIRDS survey20 in the IR part was added. The photometric data
are fitted by templates spectral energy densities, using the redshift information from the SN :
this permits to derive the restframe colors of the galaxy, and its intrinsic luminosity. Using SEDs
computed with the population synthesis model PEGASE.221 , one can recover the caracteristics
of the synthetic model galaxy, such as its present star formation rate (SFR), and its stellar mass
content.
The host galaxies properties are known22,23 to correlate with the SNe shape parameter :
SNe Ia in red/high SFR/ low mass/faint galaxies are slower, and as a consequence, brighter.
This could result from different evolutionary pathes leading to the explosion of the parent white
dwarf24,25 .
Although in massive galaxies the mean SN Ia is fainter, it has been recently brought to
evidence26,27,28 that the standard (shape=0, color=0) SN Ia is in fact there slightly brighter, at
a 4−σ significance : this is a subtle effect - 0.08 mag, or 8% - smaller than the shape or color
corrections.
We take this dependency into account by splitting the sample at M = 1010 M between low
and high mass galaxies, and using two different MB values for each sub-sample. This leads to
a significative improvement in the cosmological fits (at a ∼ 4σ level) and also to a shift in the
measured cosmology : for a flat universe, ΩM value is shifted by an amount comparable to the
statistical precision.

5.5

Including the systematics

The χ2 minimization procedure involves the residuals computed for each SN i : ri = µi −
~ and the associated covariance matrix C : χ2 = t rC−1 r. The covariance matrix
µcosmology (zi ; θ)
C can be splitted in 3 terms : C = Dstat + Cstat + Csys .
Dstat is a diagonal part dealing with purely statistical uncertainties, which includes the
errors on the light curve parameters of each SN and on its redshift value, plus several additional
terms: σint to account for the intrinsic scatter of SNe Ia — σint = 0.07 mag (or equivalently 7%)
for the SNLS sample; σlensing = 0.055 × z to account for the gravitational lensing by foreground
galaxies29 ; σhost to account for the mis-classification of the SN host due to the host colors
statistical errors.
As all the SNe shares the same spectro-photometric model used to estimate (m?B , shape,color),
the statistical covariance is not diagonal and Cstat 6= 0.
Finally, the Csyst part accounts for the systematic errors affecting the SN measurements
i.e. the uncertainties that will not be reduced by increasing the sample size. For example, the
uncertainty on one of the calibration zero point will affect for each SN the estimation of (m?B ,
color), not only through the value of this SN photometric points, but also through the model,
which is trained on many other SNe photometry. The most important term entering Csyst ,
in terms of consequence on the cosmological parameters systematic uncertainties, is by far the
calibration, especially the intercalibration of the different SNe sample.
6

SNLS-3 years cosmological results

The SNLS-3 cosmological results are presented in Conley et al.12 and Sullivan et al.30 . Including
all identified systematic effects in the ΩM −w plane assuming a flat universe is shown on Fig.1 as
the blue contours. They are consistent with a cosmological constant. Including the systematic
nearly double the size of the uncertainty-”ellipse”. Excluding the calibration sytematic reduces
this increase down to ∼10 %.
The degeneracy along the ΩM axis is lifted when constraints from other cosmological probes
are added. The measurements of the CMB temperature fluctuation yields estimation for31 : the
acoustic scale lA = π(1 + z∗ )DA (z∗ )/rs (z∗ ) ; the shift parameter R ; the redshift at decoupling
z∗ ; The imprint of the Baryon Acoustic Oscillation (BAO) in the galaxies correlation function
at a given redshift z yields a measurement of rs (zd )/DV (z) where rs (zd ) is the comoving sound
horizon at the baryon drag epoch and DV (z) is the spherical average of the angular-diameter
distance and the radial proper distance32,33 .
Combining results from the Wilkinson Microwave Anisotropy Probe 7-years (WMAP7)34
and from the SDSSS Data Release 7 BAO measurement35 yield the ”green” contours shown on
Fig.1. Combining both contours which are almost orthogonal yields w = −1.068+0.080
−0.082 — this
result is nearly equivalent to fix ΩM = 0.27 for the SNe Ia only contour.
7

Conclusion

Combining the SNLS-3 SNe Ia sample with measurements from observations of the CMB and
of large scale structures, we obtain a most precise measurement of the dark energy equation of
state consistent whith a cosmological constant.
The statistical uncertainties on the cosmological parameters are now exceeded by the systematics, although the situation could change were the major contribution of the calibration to
the systematics to be reduced.
As the SDSS filter system is similar to the Megacam system, and as low redshift sample
observed in a very similar way become available, we will in the future take full advantage of the
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Figure 1: Confidence contours in the plane ΩM − w obtained when fitting with the SNe Ia -only fit (in blue).
A flat cosmology is assumed. Taking into account the systematics nearly double the size of the contour. The
degeneracy along the ΩM axis is lifted when adding the SDSS BAO and WMAP7 CMB constraints (in green).

inter-calibration improvements possibilities.
In the near future, the SkyMapper36 project will provide nearby SNe Ia at z ∼ 0.05 discovered
and observed with a similar technique than SNLS. Next generation surveys either ground-based
such as the Large Synodic Survey Telescope (LSST) project or space-born such as the Wide
Field Infrared Survey Telescope (WFIRST) or the EUCLID mission could bring thousands of
distant SNe Ia up to z ∼ 1.5. Providing an adapted strategy , they could adress the question of
a time variating equation of state for the dark energy, w(a) = w0 + (1 − a)wa37 .
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IS DARK ENERGY NEEDED?
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Evidence for an accelerated expansion of the universe as it has been revealed ten years ago by
the Hubble diagram of distant type Ia supernovae represents the lattest revolution of modern
cosmology with profound impact for fundamental physics. The construction of a scientfic
model of the universe is probably one of the most fascinating success of XXth century science. During its construction, there has been regular debates regarding whether the whole
construction being scientific. Indeed, existing evidence for the big bang picture, including
its modern version the Λ CDM picture, comes from astrophysical observations. It is therefore interesting and essantial to critically examine the present situation of the astrophysical
observations and the possible limitation in their interpretation. In this paper, the main various observational probes at the fundation of the standard view are presented as well as the
standard framework to interpret them with special attention to the complex astrophysics and
theoretical hypotheses that may limit robust interpretation. It is concluded that, even when
scrutinized with sceptical eyes, the evidence for a homogenous accelerated universe, governed
by standard Friedman-Lemaı̂tre equations, is robust. Therefore the standard Λ CDM picture
has to be regarded as the most successful scientific representation of the universe by now,
possibly being the only one clearly consistent with the whole family of observations relevant
to cosmology. The fact that this model could in principle be easily falsified makes it a very
good scientific theory. Understanding the origin of acceleration is probably one of the most
challenging problem of fundamental physics.

1

Introduction

The determination of cosmological parameters has been one of the most important objectives
of cosmologists after the discovery of the expansion of the universe by Hubble. It is importan
to provide a precise framework but also in the perspective to test the model. This problematic
has become specially important after the theory of inflation which predicted the universe to be
flat, something which was first interpret as a prediction for Ωm = 1. Although Peebles16 early
noticed that the actual prediction of inflation was Ωm + ΩΛ = 1, little attention was paid to
the cosmological constant until the detection of small scale fluctuation in the microwave sky13 .
Indeed these measurements were in agreement with a flat universe and inconsistent with open
cosmological models with Ωm ∼ 0.3. However the evidence for acceleration as obtained from the
Hubble diagram of distant supernovae has been the observational evidence that has lead to a
rapid change of paradigm. Since that time the improvment in the accuracy on the estimations
of cosmological parameters has been dramatic. This paper is a shortened version of a recent
review published by the author 5 .

2

The Hubble diagram of distant Supernovae

The Hubble diagram was the first geometrical test of relativistic cosmology. Extension of the
Hubble diagram to high redshift has been made possible thanks to the use of type Ia Supernovae
(SNIa). SNIa at their maximum luminosity (M ∼ −19.5) reach a luminosity comparable to that
of an entire galaxy. This means tha these bright objects can be detected extremely far away.
Their are therefore observed as there were in an epoch substantially younger than the present
universe. Furthermore there is a relation between the decline rate and the intrinsic luminosity
making them suitable for distance measurements at cosmological scale. Because SNIa are rare,
large sky area have to be surveyed on a regular basis to collect samples of SNIa. At the end of
last century, two groups have independently investigated the distant SNIa Hubble diagram and
concluded that supernovae at redshift ∼ 0.5 were dimmer by ∼ 0.2 mag compared to what was
expected in a unaccelerated universe. This was interpreted as an evidence for an accelerated
expansion. Indeed as supernova are observed in the universe when younger they allowed to
measure the history of the expansion. The consequence is very dramatic: gravity is repulsive on
the scale of the universe accordingly to this observation!
2.1

What if Supernovae evolved?

Given the importance of the consequence not only for cosmology but also for fundamental
physics, the above observation should be scrutinized. The use of geometrical tests is based most
of time on the assumption of no-evolution of the parent population. This is also the case for
type Ia supernovae. Although strong efforts have been done by observers to track for any sign
of evolution by close inspection of the spectra 1 , the absence of evidence cannot be considered as
an evidence of absence. One possible way to deal with this problem is to assume some evolution
and see whether the data still provide evidence for the claim. For instance, an evolution term
like :
∆me ∝ z
(1)
can not mimic the observed Hubble diagram without a cosmological constant. However an other
form of the evolution term has been suggested, being proportional to the look back time24 :
∆me ∝ ∆t

(2)

It happens that such term leads to large degeneracy between cosmology and possible evolution
9 that present day data do not allow to disentangle.
Undoubtfully, despite its possible limitation, the determination of the Hubble diagram from SNIa
has led to a major and rapid change of paradigm in modern cosmology. However, this change
has been possible because the previous situation was problematic. Although some observational
indications were favoring a low density universe, the first detections of fluctuations on degree
scales were in conflict with open low density universe 14 .
3

Fluctuations

Since the discovery of the CMB fluctuations by COBE 21 the idea that early universe physics has
left imprints revealed by these fluctuations has gained an enormous attention. In this respect,
DMR results have played a fundamental role in modern cosmology comparable to the discovery
of the expansion of the universe or the discovery of the microwave background by Penzias
and Wilson, and indeed this has motivated the delivering of the Nobel prize to G. Smoot and
J. Mather for this discovery. One of the fundamental reasons for this is that fluctuations on scales
larger than one degree in the microwave background radiation correspond to scales greater than
the horizon at last scatering epoch and cannot therefore been altered by any physical process
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Figure 1: Fitting the SNIa Hubble diagram with two free parameters, one being the cosmological constant in a
flat cosmological model and the second being a parameter describing a possible time evolution of the luminosity
of distant supernovae (∆m(z) = K(t0 − t(z))/(t0 − t(1))) leads to the following constraints 9 . Contours are 1, 2
and 3 sigma regions on one parameter. This is a strong degeneracy between the two parameters which prevents
an unambiguous evidence for a cosmological constant from the sole Hubble diagram of SNIa. From Ferramacho
et al.9

Figure 2: The amplitude of angular fluctuations of the CMB is expressed through their angular power spectrum.
Data are WMAP, Boomerang, ACBAR 19 . A simple minimal six parameters model including a cosmological
constant provides an excellent fit to the data. This is one of the most important successes of modern cosmology.

and should therefore reflect primordial fluctuations 23 . This also means that the very existence
of these fluctuations could be explained only from yet undiscovered physics, probably relevant
to the very early universe 10 , for which the expansion law is strongly modified compared to the
standard picture. The DMR results were providing some constraints on cosmological models 25
but it has been realized that the measure of fluctuations on smaller scales will provide much
stringent information. Early detections of fluctuations on degree scales allowed to set interesting
constraints and provide the first evidence for a nearly flat geometry of space 13,14 . If estimations
of low matter density were to be regarded as robust, this was inevitabily leading to a non-zero
cosmological constant. Even before the availability of the WMAP data, considerable progresses
have been achieved on the measurement of fluctuations on all angular scales. Archeops 2 and
Boomerang 4 , as well as many other small scale measurements, already provided data allowing
tight constraints on cosmological parameters 3 . It should also be noticed that fast codes to
compute the fluctuatiosn spectrum have been made available to the scientific community. The
first one was CMBFAST 20 followed by an avatar, CAMB12 . The authors deserve the warm
aknowledgments of the community as these tools have been really critical in the full scientific
exploitation of the various CMB experiments.
Although the observed fluctuations were consistent with a Λ dominated universe, a cosmological constant was not explicitly requested by the CMB data alone. Indeed even the WMAP
data were consistent with a vanishing cosmological constant, provided the Hubble constant was
left as an entirely free parameter. A positive detection of a cosmological constant could be obtained only by using some additional data in conjunction with CMB, like the measurement of the
Hubble constant. A further restriction came from the fact that the constraints on cosmological
parameters were obtained within the standard CDM picture, and that many ingredients were
specified without being necessarily confirmed by observations : for instance initial fluctuations
are supposed to be adiabatic and to follow some power law. Therefore the “concordance” 15
cosmology was an appropriate terminology: the model was consistent with most existing data,
but the introduction of a cosmological constant was not requested by any single data, and it was
far from being clear whether relaxing some of the input hypotheses would not allow for solutions
without the introduction of a cosmological constant.
4

What do actually fluctuations tell ?

The first point to notice is that for a random function on the sphere, even with gaussian statistics,
each al is a random quantity. Therefore fitting the Cl with an acceptable goodness of fit figure
means that several thousands of random numbers could be fitted with a 6-parameter theory. A
remarkable level of achievement! In addition fitting the Cl curve provide very tight constraints
on the six parameters, due to the quality of the measurements. These constraints are generally
formulated in term of cosmological parameters and it is often quoted that they provide a direct
evidence for an accelerating universe independent of the Hubble diagram of supernovae. It should
be realized however, that these constraints are established within a specific model that is the
adiabatic cold Dark matter picture with power law initial conditions. Therefore these constraints
are model dependent. Modifying the starting hypothesis may change these constraints (and the
model may then be rejected, like the standard topological defects scenario has been). An early
illustration of this has been obtained soon after the publication of the WMAP data. Relaxing the
powerlaw hypothesis, i.e. assuming a non power law power spectrum, it is possible to produce
Cl curves within an Einstein de Sitter cosmological model which provided a fit as good as the
concordance model. This is illustrated in figure 3 on which 3 models are compared to the WMAP
data, two being Einstein de Sitter models. Such models not only reproduce the TT (temperaturetemperature) spectrum, but are also extremely close in terms of ET (polarization-temperature)
and EE (polarization-polarization) spectra. An un-clustered component of matter like a neutrino

Figure 3: The TT spectrum of the first year WMAP data compared to three different models: one is the
concordance, the two others are Einstein de Sitter models, one of which comprises neutrino contribution of ∼ 10%
corresponding to three degenerate families with mν ∼ 0.7eV. From Blanchard et al. 6 .

contribution or a quintessence field with w ∼ 0 is necessary to obtain an acceptable amplitude
of matter fluctuations on clusters scales 6 . Such models require a low Hubble constant ∼ 46
km/s/Mpc at odd with canonical HST key program value ( ∼ 72 km/s/Mpc) but is actually
only ∼ 3σ away from this value, this can certainly not be considered as a fatal problem for an
Einstein-de Sitter universe. The introduction of a non-power law power spectrum might appear
as unnatural. However, such a feature can be produced by some models of inflation in order to
match the Cl curve 11 . Therefore the amplitude and shape of the CMB fluctuations as measured
by WMAP is certainly a success for the Λ CDM model but cannot be regarded as a direct
indication of the presence of dark energy.
5

Large scale structure

Within a specific model like Cold Dark Matter, not only it is possible to derive the Cl curves,
that is the angular power of the fluctuations of the cosmic microwave background, but it is also
possible to obtain the power spectrum of the fluctuation in the matter density, or equivalently
the correlation function. The galaxy distribution should reflect essentially this matter power
spectrum (galaxies may be a “biased” representation and this bias is subject to some modeling,
but this represents small corrections that can be neglected at first order). The measure of
the power spectrum can therefore be used to disentangle models which produce Cl curves that
could not be distinguished. Recently, a critical advance resulted from the availability of very
large galaxy surveys, the 2Df redshift survey and the SDSS survey, allowing to measure the
amplitude of galaxy fluctuations on scales as large as 100h−1 Mpc 17,22,8,18 . This has provided
a remarkable success to the ΛCDM picture because the shape of the correlation function could
be predicted for models that already match the CMB fluctuations measured by WMAP: not
only ΛCDM model reproduces the shape of the correlation function, but the specific presence
of a bump in the correlation function at scale of the order of 100h−1 Mpc due to the detailled
dynamics of fluctuations when the baryons are taken into account, the so called accoustic peak,
corresponding to the “peak” in the Cl of the CMB.

Figure 4: Data from the SDSS have allowed to measure the amplitude of galaxy fluctuations on large scales. In
this respect, Luminous Red Galaxies (LRG) provided measurement of the power spectrum on the largest scales.
Green crosses correspond to Tegmark et al. 22 and black crosses correspond to the measurements of the power
spectrum of LRG from the SDSS Data Release 5 by Percival et al. 18 . The red continuous curve is the predicted
spectrum for a typical concordance model, while the dotted and dashed lines correspond to the power spectrum
for Einstein de Sitter models consistent with the WMAP fluctuation angular power spectrum Cl 6,11 .

Once an Einstein de Sitter model is built in order to reproduce the CMB Cl , the amplitude of
the matter fluctuations on large scales is set up and the measurement of the matter fluctuations
on large scales in the present day universe is a critical way to distinguish models which are
otherwise degenerated in their Cl . The comparison of the power spectrum from the SDSS LRG
with the predicted spectra for Einstein de Sitter models is clearly in favor of the concordance
model, see Fig. 4. One should add some caution here: it might be possible that the biasing
mechanism leads to a power spectrum at small k (large scales) which is not proportional to
the actual matter power spectrum 7 , in which case the above comparison might not be a fatal
failure of the Einstein de Sitter models. However, biasing mechanisms systematically lead to a
correlation function on large scales which is still proportional to the matter correlation function
on large scales. Comparison of the correlation function on large scales is therefore less ambiguous
and its measurement should be unambiguously discriminant. Hunt and Sarkar 11 have provided
a comprehensive MCMC investigation of the Einstein de Sitter parameter space, finding models
which acceptably fit the correlation function on scales below 70 h−1 Mpc, but were nevertheless
systematically negative on scales of the BAO peak. This is a strong evidence that there is no
way in an Einstein de Sitter universe to fit simultaneously the Cl and the observed distribution
of galaxies on large scales. This should be regarded as a remarkable success of the concordance
cosmological model: although there were little doubts that this model could fit accurately most
of the major existing observational facts in cosmology, the ability to produce predictions that
are verified a posteriori is the signature of a satisfying scientific theory.
5.1

Tests based on the growing rate

As we have seen the Cold Dark Matter should be regarded as a successful theory that is able to
reproduce most of the data relevant to cosmologyhas and which lead to predictions which were
verified a posteriori. The precision on cosmological parameters for the ΛCDM picture is of the

Parameter
Ωb h2
Ωc h2
θ
τ
ns
Ωk
w
Ωλ
Age
ΩM
σ8
zre
h

Vanilla
0.0227 ± 0.0005
0.112 ± 0.003
1.042 ± 0.003
0.085 ± 0.017
0.963 ± 0.012
0
−1
0.738 ± 0.015
13.7 ± 0.1
0.262 ± 0.015
0.806 ± 0.023
10.9 ± 1.4
0.716 ± 0.014

Vanilla + Ωk
0.0227 ± 0.0006
0.109 ± 0.005
1.042 ± 0.003
0.088 ± 0.017
0.964 ± 0.013
−0.005 ± 0.007
−1
0.735 ± 0.016
13.9 ± 0.4
0.270 ± 0.019
0.791 ± 0.030
11.0 ± 1.5
0.699 ± 0.028

Vanilla + w
0.0228 ± 0.0006
0.109 ± 0.005
1.042 ± 0.003
0.087 ± 0.017
0.967 ± 0.014
0
−0.965 ± 0.056
0.739 ± 0.014
13.7 ± 0.1
0.261 ± 0.020
0.816 ± 0.014
11.0 ± 1.5
0.713 ± 0.015

Vanilla + Ωk + w
0.0227 ± 0.0005
0.109 ± 0.005
1.042 ± 0.003
0.088 ± 0.017
0.964 ± 0.014
−0.005 ± 0.0121
−1.003 ± 0.102
0.733 ± 0.020
13.9 ± 0.6
0.272 ± 0.029
0.788 ± 0.042
11.0 ± 1.4
0.698 ± 0.037

Table 1: Summary of the mean values and 68% confidence intervals for the cosmological parameters of the ΛCDM
model constrained from CMB, SNIa and BAO for different models (θ is the ratio of sound horizon to angular
diameter distance). These constraints are quite tight, most of them are below 5%, and are stable when additional
degrees of freedom are added to the model (w, Ωk ), adapted from 9 .

order of 5% at most, with accuracy close to 1% in some cases. Of course this doesn’t mean it is
the “right” theory; science does not provide “right” theories but only theories that reproduce all
existing data and which are able to lead to predictions that can lead to its invalidation. This is
the principle that to be scientific a statement has to be falsifiable accordingly to Kark Popper.
It is therefore the only possible path to continue to increase the accuracy of existing measurements and to develop new ways to test the theory. There is a way to test cosmological
models which is fundamentally different from geometrical tests: it is based on the growing rate
of fluctuations under their own gravity. In principle the abundance of clusters and weak lensing
measurements are both sensitive to this growing rate. I do not think that they have by now
reach a level of precision that makes them useful, but it is certainly a way on which efforts will
concentrated in the future, in particular thanks to space mission like EUCLID or WFIRST.
Measurements of this growing rate would allow to test whether predictions of general relativity
at the scale of the universe are verified or if we have to turn to alternatives.
6

Conclusions

The Copernician model of the world was the first revolution of a series in the construction
of modern cosmology, and the discovery of the accelerated expansion being the latest in date.
Theoretical considerations have always been a source of remarkable observational investigations
and Cosmology has always benefited from the confrontation of models with observations. Since
the thirties, the big bang picture, the modern version of Lemaı̂tre’s primeval atom has been
remarkably successful, based on simple assumptions and physical laws that have been validated
by accurate experimental results. Although alternative theories have been developed, these
alternative were based on hypothetical unknown physics advocated to interpret cosmological
observations. None of these alternative theories has produced significant predictions differing
from the standard view that would have been comforted a posteriori. Rather new observations in
agreement with predictions of the big bang picture necessitated deep revision of the unorthodox
views, at the cost of rather ad hoc assumptions added to fit the new observations. The situation
has evolved when the standard picture has necessitated the introduction of new ingredients,

first dark matter and more recently dark energy. The very nature of these new ingredients,
which are supposed to dominate the mean density of the universe has not been established by
direct laboratory experiments, nor by astronomical observations, and this situation may some
time lead to the question whether cosmologists have not introduced new aethers. We had the
opportunity to see that the situation is not so bad. The introduction of -cold- non-baryonic
dark matter has led to specific predictions, the amplitude and shape of the fluctuations of the
cosmological background on various angular scales, which were verified with high accuracy. The
presence of dark energy has lead to a specific prediction, the shape of the matter power spectrum
on large scales, which has been verified a posteriori. Although the inclusion of a cosmological
constant was concomitant to general relativity, the actual origin of dark energy remains totally
unknown and the presence of dark energy in the present day universe represents probably the
most fundamental and unexpected new element in modern physics.
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Testing MOND in the Solar System
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The Modified Newtonian Dynamics (MOND) generically predicts a violation of the strong
version of the equivalence principle. As a result the gravitational dynamics of a system
depends on the external gravitational field in which the system is embedded. This so-called
external field effect is shown to imply the existence of an anomalous quadrupolar correction,
along the direction of the external galactic field, in the gravitational potential felt by planets in
the Solar System. We compute this effect by a numerical integration of the MOND equation
in the presence of an external field, and deduce the secular precession of the perihelion of
planets induced by this effect. We find that the precession effect is rather large for outer
gaseous planets, and in the case of Saturn is comparable to, and in some cases marginally
excluded by published residuals of precession permitted by the best planetary ephemerides.

1

The external field effect with MOND

The Modified Newtonian Dynamics (MOND) has been proposed 1 as an alternative to the dark
matter paradigm 2 . At the non-relativistic level, the best formulation of MOND is the modified
Poisson equation 3 ,

  
g
∇U = −4πGρ ,
(1)
∇· µ
a0
where ρ is the density of ordinary (baryonic) matter, U is the gravitational potential, g = ∇U
is the gravitational field and g = |g| its ordinary Euclidean norm. The modification of the
Poisson equation is encoded in the MOND function µ(y) of the single argument y ≡ g/a0 , where
a0 = 1.2 × 10−10 m/s2 denotes the MOND constant acceleration scale. The MOND function
interpolates between the MOND regime corresponding to weak gravitational fields y = g/a0 ≪ 1,
for which it behaves as µ(y) = y + o(y), and the Newtonian strong-field regime y ≫ 1, where µ
reduces to 1 so that we recover the usual Newtonian gravity.
An important consequence of the non-linearity of Eq. (1) in the MOND regime, is that
the gravitational dynamics of a system is influenced (besides the well-known tidal force) by
the external gravitational environment in which the system is embedded. This is known as
the external field effect (EFE), which has non-trivial implications for non-isolated gravitating
systems. The EFE was conjectured to explain the dynamics of open star clusters in our galaxy 1 ,
since they do not show evidence of dark matter despite the involved weak internal accelerations
(i.e. below a0 ). The EFE effect shows that the dynamics of these systems should actually be

Newtonian as a result of their immersion in the gravitational field of the Milky Way. The EFE
is a rigorous prediction of the equation (1), and is best exemplified by the asymptotic behaviour
of the solution of (1) far from a localised matter distribution (say, the Solar System), in the
presence of a constant external gravitational field ge (the field of the Milky Way). At large
distances r = |x| → ∞ we have 3
 
1
GM/µe
+O
,
(2)
U = ge · x + p
r2
r 1 + λe sin2 θ

where M is the mass of the localised matter distribution, where θ is the polar angle from the
direction of the external field ge , and where we denote µe ≡ µ(ye ) and λe ≡ ye µ′e /µe , with
ye = ge /a0 and µ′e = dµ(ye )/dye . In the presence of the external field, the MOND internal
potential u ≡ U − ge · x shows a Newtonian-like fall-off ∼ r −1 at large distances but with an
effective gravitational constant G/µe .a However, contrary to the Newtonian case, it exhibits a
non-spherical deformation along the direction of the external field. The fact that the external
field ge does not disappear from the internal dynamics can be interpreted as a violation of the
strong version of the equivalence principle.
2

Abnormal influence of the Galaxy in the Solar System

In two recent papers 5,6 it was shown that the imprint of the external galactic field ge on the Solar
System (due to a violation of the strong equivalence principle) shows up not only asymptotically,
but also in the inner regions of the system, where it may have implications for the motion of
planets. This is somewhat unexpected because gravity is strong there (we have g ≫ a0 ) and
the dynamics should be Newtonian. However, because of the properties of the equation (1), the
solution will be given by some non-local Poisson integral, and the dynamics in the strong-field
region will be affected by the anomalous behaviour in the asymptotic weak-field region.
We assume that the external Galactic field ge is constant over the entire Solar System.b
The motion of planets of the Solar System relatively to the Sun obeys the internal gravitational
potential u defined by
u = U − ge · x ,
(3)

which is such that limr→∞ u = 0. Contrary to what happens in the Newtonian case, the external
field ge does not disappear from the gravitational field equation (1) and we want to investigate
numerically its effect. The anomaly detected by a Newtonian physicist is the difference of
internal potentials,
δu = u − uN ,
(4)

where uN denotes the ordinary Newtonian potential generated by the same ordinary matter
distribution ρ, and thus solution of the Poisson equation ∆uN = −4πGρ with the boundary
condition that limr→∞ uN = 0. We neglect here the change in the matter distribution ρ when
considering MOND theory instead of Newton’s law. This is in general a good approximation
because the gravitational field giving the hydrostatic equilibrium (and thus ρ) is strong and
MOND effects are very small. Hence uN is given by the standard Poisson integral.
A short calculation shows that the anomaly obeys the Poisson equation ∆δu = −4πGρpdm ,
where ρpdm is the density of “phantom dark matter” defined by
ρpdm =

1
∇ · (χ∇U ) ,
4πG

(5)

√
Recall that in the absence of the external field the MOND potential behaves like U ∼ − GM a0 ln r, showing
4
that there is no escape velocity from an isolated system . However since no object is truly isolated the asymptotic
behaviour of the potential is always given by (2), in the approximation where the external field is constant.
b
For the Milky Way field at the level of the Sun we have ge ≃ 1.9 × 10−10 m/s2 which happens to be slightly
above the MOND scale, i.e. η ≡ ge /a0 ≃ 1.6.
a

where we denote χ ≡ µ − 1. The phantom dark matter represents the mass density that
a Newtonian physicist would attribute to dark matter. In the model 7,8 the phantom dark
matter is interpreted as the density of polarisation of some dipolar dark matter medium and the
coefficient χ represents the “gravitational susceptibility” of this dark matter medium.
The Poisson equation ∆δu = −4πGρpdm is to be solved with the boundary condition that
limr→∞ δu = 0; hence the solution is given by the Poisson integral
Z
d3 x′
ρpdm (x′ , t) .
(6)
δu(x, t) = G
|x − x′ |
We emphasise that, contrary to the Newtonian (linear) case, the knowledge of the matter density
distribution does not allow to obtain an analytic solution for the potential, and the solution has
to be investigated numerically. We can check that the phantom dark matter behaves like r −3
when r → ∞, so the integral (6) is perfectly convergent.
In the inner part of the Solar System the gravitational field is strong (g ≫ a0 ) thus µ tends
to one there, and χ tends to zero. Here we adopt the extreme case where χ is exactly zero in a
neighbourhood of the origin, say for r 6 ε, so that there is no phantom dark matter for r 6 ε;
for the full numerical integration later we shall still make this assumption by posing χ = 0
inside the Sun (in particular we shall always neglect the small MOND effect at the centre of
the Sun where gravity is vanishingly small). If ρpdm = 0 when r 6 ε we can directly obtain
the multipolar expansion of the anomalous term (6) about the origin by Taylor expanding the
integrand when r = |x| → 0. In this way we obtainc
δu =

+∞
X
(−)l
l=0

l!

xL Q L ,

where the multipole moments near the origin are given by
 
Z
1
3
d x ρpdm ∂L
.
QL = G
r
r>ε

(7)

(8)

Because the integration in (8) is limited to the domain r > ε and ∂L (1/r) is symmetric-trace-free
(STF) there [indeed ∆(1/r) = 0], we deduce that the multipole moments QL themselves are
STF. This can also be immediately inferred from the fact that ∆δu = 0 when r 6 ε, hence
the multipole expansion (7) must be a homogeneous solution of the Laplace equation which is
regular at the origin, and is therefore necessarily made solely of STF tensors of type x̂L . Hence
we can replace xL in (7) by its STF projection x̂L . It is now clear from the non-local integral in
(8) that the MONDian gravitational field (for r > r0 ) can influence the near-zone expansion of
the field when r → 0. An alternative expression of the multipole moments can also be proved,
either directly or by explicit transformation of the integral (8). We have
QL = −uN (0) δl,0 + (−)l (∂ˆL u)(0) ,

(9)

where the Newtonian potential uN and the STF derivatives of the internal potential u are to be
evaluated at the centre 0 of the Sun.
The multipole expansion (7) will be valid whenever
r is much less than the MOND transition
p
distance for the Solar System, defined by r0 = GM/a0 with M the mass of the Sun and a0 the
Our notation is as follows: L = i1 · · · il denotes a multi-index composed of l multipolar spatial indices i1 , · · · , il
(ranging from 1 to 3); ∂L = ∂i1 · · · ∂il is the product of l partial derivatives ∂i ≡ ∂/∂xi ; xL = xi1 · · · xil is the
product of l spatial positions xi ; similarly nL = ni1 · · · nil = xL /r l is the product of l unit vectors ni = xi /r; the
symmetric-trace-free (STF) projection is indicated with a hat, for instance x̂L ≡ STF[xL ], and similarly for n̂L
and ∂ˆL . In the case of summed-up (dummy) multi-indices L, we do not write the l summations from 1 to 3 over
their indices.
c

Figure 1: Left panel: profile of Q2 (r) in the Solar System, for a standard choice of function µ1 (y) [see Eq. (13a)],
a0 = 1.2 × 10−10 m.s−2 and ge = 1.9 × 10−10 m.s−2 . The MOND transition radius is shown by a dash-dotted line
at r0 ≃ 7100 AU. Right panel: zoom of the central region (r 6 50 AU), where the quadrupole is almost constant.

MOND acceleration scale. This radius corresponds to the transition region where the Newtonian
acceleration becomes of the order of the MOND acceleration a0 and therefore, MOND effects
become dominant. We have r0 ≃ 7100 AU so the results (7)–(9) hold in a large volume around
the Sun including all the planets (recall that Neptune’s orbit is at 30 AU).
3

Results for the induced quadrupole moment in the Solar System

So far we have elucidated the structure of the multipole expansion of the anomaly δu near the
origin. Next we resort to a numerical integration of the non-linear MOND equation (1) in order
to obtain quantitative values for the multipole moments.d
The Sun being assumed to be spherically symmetric, since all the multipole moments are
induced by the presence of the external field ge in the preferred direction e, the situation is
axisymmetric and all the moments QL will have their axis pointing in that direction e. Thus
we can define some multipole coefficients Ql by posing QL = Ql êL , where êL denotes the STF
part of the product of l unit vectors eL = ei1 · · · eil . The multipole expansion (7) reads then as
δu(r, θ) =

+∞
X
l=0

(−)l
r l Ql (r) Pl (cos θ) ,
(2l − 1)!!

(10)

where Pl (z) is the usual Legendre polynomial and θ is the angle away from the Galactic direction e. Although from the previous considerations the multipole coefficients Ql should be
approximately constant within the MOND transition radius r0 , here we compute them directly
from the numerical solution of (1) and shall obtain their dependence on r. With our definition
the quadrupolar piece in the internal field is given by


1
1 2
2
.
(11)
δu2 = r Q2 (r) cos θ −
2
3
The radial dependence of the anomaly (11) is ∝ r 2 and can thus be separated from a quadrupolar
deformation due to the Sun’s oblateness which decreases like ∝ r −3 .
As a first result, we show in Fig. 1 the profile of the quadrupole induced by the MOND theory
through the function Q2 (r) defined in Eq. (11). We find that this quadrupole is decreasing from
Our numerical scheme is based on the very efficient integrator of elliptic equations lorene, available from
the website http://www.lorene.obspm.fr.
d

Table 1: Numerical values of the quadrupole Q2 together with the associated dimensionless quantity q2 defined
by Eq. (12). All values are given near the Sun. We use different choices of the function µ(y) defined in Eqs. (13).

MOND function
Q2 [s−2 ]
q2

µ1 (y)
3.8 × 10−26
0.33

µ2 (y)
2.2 × 10−26
0.19

µ20 (y)
2.1 × 10−27
1.8 × 10−2

µexp (y)
3.0 × 10−26
0.26

µTeVeS (y)
4.1 × 10−26
0.36

the Sun’s neighbourhood to zero, on a typical scale of 10000 astronomical units (AU). However,
we check numerically that Q2 (r) is almost constant in a large sphere surrounding the Solar
system, as it has a relative variation lower than 10−4 within 30 AU (see the zoomed region in
Fig. 1). We shall therefore refer to the quadrupole as a simple number, noted Q2 (0) or simply
Q2 , when evaluating its influence on the orbits of Solar-system planets.
On dimensional analysis we expect that the quadrupole coefficient Q2 should scale with the
MOND acceleration a0 like
a0
Q2 =
q2 (η) ,
(12)
r0
p
where r0 = GM/a0 is the MOND transition radius and where the dimensionless coefficient
q2 depends on the ratio η = ge /a0 between the external field and a0 , and on the choice of the
interpolating function µ. Our numerical results for the quadrupole are given in Table 1, for
different coupling functions µ(y).e Here we consider various cases widely used in the literature:
y
,
1 + yn
µexp (y) = 1 − e−y ,
√
1 + 4y − 1
.
µTeVeS (y) = √
1 + 4y + 1
µn (y) = √
n

(13a)
(13b)
(13c)

The function µ1 has been shown to yield good fits of galactic rotation curves 9 ; However because
of its slow transition to the Newtonian regime it is a priori incompatible with Solar System
observations. The function µ2 is generally called the “standard” choice and was used in fits 10 .
We include also the function µexp having an exponentially fast transition to the Newtonian
regime. The fourth choice µTeVeS is motivated by the TeVeS theory 11 . One should note that
none of these functions derives from a fundamental physical principle.
We have used several functions of type µn , as defined in Eq. (13a). One can notice that
the value of Q2 decreases with n, that is with a faster transition from the weak-field regime
where µ(y) ∼ y, to the strong field regime where µ(y) ∼ 1. We have been unable to determine
numerically a possible limit for Q2 as n goes to infinity.
4

Effect on the dynamics of the Solar System planets

We investigate the consequence for the dynamics of inner planets of the Solar System of the
presence of an abnormal quadrupole moment Q2 oriented toward the direction e of the galactic
centre. Recall that the domain of validity of this anomaly is expected to enclose all the inner Solar
System (for distances r . r0 ≈ 7100 AU), with the quadrupole coefficient being constant up to
say 50 AU (see Fig. 1). As we have seen, the anomaly induces a perturbation on the Newtonian
gravitational potential, namely u = uN + δu, where uN = GM/r and the perturbation function
R ≡ δu is given for the quadrupole moment by Eq. (11).
Note that the quadrupole coefficient Q2 is found to be always positive which corresponds to a prolate elongation along the quadrupolar axis.
e

We apply the standard linear perturbation equations of celestial mechanics 12 . The unperturbed Keplerian orbit of a planet around the Sun is described by six orbital elements. For
these we adopt the semi-major axis a, the eccentricity e, the inclination I of the orbital plane,
the mean anomaly ℓ defined by ℓ = n(t − T ) where n = 2π/P (n is the mean motion, P is the
orbital period and T is the instant of passage at the perihelion), the argument of the perihelion
ω (or angular distance from ascending node to perihelion), and the longitude of the ascending
node Ω. We also use the longitude of the perihelion defined by ω̃ = ω + Ω.
The perturbation function R = δu2 is a function of the orbital elements of the unperturbed
Keplerian ellipse, say {cA } = {a, e, I, ℓ, ω, Ω}. The perturbation equations are generated by
the partial derivatives of the perturbation function with respect to the orbital elements, namely
∂R/∂cA . We express the planet’s absolute coordinates (x, y, z) (in some absolute Galilean frame)
in terms of the orbital elements {a, e, I, ℓ, ω, Ω} by performing as usual three successive frame
rotations with angles Ω, I and ω, to arrive at the frame (u, v, w) associated with the motion,
where (u, v) is in the orbital plane, with u in the direction of the perihelion and v oriented in
the sense of motion at perihelion. The unperturbed coordinates of the planet in this frame are
u = a (cos U − e) ,
p
v = a 1 − e2 sin U ,

w = 0,

(14a)
(14b)
(14c)

where U denotes the eccentric anomaly, related to ℓ by the Kepler equation ℓ = U − e sin U .
The perturbation equations provide the variations of the orbital elements dcA /dt as linear combinations of the partial derivatives ∂R/∂cB of the perturbation function. We are interested only
in secular effects, so we average in time the perturbation equations over one orbital period P .
Denoting the time average by brackets, and transforming it to an average over the eccentric
anomaly U , we have


Z
Z 2π
1
dcA
dcA
1 P
dcA
=
.
(15)
dt
dU (1 − e cos U )
=
dt
P 0
dt
2π 0
dt
In the following, to simplify the presentation, we shall choose the x-direction of the absolute
Galilean frame to be the direction of the galactic centre e = ge /ge . That is, we assume that
the origin of the longitude of the ascending node Ω lies in the direction of the galactic centre.
Furthermore, in order to make some estimate of the magnitude of the quadrupole effect, let us
approximate the direction of the galactic centre (which is only 5.5 degrees off the plane of the
ecliptic) as being located in the plane of the orbit; consequently we choose I = 0. In this case
ω̃ = ω + Ω is the relevant angle for the argument of the perihelion. We then find the following
non-zero evolution equations:
√
 
5Q2 e 1 − e2
de
sin(2ω̃) ,
(16a)
=
dt
4n
 
i
dℓ
Q2 h
7 + 3e2 + 15(1 + e2 ) cos(2ω̃) ,
(16b)
= n−
dt
12n
√
 
i
dω̃
Q2 1 − e2 h
1 + 5 cos(2ω̃) .
(16c)
=
dt
4n
We recall that ω̃ is the azimuthal angle between the direction of the perihelion and that of the
galactic centre (approximated to lie in the orbital plane). Of particular interest is the secular
precession of the perihelion hdω̃/dti due to the quadrupole effect henceforth denoted by
√
i
Q2 1 − e2 h
1 + 5 cos(2ω̃) .
(17)
∆2 =
4n

Table 2: Results for the precession rates of planets ∆2 due to the quadrupole coefficient Q2 . We use the values for
Q2 for various MOND functions as computed in Table 1. Published postfit residuals of orbital precession (after
taking into account the relativistic precession). All results are given in milli-arc-seconds per century.

MOND function Mercury
µ1 (y)
0.04
µ2 (y)
0.02
µ20 (y)
2 × 10−3
µexp (y)
0.03
µTeVeS (y)
0.05
Origin
Mercury
Pitjeva 13
−3.6 ± 5
Fienga et al. 14 −10 ± 30
Fienga et al. 15 0.4 ± 0.6

Quadrupolar precession rate ∆2 in mas/cy
Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
0.02
0.16
−0.16
−1.12
5.39
−10.14
7.93
0.01
0.09
−0.09
−0.65
3.12
−5.87
4.59
10−3
9 × 10−3
−9 × 10−3
−0.06
0.3
−0.56
0.44
0.02
0.13
−0.13
−0.88
4.25
−8.01
6.26
0.02
0.17
−0.17
−1.21
5.81
−10.94
8.56
Postfit residuals for ∆ = hdω̃/dti in mas/cy
Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
−0.4 ± 0.5 −0.2 ± 0.4
0.1 ± 0.5
−6 ± 2
−4 ± 6
0 ± 0.016
0 ± 0.2
142 ± 156 −10 ± 8 0 ± 2 · 104 0 ± 2 · 104
0.2 ± 1.5 −0.2 ± 0.9 −0.04 ± 0.15 −41 ± 42 0.15 ± 0.65
-

The precession is non-spherical, in the sense that it depends on the orientation of the orbit
relative to the galactic centre through its dependence upon the perihelion’s longitude ω̃. The
effect scales with the inverse of the orbital frequency n = 2π/P and therefore becomes more
important for outer planets like Saturn than for inner planets like Mercury. This is in agreement
with the fact that the quadrupole effect we are considering increases with the distance to the
Sun (but of course will fall down when r becomes appreciably comparable to r0 , see Fig. 1).
Our numerical values for the quadrupole anomalous precession ∆2 are reported in Table 2.
As we see the quadrupolar precession ∆2 is in the range of the milli-arc-second per century
which is not negligible. In particular it becomes interestingly large for the outer gaseous planets
of the Solar System, essentially Saturn, Uranus and Neptune. The dependence on the choice of
the MOND function µ is noticeable only for functions µn (y) defined by (13a) with large values
of n, where the effect decreases by a factor ∼ 10 between n = 2 and n = 20.
We then compare in Table 2 our results to the best published postfit residuals for any possible supplementary precession of planetary orbits (after the relativistic precession has been
duly taken into account), which have been obtained from global fits of the Solar System dynamics 13,14,15 . In particular the postfit residuals obtained by the INPOP planetary ephemerides 14,15
use information from the combination of very accurate tracking data of spacecrafts orbiting different planets. We find that the values for ∆2 are smaller or much smaller than the published
residuals except for the planets Mars and Saturn. Very interestingly, our values are smaller or
grossly within the range of the postfit residuals for these planets. In the case of Saturn notably,
the constraints seem already to exclude most of our obtained values for ∆2 , except for MOND
functions of the type µn and given by (13a) with rather large values of n.
However let us note that the INPOP ephemerides are used to detect the presence of an
eventual abnormal precession, not to adjust precisely the value of that precession 14,15 . On the
other hand the postfit residuals are obtained by adding by hands an excess of precession for
the planets and looking for the tolerance of the data on this excess 14,15 . But in order to really
test the anomalous quadrupolar precession rate ∆2 , one should consistently work in a MOND
picture, i.e. consider also the other effects predicted by this theory, like the precession of the
nodes, the variation of the eccentricity and the inclination, and so on — see Eqs. (16). Then
one should perform a global fit of all these effects to the data; it is likely that in this way the
quantitative conclusions would be different.
Finally let us cautiously remark that MOND and more sophisticated theories such as TeVeS 11 ,
which are intended to describe the weak field regime of gravity (below a0 ), may not be extrapolated without modification to the strong field of the Solar System. For instance it has been

argued 9 that a MOND interpolating function µ which performs well at fitting the rotation curves
of galaxies is given by µ1 defined by (13a). However this function has a rather slow transition to
the Newtonian regime, given by µ1 ∼ 1 − y −1 when y = g/a0 → ∞, which is already excluded
by Solar System observations. Indeed such slow fall-off −y −1 predicts a constant supplementary
acceleration directed toward the Sun δgN = a0 (i.e. a “Pioneer” effect), which is ruled out because not seen from the motion of planets. Thus it could be that the transition between MOND
and the Newtonian regime is more complicated than what is modelled by Eq. (1). This is also
true for the dipolar dark matter model 7,8 which may only give an effective description valid in
the weak field limit and cannot be extrapolated as it stands to the Solar System. While looking
at MOND-like effects in the Solar System we should keep the previous proviso in mind. The
potential conflict we find here with the Solar System dynamics (notably with the constraints on
the orbital precession of Saturn 14,15 ) may not necessarily invalidate those theories if they are
not “fundamental” theories but rather “phenomenological” models only pertinent in a certain
regime.
In any case, further studies are to be done if one wants to obtain more stringent conclusions
about constraints imposed by Solar-system observations onto MOND-like theories. More precise
observations could give valuable informations about an eventual EFE due to the MOND theory
and restrict the number of possible MOND functions that are compatible with the observations.
More generally the influence of the Galactic field on the Solar-system dynamics through a possible violation of the strong version of the equivalence principle (of which the EFE is a by-product
in the case of MOND) is worth to be investigated.
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TESTING DARK MATTER WITH GAIA

O. BIENAYME
Strasbourg Observatory, 11 rue de l’université,
67000 Strasbourg, France
With the advent of Gaia, it will be possible to design tests of gravity on the scale of the Galaxy.
Accurate measurements of positions and velocities of few hundred millions stars will allow to
detail the stellar kinematics and Galactic dynamics, to draw the gravitational potential and
to recover the 3D distribution of dark matter. Gaia data will allow to test modified gravity
interpretations on a galactic scale, like MOND that makes very specific predictions allowing
to differentiate it from a spheroidal halo of dark matter.

1

Introduction

The Gaia satellite will survey the sky with three instruments. It will realize a nearly all sky
photometric survey within visible bands, an astrometric survey that will measures positions,
parallaxes and proper motions, and a radial velocity survey.
The combination of data from these surveys will allow to determine the 3D positions and
3D velocities of large sample of stars over a significant volume of the Galaxy. This will allow
to recover the gravitational potential over this volume of the Galaxy. Gaia will also perform an
accurate determination of the distribution of visible mass. From these determinations, it will
be possible for the first time to map precisely the unseen mass within our Galaxy. Hipparcos
had constrained the amount of dark matter in the solar neigbourhood, Gaia will do it for a
significant fraction of the volume of our Galaxy.
Tests of the relativity within the solar system will be performed with Gaia. Hestroffer et
al (2009) showed that observations of asteroids with Gaia allow a joint determination of the
solar quadrupole J2 and the PPN parameter β, a possible variation of the gravitational constant
(dG/dt)/G, and deviation from Newtonian law. A detailed list of tests (Mignard & Klioner
2009) includes a measure of γ from light deflection with a precision of 2 × 10−6 , test of the Local
Lorentz Invariance, detection of possible gravitational wave flux.
In this presentation, we propose a new test of the gravity on galactic scales: modification of
the newtonian dynamics have been proposed to explain flat rotation curve of galaxies without
need of dark matter. MOND is such a phenomenological ’theory’ that implies flat rotation curve
at large radius for galaxies, it also implies predictions on the kinematics of stars and on the 3D
shape of the gravitational potential. We may expect that any modifications of the relativity to
explain rotation curves in galaxy should also imply other observable properties identifiable with
Gaia observations.

2
2.1

Dark matter within our Galaxy
The Kz force perpendicular to the galactic plane

Kapteyn (1922) showed the similarity between the motion of stars perpendicular to the galactic
plane and the hydrostatic equilibrium of the terrestrial atmosphere. Thus, Oort (1932) measuring the vertical distribution of stars and their vertical velocity dispersion deduced dynamically
the force and potential perpendicular to the galactic plane, and he opened the question of a large
amount of unseen mass within the galactic disk. It is only with Hipparcos satellite observations
and accurate measure of distances and velocities that it has been clear that no large amount of
dark matter was present within the galactic disk in the solar neigbourhood (Crézé et al 1998).
2.2

Flat rotation curve in spiral galaxies

Measuring the rotational velocities of gas, Rubin et al (1978) within Hα regions, Bosma (1981)
with HI, found that the rotation curve of spiral galaxies was flat far from the galactic center, implying that the dynamically measured mass of these galaxies was one or more order of
magnitudes larger than the visible stellar mass deduced from photometry.
2.3

Our Galaxy

Most of the techniques to estimate the gravitational potential of our Galaxy are described in
Binney and Tremaine (2008). With the ongoing RAVE (Siebert et al 2011) and SEGUE (Yanny
et al 2009) surveys that are measuring radial velocities of a few hundred thousand stars, it has
been possible, using traditional techniques, to revisit more accurately the gravitational potential
of our Galaxy, avoiding the limitation of previously tiny samples.
Thus, selecting stars with accurately determined distances at 1 kpc above the galactic plane,
radial velocities and proper motions, Siebert et al (2008) determined the exact orientation of the
velocity ellipsoid that points towards a direction close to the galactic center. The tilt orientation
gives the correlation between galactic radial and vertical motions of stars, it is related to the
bending of orbits towards the galactic center when stars move out the galactic plane. Thus
Siebert et al (2008) constrained the potential shape within the 1 kpc solar vicinity and showed
there is no large amount of dark matter within the galactic disk. Works with larger data samples
confirmed this finding (Casetti-Dinesu et al 2011). It may be noted that the coupling between
the (u, v, w) velocity components of ∼3000 Hipparcos stars, within a 125 pc radius around the
Sun, led to the same conclusion (Bienaymé 1999).
The gravitational potential at large distances from the galactic center is obtained by measuring the escape velocity at the solar position. This was achieved by determining the velocity
distribution function of high velocity stars by comparison with predicted distribution functions
and N-body numerical simulations (Smith et al 2007).
At large distances, a more direct measure of the gravitational potential is obtained from the
radial velocity distribution of distant halo stars. Thus, the analysis of BHB stars from SDSS
observations showed that the rotation curve remains flat at 60 kpc (Xue et al 2008). A significant
uncertainty remains due to present lack of accuracy on proper motions of very distant stars and
consequently our partial ignorance of the real 3D motions of these distant stars (Przybilla et al
2010).
2.4

Our Galaxy

Most of the methods used to constrain the potential are applications of the Jeans equations,
moments of the Bolzmann equation, but the recent discoveries of streams and tails of accreted
galaxy satellites in the galactic halo appeared as a new and efficient opportunity to draw the

galactic potential. Moreover, from our current understanding of the formation of galaxies, few
hundreds of galaxy satellites must have been accreted by our Galaxy and Gaia should allow to
identify a large fraction of the streams, remnants of these accreted galaxies. Most stars within a
given stream follow (approximately) the same orbit within the galactic halo: measuring all star
positions and velocities we should deduce directly the gravitational forces along each stream.
Such analysis were performed with the tails of the Sagittarius dwarf that cover more than
360 degrees over the sky (Ibata et al 2001). With the help of numerical simulations the galactic
potential was deduced from the shape of the tails. Remaining uncertainties results from the
modeling of the internal kinematics of the progenitor galaxy that affects the exact trajectories
of tails. The velocity dispersion within the tail of the globular cluster Pal 5 is only a few km/s, in
concordance with its small thickness. Other sharp and long streams have been discovered from
the SDSS survey (Belokourov et al 2007), all these streams are used to obtain new constrains
on the galactic potential.
A young stream stays visible in the configuration space, while older streams disappear being
diluted within the configuration space. However, even diluted in the halo, stars belonging to
the same stream conserve (adiabatically) the three integrals of motion because the gravitational
potential of the Galaxy is evolving slowly. These diluted streams could be easily recovered
when we know the potential and the integrals of motion associated to this potential. Numerical
simulations (Helmi 2008) show it works even with approximate integral of motions.
3
3.1

Gaia perfomances
Gaia performances

Gaia will perform three surveys with three different instruments, an astrometric survey, a photometric survey and a spectroscopic survey. The science-performance pages have been brought
in line with the most recent performance predictions made by Astrium (April 2011):
http://www.rssd.esa.int/index.php?project=Gaia&page=Science Performance
The astrometric survey will perform micro-arcsecond astrometry, parallaxes and proper motions, for all 1,000 million stars down to magnitude G=20 and fainter than G>6. Gaia will
observe all objects including asteroids, supernovae, quasars, however in extremely dense areas
only the brightest stars will be observed. Photometric observations will be collected for all
these objects. Spectroscopic observations will be obtained for objects with G<16 and element
abundances for the brightest stars with G<11
For a G2V star (absolute magnitude 0.75) the astrometric accuracy is 24 µas at V=15, corresponding to a 10% accuracy at a distance of 7 kpc, the proper motion accuracy corresponding
to 1 km/s (neglecting the error from the parallaxe). This can be compared with the performance
of the Hipparcos survey with a 10% accuracy obtained at 200 pc. Thus Gaia will probe a galactic volume 50000 times larger, and the number of stars observed will be increased by a factor
∼10000. The error on radial velocity for a G2V star will be 1km/s at G=12 and 13 km/s at
G=16.3. Radial velocities will be measured for 150 million stars.
3.2

Selected goals on Milky Way dynamics

The gravitational potential will be measured, with methods as these previously described, using
extremely large samples from Gaia catalogues. A very accurate galactic potential should be
obtained directly with details within a sphere of 7 kpc radius around the Sun, and resonant
orbits should be identified. At larger distances, accurate photometric distances will be available
since Gaia will allow accurate photometric calibration from closer stars. For instance all RR
Lyrae variable stars will identified with Gaia, and they will be used to probe the dynamics and
the potential at very large distances up to 50-80 kpc.

Gaia will also allow an accurate determination of the faint end of the stellar luminosity
function and will measure the dominant contribution of low mass stars to the mass budget of
the different galactic stellar components. This is a central question since the difference between
the galactic mass determined from the dynamics and the stellar one, will give the invisible mass
or dark matter distribution.
Other results will be obtained concerning the internal dynamics of the stellar disk and its
gravitational potential by the observation and measure of the disk warp and flare as well as their
rotation and vertical oscillations.
To measure the gravitational potential, the identification of streams will offer a new and
promising perspective. The accretion events remain visible during a very long time in the
phase space. While after many billion years, the spatial distribution of an accreted satellites
or disrupted globular cluster will be uniform within the inner halo, the distribution of the
corresponding stars stays clumpy in the velocity space, and are even easier to identify within
the 3D integrals of motion space. If most of the inner halo is formed from such accretion events,
a few hundreds streams or clumps will be visible in the phase space.
When a stream is identified, the galactic force is accurately constrained in the surrounding
position of every star of that stream. Thus potentially a very fine description of the potential
should be achievable at the position of many halo stars, more accurately than any other technique
and it will allow an accurate identification of a dark disk, of a dark thick disk, the description
of their shape, thickness, triaxiallity... if they exists.
How much clumpy is the dark halo is an open question. Depending on the size of clumps, it
will modify and disperse the orbits of streams. This will certainly complicate the analysis and
identification of streams, but, as far as we know, not much work has yet explored this question
in details.
4

Testing gravity with Gaia

A currently debated question is whether the missing mass problem is due to the existence of
dark matter or to a modification of the gravitational law on galaxy scales. Here, following the
work of Bienaymé et al (2009), we show how large-scale spectroscopic and astrometric surveys
in general, and Gaia in particular, could help answer this question.
4.1

Cold Dark Matter or Modified Newtonian Dynamics?

The concordance cosmological model based on the existence of Cold Dark Matter is successful on
large scales. However, the predictions of the model are in contrast with a number of observational
facts on galaxy scales. Some well known issues are (i) the predicted overabundance of satellite
galaxies; (ii) the prediction of cuspy dark matter halos, whereas observations point toward dark
halos with a central constant density core; (iii) the problems to form large enough baryonic
disks due to their predicted low angular momentum within simulations. In addition galaxies
follow tight scaling relations that involve an acceleration a0 = 10−10 m.s−2 , for instance the
universality of the dark and baryonic surface densities of galaxies within one scale-length of the
dark halo (Gentile et al 2009). Below this gravitational acceleration, the enclosed dark mass
starts to dominate over baryons in galaxies, and this acceleration scale also fixes the slope and
zero-point of the Tully-Fisher and Faber-Jackson relations.
Milgrom (1983) postulated that for gravitational accelerations below a0 , the true gravitational attraction is modified and MOND, the modified gravity interpretation (Bekenstein &
Milgrom 1984), makes very specific predictions allowing to differentiate it from a spherical halo
of dark matter. Here, we outline these predictions, that Gaia and other large-scale surveys could
help to test.

4.2

How Gaia can help

We build these predictions with the MOND Milky Way model of Wu et al (2008). This model is
based on one of the most realistic possible baryonic mass models of the Milky Way, the Besançon
model (Robin et al 2003). Once the MOND gravitational potential of the model is known, one
can apply the Newtonian Poisson equation to it, in order to find back the density distribution
that would have yielded this potential within Newtonian dynamics. In this context, as shown in
Bienaymé et al (2009), MOND predicts a disk of phantom dark matter allowing to differentiate
it from a Newtonian model with a dark halo. (i) By measuring the force perpendicular to the
Galactic plane: at the solar radius, MOND predicts a 60 percent enhancement of the dynamical
surface density at 1.1 kpc compared to the baryonic surface density, a value not excluded by
current data. The enhancement would become more apparent at large galactic radii where the
stellar disk mass density becomes negligible. (ii) By determining dynamically the scale length of
the disk mass density distribution. This scale length is a factor 1.25 larger than the scale length
of the visible stellar disk if MOND applies. Such test could be applied with existing RAVE data
(Zwitter et al 2008), but the accuracy of available proper motions still limits the possibility to
explore the gravitational forces too far from the solar neighbourhood. (iii) By measuring the
velocity ellipsoid tilt angle within the meridional galactic plane. This tilt is different within the
two dynamics in the inner part of the Galactic disk. However the tilt of about 6 degrees at
z=1 kpc at the solar radius is in agreement with the recent determination of 7.3 ± 1.8 degrees
obtained by Siebert et al (2008). The difference between MOND and a Newtonian model with
a spherical halo becomes significant at z=2 kpc.
Such easy and quick tests of gravity could be applied with the first releases of future Gaia
data. Let us however note that these predictions are extremely dependent on the baryonic
content of the model, so that testing gravity at the scale of the Galaxy heavily relies on star
counts, stellar population synthesis, census of the gaseous content (including molecular gas),
and inhomogeneities in the baryonic distribution (clusters, gas clouds).
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BEYOND EINSTEIN: COSMOLOGICAL TESTS OF MODEL INDEPENDENT
MODIFIED GRAVITY
D.B. THOMAS AND C.R. CONTALDI
Theoretical Physics, Blackett Laboratory, Imperial College, London, England SW7 2AZ
Model-independent parametrisations of modified gravity have attracted a lot of attention over
the past few years; numerous combinations of experiments and observables have been suggested to constrain these parameterisations, and future surveys look very promising. Galaxy
Clusters have been mentioned, but not looked at as extensively in the literature as some other
probes. Here we look at adding Galaxy Clusters into the mix of observables and examine
whether they could improve the constraints on the modified gravity parameters. In particular, we forecast the constraints from combining the Planck CMB spectrum and SZ cluster
catalogue and a DES-like Weak Lensing survey. We’ve found that adding cluster counts
improves the constraints obtained from combining CMB and WL data.

1

Introduction

Einstein’s General Relativity (GR) is one of the principal ingredients of modern cosmology.
Nonetheless, it is our job as physicists to continue to test even the fundamental pillars of cosmology in order to refine, improve and further justify our model of the universe. Testing GR
outside of the solar system can be quite challenging, particularly as the effects of a different
theory of gravity could be degenerate with different possible constituents of the universe. This
is the case with the current cosmological observations that suggest the presence of dark matter
and dark energy. As well as explaining these observations, there are also fundamental physics
reasons for considering different theories of gravity: GR is inconsistent with quantum mechanics
and the search for ”Quantum Gravity” is one of the holy grails of modern physics.
Here, we are interested in testing deviations from GR in a model independent way. There are
several advantages to a model independent approach; some alternatives to GR do exist but
there is no complete theory of, for example, quantum gravity to draw on. Also, amongst the
many options there are no ”stand-out” candidates that are universally considered to be strong
alternatives. If a model independent approach suggests that the data is inconsistent with concordance cosmology and GR, it will be relatively unambiguous and therefore a strong motivator
to develop alternative theories, as well as possibly giving us a clue as to the nature of these
theories.
There are studies in the literature on the constraining power of current data 1,2 and the general conclusion is that the concordance cosomology is consistent with all of the current data,
although the data isn’t strongly constraining. Work has also gone into forecasting future experiments 3,4 and again there is a fair degree of consensus here, namely that future surveys will
greatly improve prospects. In this work we will examine the constraints that can be put on
model independent modified gravity using the combination of Cosmic Microwave Background
anisotropies (CMB) cross-correlated with weak lensing surveys and galaxy cluster counts.

2

Modified Gravity

Our potentials are defined in a flat FRW metric in the Newtonian gauge by g00 = −1 −
2Ψ(~x, t) , g0i = 0 , gij = a2 δij (1 − 2Φ(~x, t)) . Ψ is the Newtonian potential and is responsible
for the acceleration of massive particles. Φ is the curvature potential, which contributes to the
acceleration of relativistic particles only.
Several sets of modified gravity parameters (MGPs) have been proposed, see 5 for one of the first
papers and 6 for a partial translation table between the different parameterisations In this work
we will use two MGPs, η and µ, following 7 and implemented in the code MGCAMB, to describe
departures from GR. The first, η, is the ratio of the two metric potentials, η = Ψ/Φ. This will
be approximately unity in GR unless any of the particle species has large anisotropic stress.
The second, µ, is a modification of the poisson equation, and is essentially a time and space
dependent Newton’s constant. Fourier expanding the spatial dependence with wavenumbers k
and assuming isotropy, the modification of the Possion equation is as follows
k2 Ψ(a, k) = −4πGa2 µ(a, k)ρ(a)∆(a, k) ,

(1)

where, a is the FRW scale factor, G is Newton’s constant, ρ is the background density of cold
dark matter and ∆ is the gauge invariant density contrast.
We will assume that GR is valid up to a specified redshift zmg = 30. Beyond this, we assume
that the MGPs transition to a constant value that is different to the GR value. The background
expansion history is already constrained to be close to that of a ΛCDM model, we will therefore
assume that the modified gravity mimics the expansion history of a standard ΛCDM setup.
3
3.1

Observables
Cluster Counts

Galaxy clusters are some of the largest collapsed structures in the universe. According to
the standard ΛCDM cosmology, they typically consist of hot gas bound in a large cold dark
matter halo. They are a useful cosmological probe as their size corresponds to scales near the
linear to non–linear transition in the underlying dark matter power spectrum. This has several
consequences: they probe the tail of the matter perturbation spectrum and are therefore a
sensitive probe of growth. In addition, galaxy cluster counts can be predicted accurately from
the linear theory matter power spectrum, using semi-analytic formulae or ones calibrated from
N-body simulations.
Our theoretical predictions for the number of clusters in redshift bins will be compared to
predicted SZ catalogues for a number of future observational stages. The SZ effect 8 is a nearly
redshift independent tracer of clusters that is due to the rescattering of CMB photons by hot
intracluster gas. The observational limits on SZ observations are, in principle, determined simply
by resolution and sky coverage.
3.2

CMB

With the release of Planck satellite 9 results only a few years away we are entering an era
where observations of the CMB total intensiy spectrum will have reached the sample variance
limit throughout scales where primary effects dominate the signal. The sensitivity to MGPs
in the CMB spectrum is restricted to the largest scales and the main signal that will arise on
these scales is the ISW effect. This is sourced as the Universe transitions into a dark energy
dominated model and the potential starts to decay. The effect can be described by the integral
of the time-deritvative of the sum of metric potentials along the line of sight.

3.3

Weak lensing

The third observable we will use is the convergence power spectrum from weak lensing surveys.
Weak lensing is a relatively new cosmological tool and is a measure of the small distortions of
background galaxies caused by gravitational lensing by large scale structure 10,11 . Distortions of
individual bckground galaxies are virtually impossible to measure due to the intrinsic ellipticity
of galaxies. However, statistical results averaging over large numbers of galaxies are now routinely reported.
For our initial weak lensing survey, we consider a DES-like survey. DES 12 (Dark Energy Survey)
is a ground based survey that is scheduled to begin observations in 2011. It will survey 5000
sq deg over 5 years and aims to constrain dark energy with 4 probes: supernovae, BAO, galaxy
clusters and weak lensing, the latter being the probe we are interested in here.
4

Forecasts

In this Section we carry out forecasts for two future observational ‘Stages’. For weak lensing and
cluster counts we will assume two distinct observational stages corresponding to short and long
term development of survey sizes and accuracies. This is unnecessary for the CMB as the data
from Planck over the range of interest will be cosmic variance limited and therefore essentially
as good as theoretically possible.
Stage 1 corresponds to a Planck-like SZ survey and a DES-like weak lensing survey. DES will be
carried out on the Cerro Tololo Inter-American Observatory in the Chilean Andes and should
start taking data in late 2011. The stage 2 weak lensing survey is based on the LSST 13 , due to
begin taking data in 2020. The stage 2 SZ survey corresponds to a Planck-like survey, but with
a better flux resolution, allowing smaller mass clusters to be detected.
Our forecasts will be based on Fisher matrix 14,15 estimates of errors in a subset of parameters
comprising the MGPs η and µ and two parameters from the standard model that are expected to
be most correlated with them, namely, the total matter density Ωm and the primordial amplitude
of scalar curvature perturbations A.
5

Results

Figure 1: Fisher constraints on η and µ from combined
CMB and weak lensing (including cross-correlations), red
(dashed). The improvement obtained by adding cluster
counts is seen in the blue (short-dashed) ellipse. When
self–calibration uncertainties of the cluster data are included the constraints are weakened slightly (black, dashdotted). All cases are for Stage I.

Figure 2: Fisher constraints on η and µ from combined
CMB and weak lensing (including cross-correlations), red
(dashed). The improvement obtained by adding cluster
counts is seen in the black (dash-dotted) ellipse. All cases
are for Stage III.

Table 1: 1σ constraints for first stage experiments

Parameter
Ωm
Log (1010 A)
η
µ

CMB and WL cross-correlation
0.00104
0.00215
0.0300
0.00835

Clusters added
0.00104
0.00214
0.00548
0.00234

Cluster counts self calibrated
0.00104
0.00214
0.0150
0.00451

After cross-correlating the CMB with weak lensing, the constraints on the MGPs are quite
good. This is due to the complementarity between the data sets; with the CMB providing strong
constraints on the standard parameters, any degeneracies between the standard parameters and
the MGPs in the weak lensing data are broken. However, since both the CMB and weak
lensing rely on the sum of the two potentials, there is still a degeneracy between the MGPs
that is affecting the constraints. This is where the galaxy cluster counts are useful, as only
Ψ is relevant and hence only µ contributes. Thus, the data from the cluster counts breaks
the degeneracy between the MGPs from the CMB and Weak lensing, creating a much tighter
constraint as shown in figure 1. There are some uncertainties associated with cluster counts 16 ,
and these are also shown in figure 1. Although marginalising over these uncertainties reduces
the impact of clusters, clusters still add to the constraining power of the CMB and Weak lensing.
The constraints on the parameters for the first stage of experiments are shown in table 1. In
addition, figure 2 shows how galaxy clusters are still a worthwhile addition to cross correlated
CMB and weak lensing measurements for the longer term survey.
6

Conclusion

Over the next 5-10 years, deviations from GR should be well constrained, and the concordance
cosmology will either be more secure or may even have undergone a paradigm shift. If the latter
is the case, then the results from the model independent tests could be crucial in helping to find
a new theory of gravity.
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9.
Weak equivalence principle

Equivalence Principle Torsion Pendulum Experiments
T. A. Wagner
Center for Experimental Nuclear Physics and Astrophysics, Box 354290,
University of Washington, Seattle, WA, 98195, USA

1

The equivalence principle

The universality of free fall exists as one of the oldest concepts in physics, yet even today measurements of the universality of free fall provide some of the strongest fundamental tests of
physics. The universality of free fall is the most precisely tested aspect of the equivalence principle — in Newtonian terms the equality of inertial and gravitational mass. General relativity,
which successfully describes all observed gravitational phenomena, incorporates the equivalence
principle as a basic assumption. Ideas for unifying of the standard model and general relativity
generally predict violations of the equivalence principle at some level1 . Testing for violations
constrains alternative theories of gravity and possible new forces weaker than gravity. Equivalence principle tests also provide a means of searching for non-gravitational interactions between
ordinary matter and dark matter. The variety of concepts tested by equivalence principle experiments demonstrates their utility for expanding our understanding of physics. For a more
detailed discussion of the physics that equivalence principle tests probe see Adelberger et al
20092 , and for a discussion of ordinary equivalence principle tests and their relation to tests
using antimatter see Adelberger et al 1991.3
The Yukawa potential provides a useful parameterization for equivalence principle tests. For
two point particles separated by a distance r the potential is the following:
V (r) = −α

G mA mB  q̃   q̃  −r/λ
e
,
r
µ A µ B

(1)

where α gives the strength relative to gravity, q̃/µ is the hypothetical new charge per atomic
mass unit, and λ is the range of the interaction. The charge can be further parameterized in
terms of the particles in ordinary, electrically neutral matter (composed of protons, electrons
and neutrons) that could carry some hypothetical new charge:
q̃(ψ) = Z cos(ψ) + N sin(ψ),

(2)

where Z is proton number (degenerate with the number of electrons for electrically neutral
matter) and N is neutron number. Other interesting charges include baryon number (B = Z +
N), lepton number (L = Z), and B - L, which all appear to be conserved or nearly conserved. B
- L is conserved in supersymmetric theories, though B and L individually are not.

Figure 1: Left frame: The apparatus. A rotating turntable supports the vacuum enclosure for a torsion pendulum.
Right frame: The equivalence principle torsion pendulum. Two sets of four test bodies form the composition
dipole. The pendulum’s symmetry reduces coupling to environmental gravity gradients. The fiber attaches onto
the pendulum through a special fiber screw.

2

Rotating torsion balance

A torsion pendulum provides a nearly ideal apparatus for performing tests of the equivalence
principle. A conceptual equivalence principle torsion balance experiment is realized by arranging
test bodies of different composition at ends of a rod suspended from its center by a thin fiber.
The twist of the pendulum about the fiber then depends only on the difference in the vector
direction of the forces on the test bodies, inherently providing a differential measurement. An
equivalence principle violation would exert different forces on the test bodies of different composition, resulting in a torque about the fiber. To minimize couplings to gravitational gradients
the actual pendulum design has up-down reflection symmetry and a four-fold azimuthal symmetry, see the right frame of Figure 1. It has been designed such that the gravitational multipole
moments for ℓ < 6 are small. See Su et al 4 for a detailed description of the multipole moment
formalism and typical steps taken to minimize the resulting systematic uncertainties.
The left frame of Figure 1 shows the apparatus. The torsion pendulum mounts on a rotating,
air-bearing turntable. The air-bearing turntable is smoothly rotated using an eddy-current drive
and feedback to a high-resolution angle encoder. An optical system reflecting a laser off a mirror
on the pendulum and onto a position sensitive photo-diode produces a signal proportional to
the pendulum twist. The laser and photo-diode are mounted in an autocollimator configuration.
The vacuum system is initially pumped out using a turbo pump, but is maintained using an ion
pump while the apparatus rotates. The vacuum remains below 10−6 Torr for several months at
a time. Environmental sensors measuring tilt and temperature provide measurements to control
for systematic effects. The torsion balance has 3 layers of magnetic shielding and a rotating and
a stationary thermal shields, which attenuate temperature gradients using layered insulation
and good thermal conductors.
The smooth rotation provided by the turntable shifts an equivalence-principle-violating signal towards the Earth from an offset in the equilibrium angle to the rotation frequency of the
apparatus. The centrifugal acceleration due to Earth’s rotation must be opposed by a gravitational acceleration, which is oriented toward North in the northern hemisphere because the

Table 1: 1-σ systematic uncertainties and associated corrections for North and West differential acceleration using
Be-Ti.

Systematic uncertainty
Gravity gradients
Tilt
Magnetic
Temperature gradients

∆aN (10−15 m/s2 )
1.6 ± 0.2
1.2 ± 0.6
0 ± 0.3
0 ± 1.7

∆aW (10−15 m/s2 )
0.3 ± 1.7
−0.2 ± 0.7
0 ± 0.3
0 ± 1.7

pendulum swings out to the south. This horizontal gravitational acceleration depends on latitude. In Seattle, Washington, the horizontal gravitational acceleration of the Earth is about 3
times larger than the gravitational acceleration towards the Sun.
3

Systematic Effects

Gravitational gradients, tilt, temperature gradients and magnetic fields are the four systematic
effects of primary concern for this experiment. Magnetic fields and temperature gradients are
primarily reduced with passive shielding, though the mean room temperature is actively stabilized. Gravitational gradient couplings were minimized in the design of the pendulum and the
environmental gradients are reduced using a system of masses, called gravity gradient compensators, positioned close to the apparatus. The rotation axis is actively aligned with local vertical
through a feedback system on the tilt sensors. Each systematic was individually exaggerated
and the induced effect measured. For a detailed description of gravitational gradient systematics and methods to address them see Su et al.4 For an explanation of the tilt feedback loop see
Heckel et al.5 A summary of the systematic uncertainties for the Be-Ti combination is shown in
Table 1 and is discussed in more detail in Schlamminger et al.6
4

Results

Using the Be-Ti and Be-Al test body pairs, we collected 75 days and 96 days of data, respectively.
The physical test bodies were interchanged with respect to the pendulum once for each test body
pair. The measured differential accelerations in the laboratory frame are the following:
∆aN (Be − T i) = (+0.6 ± 3.1) × 10−15 m/s2 ⇒ η⊕ (Be − T i) = (+0.3 ± 1.8) × 10−13
∆aW (Be − T i) = (−2.5 ± 3.5) × 10−15 m/s2
∆aN (Be − Al) = (−2.6 ± 2.5) × 10−15 m/s2 ⇒ η⊕ (Be − Al) = (−1.5 ± 1.5) × 10−13
∆aW (Be − Al) = (+0.7 ± 2.5) × 10−15 m/s2 .
The N (W) subscript corresponds to results towards north (west). Because the centrifugal
acceleration due to the Earth’s rotation causes the pendulum to swing out to the south, the
horizontal gravitational acceleration due to the Earth is towards north. Taking the ratio of the
measured differential acceleration towards north with the horizontal gravitational acceleration
gives η⊕ .
5

Current projects

Currently, a pendulum with test bodies that mimic the composition of the Earth’s core and the
Moon (similar to Earth’s mantle) resides in the apparatus. The data taken with this pendulum
can be used in conjunction with lunar laser ranging tests of the strong equivalence principle

to set limits on how gravitational binding energy obeys the equivalence principle. Using these
results and results stemming from the more precise lunar laser ranging capability of the APOLLO
collaboration, an order of magnitude improvement over existing limits of ηgrav ≈ 1×10−3 should
be possible.7,8
Seasonal changes in gravitational gradients produce one of the largest systematic uncertainties for this apparatus. The Eöt-Wash group is currently examining different approaches for
continual monitoring of these gravitational gradients. Some possible approaches include dedicated gradiometer torsion pendulums and using vertically displaced tilt sensors to monitor the
lowest order (Q21 ) gravitational gradients.
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AMONG SPACE FUNDAMENTAL PHYSICS MISSIONS,
MICROSCOPE, A SIMPLE CHALLENGING FREE FALL TEST
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Several space tests of gravity laws have already been performed but the MICROSCOPE mission is the
first one to be fully dedicated to the test of the Equivalence Principle. The dedicated payload is now
under qualification and the rather large micro satellite will be produced by Cnes for a launch at
beginning of 2015. Each of the two differential accelerometers of the experimental device includes a
pair of test-masses whose 720 km altitude orbital motions are constrained along the same purely
gravitational trajectory. Evidence of an EP violation is provided by the comparison of the electrostatic
configurations needed to maintain the two masses composed of different materials motionless relative to
each other. Not only the servo-loop electronics must exhibit very weak level of noise but the geometrical
and electrical configuration of the instruments must be very well optimised, accurate, cleaned and
steady. Although the accelerometers are saturated on ground by normal gravity, they can be tested on
board a free fall capsule in drop tower. These tests complete the fine verification of all mechanical and
electrical functions. In addition, the present in flight results of the GOCE mission accelerometers are
deeply analysed. Because the sensors of the gravity gradiometer exploits the same technologies, they
provide confirmation of the MICROSCOPE instrument models used to extrapolate the in orbit
performance and then estimate the expected mission accuracy.

1. The MICROSCOPE space mission
One century after Einstein 1‘s paper on special relativity, initiating his elaboration of the new
formulation of gravitational interactions, space remains the favorite environment to perform deep
experimental investigation on Gravitation. After the Pound and Rebka 2 experiments in 1959,
demonstrating frequency red shift with γ rays emission, R. Vessot 3 has performed in 1976 the
comparison of two clocks at different gravity potential taking advantage of the parabolic trajectory of a
rocket, up to an altitude of ten thousand kilometers. With this Gravity Probe A mission, redshift of
4.10-10 was measured with clock frequency stability of 10-14. The ACES (Atomic Clock Ensemble in
Space) payload will be accommodated in 2014 on board the International Space Station and will
include Hydrogen Maser and the cold atom PHARAO clock with a fine microwave link in order to
perform, among other metrological objectives like C isotropy, time dilatation or time distribution, the
comparison with ground clocks with an expected accuracy better than 10-16 [L. Cacciapuoti 4].
The three ton Gravity Probe B satellite was launched in April 2004 for 18 month operating mission.
The drag free satellite mainly carries four dedicated cryogenic gyros in a very steady configuration,
aligned with an inertially pointed telescope, in order to perform the accurate measurement of both the
geodetic and the frame dragging effect along the Earth polar circular orbit at an altitude of 642 km.
With a specific data processing, developed to correct the limitation of the gyros, induced by
unforeseen electrical anisotropic charging of their spherical rotor and cage, the expected
-6606.1 milliarcsecond/year N-S geodetic drift was measured with 0.3 % accuracy

(-6601.8+/-18.3 mas/yr) and the -39.2 mas/yr frame dragging drift with 20 % accuracy
(-37.2+/-7.2 mas/yr) [C.W.F. Everitt 5]. These results agree with the previously measured LenseThirring effect on satellite orbital plane, previously performed with the LAGEOS 2 satellite. Eleven
years of fine laser tracking of the 5620 km altitude orbit have been revisited taking advantage of the
more accurate Earth gravity field model obtained from the GRACE space mission data. 10 %
uncertainty on the measured effect was then evaluated by I. Ciufolini 6.
The Parameterized Post-Newtonian (PPN) formalism is often considered to interpret the space tests of
general relativity and γ and β are presently respectively limited to the following ranges:
- γ-1 = 2.1 +/- 2.3 10-5, as computed by B.Bertotti et al. 7 from the Cassini spacecraft navigation
during its cruise from Jupiter to Saturn with the solar conjunction between Earth and Satellite,
- β-1= 1.2 +/- 1.1 10-4, as deduced by J.G. Williams et al. 8 from the accurate measurements by
lunar laser ranging, of the relative motions of the Earth and Moon in Solar gravity field.
Other space tests of gravity are now proposed. Among them, the Outer Solar System mission proposed
by B. Christophe et al. 9 envisages long range gravity test by finely tracking the gravitational motion of
an interplanetary spacecraft carrying an electrostatic ultra-sensitive accelerometer to permanently
survey any deviation from geodesic motion. The SAGAS mission, proposed by P. Wolf et al. 10 is
much more ambitious considering a large satellite, able to cross the solar system with an optical
atomic clock on board, cold atom interferometers as accelerometers and gyrometers, laser links for the
satellite motion tracking with many major objectives like the test of universal redshift, the test of
Lorentz invariance, PPN test, large scale gravity, variation of cosmologic constant…
For what concerns the MICROSCOPE mission, it is fully dedicated to the test of the Equivalence
Principle (EP). It has been selected by Cnes in 2004, the instrument is now under qualification and the
satellite production should start this year for a launch of the satellite in 2015.
The accurate test of the universality of free fall represents today much more than the verification of
this well known property. The violation of the universality of free fall leads to the violation of the
Equivalence Principle (EP), fundamental basis of the Einstein General Relativity. Einstein, himself,
considered this symmetry as enacted by the experience. Today, most attempts of Grand Unification
like String theory and M-theory allow the violation of this principle, introducing in particular scalar
fields 11, while the experimental investigation of quantum gravity does appear directly very weakly
accessible. The test of the Equivalence Principle is thus not only the test of general relativity but also
the search for new experimental results as the necessary support for new theories: as expressed by
T. Damour 12, EP test appears much more relevant by about a factor 106 than γ accurate determination
when comparing presently obtained γ and EP test accuracy. In addition, Super symmetry might be
confirmed by the CERN LHC near future results with new particles to be taken into account. The test
of the universality of free fall with ultimate accuracy is then an important challenge and has also to be
considered regarding dark matter query.
Present laboratory tests, performed by the Eötwash group 13 reached a few 10-13 accuracy: the
dedicated torsion pendulum exploits the 1m long, 20 µm diameter tungsten fibre, exhibiting a Q factor
of about 5000. It is surrounded with 800 kg of lead designed to compensate the local gravity gradients.
Much care is also taken to reject the vibrating environment and the thermal effects. The data can be
integrated over periods as long as 3 months.
MICROSCOPE space experiment has been designed and the payload and the satellite specified to
obtain at least two orders of magnitude better, i.e. 10-15 accuracy. Other missions are also proposed by
A. Nobili 14 or T. Sumner 15 to perform this test with outstanding accuracy of 10-17 or 10-18. But not
only the instruments demand new long developments but such missions require quite 10 times heavier
satellites with much demanding performance for attitude controls and drag free motions as well as for
the experiment environment controls.
2. The MICROSCOPE experiment
The MICROSCOPE satellite is rather small, 270 kg in its definitive definition, with its new cold gas
propulsion system, leading to major constraints on the dedicated scientific payload available mass,
volume and power, respectively, 35 kg, 40 cm3 and 40 W, leading to a non cryogenic experiment, with

a limited couple of tested materials. The test performance relies on available technologies for the
instrument and the satellite. Even better performance could be reached in the future but with more
complex satellite, instrument and operation.
The MICROSCOPE space experiment consists in a basic free-fall test of two masses around the Earth,
with the availability of long duration of measurement, reduced test-mass disturbing accelerations, very
precise instruments optimized for micro-gravity operation and modulation of the Earth gravity signal
by rotation of the satellite and the instrument axis along the orbit.
The two test masses made of different composition will be precisely positioned on the same orbit and
so submitted to the same Earth gravity field. In absence of Equivalence Principle violation, the two
masses will continue on the same common trajectory. The MICROSCOPE satellite, protecting them
from Earth and Sun radiation pressures and from residual atmospheric drag, will be controlled to
follow the common trajectory of the masses by acting the thrusters of its propulsion system. In fact,
the relative motion of both masses with respect to the instrument frame will be accurately measured
and servo-controlled thanks to generated electrical field around the conductive masses. The masses are
then maintained motionless with respect to the instrument parts to an accuracy better than 10-11m,
insuring the stability of the configuration and thus limiting the fluctuations of the eventual disturbing
forces acting on them: gravity field gradients, electro-magnetic field, patch effects...Such protocol
permits to linearize the position capacitive sensing and the electrostatic actuations, mainly depending
on the configuration geometry. The electrostatic acceleration generated commonly on the two masses
is nullified by acting the satellite thrusters in such a way that the common instrument reference frame
follows the two masses in their orbital motion. The difference of the applied electrostatic acceleration
is accurately measured and the projection along the Earth gravity monopole is analysed as an eventual
Equivalence Principle violation signal.
The masses are almost perfectly cylindrical and concentric 16. Each one is surrounded by two gold
coated silica rods which carry electrodes for position sensing and electrical field servo-control. Rods
and test mass, associated to six electronics channels for the control of the six degrees of freedom of the
mass constitute a six-axis ultra-sensitive inertial sensor [P. Touboul et al.17]. The two concentric
inertial sensors compose the SAGE instrument (Space Accelerometer for Gravitational
Experimentation). The MICROSCOPE satellite can operate two SAGE instruments that will be
identical except for the mass materials. The two materials used for the test will be Platinum Rhodium
alloy, PtRh10 (90% Pt, 10% Rh), and Titanium alloy, TA6V (90% Ti, 6% Al, 4% Va), respectively
402.336 g and 300.939 g. The two other masses are made of same Pt-Rh alloy, respectively 402.336 g
and 1361.230 g measured on masses manufactured by PTB in Braunschweig, as qualification parts.
This second instrument is only devoted to the in orbit verification of the systematic experiment errors.
The experiment then consists in a double differentiation. The Pt-Rh alloy has been selected for its high
density, leading to a better rejection of the spurious surface effects: better performance is expected
with the two same material test masses insuring the confidence in the obtained EP test result.
The MICROSCOPE satellite is scheduled to be launched in 2015 along a quasi-circular
heliosynchronous orbit at an altitude of 720 km. The heliosynchronism allows a fixed satellite Sun
side and optimised AsGa rigid solar panels with maximum delivered power and minimum sizes to
reduce the radiation pressure and the atmospheric drag. Furthermore, the thermal external conditions
are steady and thus very favourable for its thermo-elastic behaviour and its internal fluctuations of
temperature. 1mK stability at orbital frequency has been demonstrated by Cnes with the thermal
representative model of the instrument accommodated inside its satellite cocoon. The electronics units
are stabilized at 10 mK and the external anti-Sun radiator is protected against the Earth albedo to
exhibit a steady temperature. The propulsion system consists in two symmetric assemblies
accommodated on two faces of the cubic satellite, each one comprising 3 Nitrogen tanks (8,25 kg,
345 bars), servo-valves and command electronics to 4 pods of two thrusters. The continuous and
proportional actuation of the thrusters allows fine control of the satellite motion. The satellite
positioning must be a posteriori known at the EP orbital frequency with 7 m accuracy radially and
14 m along track, and the inertial pointing with 6 µrad in such a way that the Earth gravity gradient
can be rejected. When the satellite is rotating, the specification is even more stringent: 1µrad. In
addition, the satellite linear and angular acceleration fluctuations are controlled to be respectively less

Figure 1: Comparison of MICROSCOPE and GOCE sensor configuration. The parallelepiped
GOCE mass is surrounded by three planar gold coated electrode plates (right). The cylindrical
configuration of MICROSCOPE includes also 4 quadrant pairs of electrodes for the control of the
2 radial directions, translation and rotation (left).

than 3.10-10 ms-2/Hz1/2 and 5.10-9rds-2/Hz1/2 about the EP frequency. This is performed by finely servoacting the thrusters according to the instrument measurements themselves.
The one year mission includes different instrument calibration and measurement sequences. The
symmetry of the electrostatic actuations, the scale factors of the measurement pickup, the alignments
of the measurement axes are calibrated in orbit to 10-4 relative accuracy in order to reject at same level
common motion disturbances [V. Josselin et al. 18]. The off-centring of the masses, less than 20 µm
after instrument integration, is also evaluated to 0.1 µm accuracy in the orbital plane and 0.2 µm
normal to the orbit, in order to sufficiently correct the gravity gradient disturbances. Several EP test
experiments are performed between calibration sessions with inertial and rotating pointing (at two
different frequencies) of the satellite. In case of inertial pointing, the EP test is performed at the orbital
frequency, i.e. fEPi = 1.7 × 10-4 Hz. In rotating pointing, the test is performed at the sum of the orbital
frequency plus the satellite spin rate, i.e. fEPs = about 10-3 Hz. This is the modulation frequency of the
Earth gravity along the axial direction of the instrument. Sessions of 20 orbits are processed to reject
the stochastic errors.
3. MICROSCOPE and GOCE instruments
The four MICROSCOPE inertial sensors take advantage of the same concept and technologies already
used for the GOCE gradiometer sensors 19. In the ESA GOCE mission, the gravity gradiometer is
composed of six accelerometers mounted in a diamond configuration corresponding to 3 identical
orthogonal gradiometer of 50 cm arm 20. The satellite was launched on March 17th of 2009 and
injected in a very low heliosynchronous orbit at altitude of 260 km. Three diagonal components of the
Earth gravity gradient can be deduced from the difference of the outputs provided by each pair of
aligned sensors.
As in MICROSCOPE, each proof-mass of each sensor is electrostatically levitated at the centre of the
instrument silica cage without any mechanical contact except a thin 5µm diameter gold wire to
manage the mass global charge against the space high energy proton fluxes bombarding the satellite
and creating also secondary electrons (see Figure 1) 21.
Surrounded by electrodes and electrical shield engraved in silica or glass ceramic gold coated parts,
the mass is naturally unstable because of the attractivity of the electrostatic forces. So, six channels,
including digital controllers, generate, from the data provided by six capacitive position sensors
(motion and attitude), opposite electrical voltages. These voltages are applied on related electrodes,
used for both capacitive sensing and electrostatic actuation, opposite versus the mass whose electrical
potential is biased. Cold damping of all degrees of motion is provided in addition to a very accurate
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Figure 2: Comparison of MICROSCOPE (left) and GOCE (right) stochastic errors: √PSD
expressed in ms-2Hz1/2. Models depend on configuration, electronics performance, thermal
stabilities and environment conditions.

mass positioning. The accurate measurements of the applied electrostatic forces and torques provide
the data for the satellite pointing and for the drag compensation as well as for the scientific outputs.
Figure 2 compares computed power spectral density of both MICROSCOPE and GOCE stochastic
acceleration errors in the instrument frequency bandwidth. Major error sources are the f ollowing from
upper frequencies to lower: capacitive sensor noise, analogue to digital data conversion, disturbing
mass motion forces and in particular gold wire damping, thermal instabilities of the geometrical and
electrical configurations.
The GOCE sensor is optimized for the frequency bandwidth from 5.10-3 Hz to 0.1 Hz, corresponding
to the fine recovery of the Earth gravity potential harmonics between orders 25 and 500.
MICROSCOPE is optimised for lower frequencies, from orbital frequency of 1.7 10-4Hz to calibration
frequencies of a few 10-3 Hz.
The resolutions presented in Table 1 are obtained along the axial direction of each sensor, with a full
measurement range of +/- 2.5 10-7 ms-2 and the saturation of the electrostatic control larger than
10-6 ms-2. GOCE sensor full range is larger, +/- 6.5 10-6 ms-2, requiring smaller gaps between the mass
and the electrodes, 299 µm instead of 600 µm but increasing the electrical defects due to contact
potential differences 22 or thermal sensitivity because of the mass coefficient of thermal expansion
versus the quite null silica one.
From the switch on of the GOCE sensors, in April 2009, the operation of the GOCE sensors has been
finely verified and tested in orbit through different calibration sequences and by the redundancy of the
provided measurements. Each sensor provides six outputs depending on the residual satellite drag, the
gravity gradient and the angular and centrifugal acceleration. The drag compensation of the satellite,
performed by exploiting the accelerometer outputs, has been verified down to a level of 10-9 ms-2/Hz1/2,
ten times better than required. And the observed sensor noise PSD has confirmed our model of the
respective electronics noise contributions, through the servo-loops, of the position sensing and the
electrostatic actuation 23.
One invariant in the GOCE mission data is the measured trace of the Earth gravity gradient that should
be null in absence mainly of accelerometer noise, in flight calibration inaccuracy and centrifugal
acceleration residue. Present analysis leads to flat noise of each gradiometer axis output in the
frequency bandwidth from 5.10-2 Hz to 0.1Hz: 11 mE/Hz1/2 along track (x), 9 mE/Hz1/2 normal to the
orbit (y) and 19 mE/Hz1/2 in the radial direction (z). And the residue in the trace is 24mE/Hz1/2.
By considering that all residual noises are only due to the six sensors, this leads to
4.9 10-12ms-2/Hz1/2 and more precisely for the pairs of each axis: 3.9 10-12ms-2/Hz1/2 for both sensors
along x, 3.1 10-12ms-2/Hz1/2 along y and 6.7 10-12ms-2/Hz1/2 along z. Because all six sensors are
identical, it is reasonable to consider that their contribution is limited to less than 3.1 10-12ms-2/Hz1/2,

DVA X1i+ (Input noise)

Detecteur X1i
1.00E-03

1.00E-05
X1i
Moyenne
Expected
Measure tolerance 1 Sigma

'Measured'
Expected
Measure tolerance

1.00E-04

V rqrHz

V rqrHz

1.00E-06

1.00E-05

1.00E-06
1.00E-01

1.00E-07

1.00E+00

1.00E+01

1.00E+02

1.00E-08
1.00E-02

Hz

1.00E-01

1.00E+00

1.00E+01

Hz

Figure 3: MICROSCOPE capacitive sensor output noise, 10µV/Hz1/2 flat level (left) and actuator
input noise (right), 0.15µV/Hz1/2 flat level

to be compared to the MICROSCOPE sensor stochastic error specification including not only the
intrinsic noise but also the effect of the thermal environment fluctuations, i.e. 3.3 10-12ms-12/Hz1/2 in
inertial pointing and 1.4 10-12ms-12/Hz1/2 in rotating mode.
Dedicated in orbit tests of the GOCE sensors have been also performed by opening the electrostatic
loops and observing the electronics outputs while the mass is resting gently on its mechanical stops:
this has confirmed the expected electronics contribution of the analogue to digital conversion in
particular 24. By applying in the electrostatic loops biasing position signals, it has also been possible to
move the mass in its cage and deduce any unexpected stiffness or non linear behaviour. In addition
this has confirmed the operation model assessing the MICROSCOPE sensor error budget derived from
the same formulas.
At last, because of the redundancy of two pairs of electrodes to only control the z axis motion of the
parallelepiped mass, it is possible to compare two outputs and deduce a 5µV/Hz1/2 residue that is not
yet well explained. Nevertheless, such electrical voltage fluctuations applied on the MICROSCOPE
sensor electrodes lead to 0.53 10-13ms-2/Hz1/2 for the PtRh inner mass and 0.23 10-12ms-2/Hz1/2 for the
TA6V outer mass, which is compatible with MICROSCOPE specifications.
4. Present instrument and tests status, perspectives
In parallel to the satellite and mission definitions, models of the instrument have been developed and
tested. The flight models of the analogue functional electronics units have been carefully tested and
exhibit very weak noise. The capacitive sensor noise is at lower frequencies than 10 Hz around
10 µV/hz1/2 (see Figure 3). According to the capacitive sensor sensitivity and the geometry, the
position resolution is deduced (see Table 2).
These position resolutions corresponds to less than 6.10-17ms-2 for the highest EP frequency when
integrated over 20 orbits with a back action of the sensor signals limited to less than
3.10-17ms-2 when expressed in acceleration. In addition the thermal sensitivities of the sensor biases are
respectively measured to 71µV/°C and 12µV/°C, corresponding to 24.10-1m/°C and 4.5 10-1m/°C, in
agreement to the demonstrated thermal stability of 10-2°C.
Furthermore, the qualification model of the double inertial sensor instrument, integrating two PtRh
masses, has been produced and integrated according to the established procedures for the flight
models. This model integrates very accurate test masses and silica parts as well as the blocking
mechanism which is used to clamp the masses during launch vibrations. Environmental tests have
been performed as well as tests of the instrument operation in micro-gravity. These tests, realized in
the ZARM drop tower in Bremen, have allowed optimising the twelve control laws of both masses
electrostatic levitation. In spite of the limited duration of the fall, 4.7 s, the convergence of the mass
position has been compared to the established models in order to fix the digital recursive filters that
will be implemented in the interface and control unit of the experiment.

Table 1: MICROSCOPE inertial sensors computed performances in steady environment deduced
from the test of the flight model electronics units and from the characteristics of the qualification
models of the sensor; satellite rotation frequency = (π + 1/2) orbital frequency (a) or (π + 3/2)
orbital frequency (b)

Pointing

Inner PtRh mass
ms-2/Hz1/2

Outer TA6V mass
ms-2/Hz1/2

1.92 10-12

2.55 10-12

0.89 10-12

1.18 10-12

0.81 10-12

1.07 10-12

Inertial
fEP = 1.7 10-4 Hz
Rotating a
fEP = 7.8 10-4 Hz
Rotating b
fEP = 9.5 10-4 Hz

Table 2: MICROSCOPE test-mass position resolution deduced from capacitive sensor electronic
noise and sensitivity as well as from the geometry of the electrical conductors

Capacitive
sensor gain in
V/pF

Electronic
noise in
pF/Hz1/2

Capacitive
variation vs. mass
displacement in
pF/µm

Capacitive
sensor gain
in V/µm

Position
sensor
resolution in
m/Hz1/2

80

1.25 10-7

3.7

0.30

4.0 10-11

40

2.5 10-7

6.5

0.26

3.8 10-11

PtRh inner
mass
TA6V
outer mass

The qualification of the instrument gives also the latest data to update the instrument and mission error
budgets taking into account the expected performance of the satellite sub-systems as defined now. The
four major stochastic errors are the following:
• the mass damping induced by the gold wire,
• the radiometer pressure on the mass taking into account the thermal gradient in the instrument
tight housing,
• the satellite centrifugal acceleration combined to the mass off-centring,
• the angular acceleration residue combined to the mass off-centring,
leading to a total amount of 1.5 10-12 ms-2/Hz1/2.
The four major systematic error sources are at the fEP frequency:
• the instability of the star tracker with respect to the instrument measurement axes,
• the drag free residual acceleration when considering the 10-4 sensitivity and alignment
matching,
• the magnetic field taking into account the rejection by the instrument magnetic shield and the
masses susceptibilities,
• and the satellite angular acceleration residue combined to the mass off-centring,
leading to a total amount of 1.1 10-15 ms-2 tone error at the fEP frequency.
This corresponds, in satellite rotating mode, to the expected EP test accuracy of 6.10-16 with 20 orbit
signal integration. Tens of 20 orbit measurement sequences are foreseen in the mission scenario. Next
step in the mission development will be the satellite production and qualification. The instrument
flight models should be delivered in 2012, to be integrated in 2013, for a launch in 2015.
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The computation of the phase shift in a symmetric atom interferometer in the presence of a
gravitational field is reviewed. The difference of action-phase integrals between the two paths
of the interferometer is zero for any Lagrangian which is at most quadratic in position and
velocity. We emphasize that in a large class of theories of gravity the atom interferometer
permits a test of the weak version of the equivalence principle (or universality of free fall) by
comparing the acceleration of atoms with that of ordinary bodies, but is insensitive to that
aspect of the equivalence principle known as the gravitational redshift or universality of clock
rates.

The Einstein equivalence principle is at the basis of our understanding of modern theories of
gravity1 . The weak version of the equivalence principle, also called universality of free fall (UFF),
has been verified with high precision using torsion balances2,3,4 and the Lunar laser ranging5 .
Atom interferometry experiments have also yielded an important test of the UFF at the level
7 × 10−9 , by comparing the acceleration of atoms with that of ordinary bodies6,12,7 .
The gravitational redshift of universality of clock rates (UCR) is the least tested aspect of the
equivalence principle. It is currently known with 10−4 accuracy8 and should be tested at the level
10−6 in future space experiments with clocks9 . In this contribution we report arguments10,11
showing that a recent claim12 that atom interferometry experiments have actually already tested
the UCR at the level 7 × 10−9 (thereby improving the validity of the redshift by several orders of
magnitude, even with respect to future space experiments9 ), is fundamentally incorrect. More
recently, our arguments have received support from several independent analyses13,14 .
In conventional clock experiments8,9 , the measurement of the gravitational redshift uses two
clocks A and B located at different heights in a gravitational field, and operating at the frequency ω of an atomic transition. The two measured frequencies ωA and ωB are continuously
compared through the exchange of electromagnetic signals. These measurements rely on atomic
spectroscopy (Cæsium clocks, hydrogen masers, optical clocks, etc.) or nuclear spectroscopy
(like in the Pound-Rebka experiment15 ). The two clocks are put in devices (experimental setups, rockets, satellites, etc.) that are classical and whose trajectories can be measured by radio
or laser ranging. The atomic transition of A and B used as a frequency standard is described
quantum mechanically but the motion of A and B in space can be described classically. The
motion of the two clocks can thus be precisely measured and the contribution of the special relativistic term (i.e. the Doppler effect) can be evaluated and subtracted from the total frequency

shift to get a test of the gravitational redshift.
In the proposal12 the atoms in an atom interferometer are considered as “clocks” ticking
at the Compton frequency ωC = mc2 /~ associated with their rest mass, and propagating along
two “classical” arms of the interferometer. However we dispute this interpretation10,11 : (i) An
atom is not a “Compton clock”, since it does not deliver a physical signal at the Compton
frequency11,13 . (ii) In an atom interferometer, we are using an interference between two possible
paths followed by the same atom, which is described quantum mechanically. Contrary to clock
experiments the motion of atoms is not monitored. It is deduced from the theory by using the
same evolution equations which allow one to evaluate the phase shift. Thus the two classical
paths in the interferometer cannot be determined by a measurement. In an interferometer,
where a single atom can propagate along two different paths, trying to measure the path which
is followed by the atom destroys the interference signal (wave-particle complementarity). (iii)
Using the theory in a consistent manner, the contribution to the phase shift which depends on
the mass of the atom (and therefore on its Compton frequency), and includes a contribution
from the gravitational redshift, is in fact exactly zero17,21,18 .
The Cæsium (or some alkali) atoms are optically cooled and launched in a vertical fountain
geometry. They are prepared in a hyperfine ground state g. A sequence of vertical laser pulses
resonant with a g → g 0 hyperfine transition is applied to the atoms during their ballistic (i.e.
free fall) flight. In the actual experiments the atoms undergo a two-photon Raman transition
where the two Raman laser beams are counter-propagating. This results in a recoil velocity of
the atoms, with the effective wave vector k transferred to the atoms being the sum of the wave
vectors of the counter-propagating lasers16,17,18 . A first pulse at time t = 0 splits the atoms
into a coherent superposition of hyperfine states gg 0 with the photon recoil velocity yielding a
spatial separation of the two wave packets. A time interval T later the two wave packets are
redirected toward each other by a second laser pulse thereby exchanging the internal states g
and g 0 . Finally a time interval T 0 later the atomic beams recombine and a third pulse is applied.
After this pulse the interference pattern in the ground and excited states is measured.
The calculation of the phase shift ∆ϕ of the atomic interferometer in the presence of a
gravitational field proceeds in several steps16,22,17 . The first contribution to the phase shift
comes from the free propagation of the atoms in the two paths. Since atom interferometers
are close to the classical regime, a path integral approach is very appropriate as it reduces to
a calculation of integrals along classical paths for a Lagrangian which is at most quadratic in
position z and velocity ż, i.e. is of the general type17
L [z, ż] = a(t) ż 2 + b(t) żz + c(t) z 2 + d(t) ż + e(t) z + f (t) ,

(1)

where a(t), b(t), c(t), d(t), e(t) and f (t) denote some arbitrary functions of time t. The phase
shift due to the free propagation of the atoms is given by the classical action
Z
Scl (zT , T ; z0 , 0) =

T

dt L [zcl (t), żcl (t)] ,

(2)

0

where the integral extends over the classical path zcl (t) obeying the Lagrange equations, with
boundary conditions zcl (0) = z0 and zcl (T ) = zT . Thus the phase difference due to the free
propagation of the atoms in the interferometer is equal to the difference of classical actions in
the two paths,
I
∆Scl
1
∆ϕS ≡
=
dt L [zcl , żcl ] ,
(3)
~
~
H
where we use the notation dτ to mean the difference of integrals between the two paths of the
interferometer, assumed to form a close contour.

Theorem16,22,17,18,19,20,21,11 . For any quadratic Lagrangian of the form (1) the difference of
classical actions in the interferometer, and therefore the phase shift due to the free propagation
of the atoms, reduces to the contribution of the change of internal states g and g 0 , thus a
∆Scl = Egg0 (T − T 0 ) ,

(4)

where the internal energy change is denoted by Egg0 ≡ Eg0 − Eg . (In particular, when the
interferometer is symmetric, which will be the case for a closed Mach-Zehnder geometry, and
for T = T 0 , we get exactly ∆Scl = 0.)
One calculates the classical trajectories of the wave packets in the two arms using the equations of motion of massive test bodies deduced from the classical Lagrangian and the known
boundary conditions (position and momenta) of the wave packets. In the case of the general
quadratic Lagrangian (1) the equations of motion read
i 

dh
˙ .
2a(t)ż = 2c(t) − ḃ(t) z + e(t) − d(t)
(5)
dt
Then, one calculates the difference in the classical action integrals along the two paths. Denoting
by z1 (t) and z3 (t) the classical trajectories between the laser interactions in the upper path, and
by z2 (t) and z4 (t) the trajectories in the lower path, we have
Z T +T 0 
Z T


L[z3 , ż3 ] − L[z4 , ż4 ] dt + Egg0 (T − T 0 ) ,
(6)
L[z1 , ż1 ] − L[z2 , ż2 ] dt +
∆Scl =
0

T

where the integrals are carried out along the classical paths calculated in the first step. We have
taken into account the changes in energy Egg0 between the hyperfine ground states g and g 0 of
the atoms in each path. These energies will cancel out from the two paths provided that T 0 is
equal to T , which will be true for a Lagrangian in which we neglect gravity gradients18 .
We now show that the two action integrals in (6) cancel each other in the case of the
quadratic Lagrangian (1). This follows from the fact that the difference between the Lagrangians
L[z1 (t), ż1 (t)] and L[z2 (t), ż2 (t)], which are evaluated at the same time t but on two different
trajectories z1 (t) and z2 (t), is a total time-derivative when the Lagrangians are “on-shell”, i.e.
when the two trajectories z1 (t) and z2 (t) satisfy the equations of motion (5). To prove this we
consider the difference of Lagrangians L1 − L2 ≡ L[z1 , ż1 ] − L[z2 , ż2 ] on the two paths, namely
L1 − L2 = a (ż12 − ż22 ) + b (ż1 z1 − ż2 z2 ) + c (z12 − z22 ) + d (ż1 − ż2 ) + e (z1 − z2 ) .

(7)

We re-express the first contribution a(ż12 − ż22 ) thanks to an integration by parts as a(ż12 − ż22 ) =
d
d
dt [a(z1 −z2 )(ż1 + ż2 )]−(z1 −z2 ) dt [a(ż1 + ż2 )]. The second term is then simplified by means of the
sum of the equations of motion (5) written for z = z1 and z = z2 . In addition we also integrate
d 1
by parts the second and fourth contributions in (7) as b(ż1 z1 − ż2 z2 ) = dt
[ 2 b(z12 −z22 )]− 21 ḃ(z12 −z22 )
d
˙ 1 − z2 ). Summing up the results we obtain
and d(ż1 − ż2 ) = dt
[d(z1 − z2 )] − d(z



d
1
L1 − L2 =
(z1 − z2 ) a (ż1 + ż2 ) + b (z1 + z2 ) + d .
(8)
dt
2
Since the difference of Lagrangians is a total time derivative the difference of action functionals
in (6) can be immediately integrated. Using the continuity conditions at the interaction points
with the lasers (9), which are
z1 (0) = z2 (0) ,

(9a)

z1 (T ) = z3 (T ) ,

(9b)

z2 (T ) = z4 (T ) ,
0

(9c)
0

z3 (T + T ) = z4 (T + T ) ,
a

Rigorously, in this equation the time interval should be a proper time interval.

(9d)

and are appropriate to a closed-path interferometer which closes up at time T + T 0 , we obtain
i

h
∆Scl = a(T ) z1 (T ) − z2 (T ) ż1 (T ) + ż2 (T ) − ż3 (T ) − ż4 (T ) + Egg0 (T − T 0 ) .
(10)
Next we apply the boundary conditions in velocities which are determined by the recoils induced
from the interactions with the lasers. We see that once we have imposed the closure of the two
paths of the interferometer, only the recoils due to the second pulse at the intermediate time T
are needed for this calculation. These are given by
~k
,
m
~k
ż2 (T ) − ż4 (T ) = − ,
m

ż1 (T ) − ż3 (T ) = +

(11a)
(11b)

where k is the effective wave vector transferred by the lasers to the atoms. This readily shows
that the first term in (10) is zero for any quadratic Lagrangian hence ∆Scl = Egg0 (T − T 0 ). 
Finally, one calculates the contribution to the phase shift due to the light phases of the lasers.
These are obtained using the paths calculated previously and the equations of light propagation,
with the light acting as a “ruler” that measures the motion of the atoms. The phase difference
from light interactions ∆ϕ` is a sum of terms given by the phases φ of the laser light as seen by
the atom, i.e. φ(z, t) = kz − ωt − φ0 where k, ω and φ0 are the wave vector, frequency and initial
phase of the laser in the frame of the laboratory, and evaluated at all the interaction points with
the lasers16,18 . Finally the total phase shift measured in the atom interferometer is
∆ϕ = ωgg0 (T − T 0 ) + ∆ϕ` ,

(12)

and depends only on the internal states g and g 0 through ωgg0 = Egg0 /~, and the light phases
which measure the free fall trajectories of the atoms. At the Newtonian approximation in a
uniform gravitational field g, the interferometer is symmetric, T 0 = T , and one finds16
∆ϕ = ∆ϕ` = k g T 2 .

(13)

This clearly shows that the atom interferometer is a gravimeter (or accelerometer): It measures
the acceleration g of atoms with respect to the experimental platform which holds the optical and
laser elements. With k and T known from auxiliary measurements, one deduces the component
of g along the direction of k. If the whole instrument was put into a freely falling laboratory,
the measured signal ∆ϕ would vanish.
The result for the final phase shift (12) or (13) is valid whenever the result (4) holds, i.e. in all
theories of gravity defined by a single (quadratic) Lagrangian and consistent with the principle
of least action. In such theories the Feynman path integral formulation of quantum mechanics
remains valid, and a coherent analysis of atom interferometry experiments is possible. Most
alternative theories commonly considered belong to this class which encompasses a large number
of models and frameworks1 . It includes for example most non-metric theories, some models
motivated by string theory23 and brane scenarios, some general parameterized frameworks such
as the energy conservation formalism24,25 , the THεµ formalism26 , and the Lorentz violating
standard model extension (SME)27,28 . In all such theories the action-phase shift of the atom
interferometer is zero (in particular the Compton frequency of the atom is irrelevant). Because
there is no way to disentangle the gravitational redshift from the Doppler shift, we conclude
that the recent proposal12 is invalidated.
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Significance of the Compton frequency in atom interferometry
Michael A. Hohensee and Holger Müller
Department of Physics, University of California, Berkeley, CA 94706, USA
The recent realization that atom interferometers (AIs) can be used to test the gravitational
redshift tests has proven to be controversial in some quarters. Here, we address the issues
raised against the interpretation of AIs as redshift tests, reaffirming the fact that Müller et
al. [Nature 463, 926 (2010)] indeed report a gravitational redshift test.

1

Overview

A variety of arguments have been raised [2-4] against the interpretation of atom interferometers
(AIs) as clock comparisons which test the gravitational redshift [1]. To this end, non-relativistic
derivations of the AI phase have been offered as evidence that the Compton frequency, mc2 /h̄,
is both unphysical and irrelevant to AI tests of the Einstein Equivalence Principle (EEP) [2,3].
As we demonstrate below, non-relativistic treatments of the problem obscure the fact that in
the fully relativistic theory, matter-waves do indeed oscillate at the Compton frequency, with
relevance to tests of the gravitational redshift.
Other objections focus upon the failings of possible alternative theories of gravity in which
critics do consider AIs to be redshift tests [2,3]. AIs are, it is claimed, more properly understood
as tests of the weak equivalence principle (WEP) in any consistent theoretical framework [2,3].
We address these objections in more detail elsewhere [5]. For these proceedings, however, we will
simply note that in all theories consistent with an action principle and energy conservation, any
experiment which constrains violations of WEP also constrains anomalies in the gravitational
redshift, and vice versa, as originally hypothesized by Schiff [6], and covered in detail by [7-9],
as well as more recent reviews of the subject [2,3]. The inconsistencies arising from the analysis
of AIs in the context of a theory that decouples the gravitational redshift from WEP [2] result
from that very decoupling, and are not specific to any particular experiment.
Critics have also asserted [2,3] that the precision attained by torsion-balance tests of WEP
is such that AI-based redshift tests can only be effectively used to constrain theories that do
not conserve energy. This is ironic, given that in 1975 Nordtvedt [7] made the same observation
regarding the general utility of any clock experiment in the face of the torsion-balance constraints
of the day. The assertion is also incorrect, in light of the subsequent 1977 study by Ni [10].a
As noted above, non-relativistic treatments of matter-waves obscure the features of the
experiment in the relativistic theory. Specifically, the non-relativistic Hamiltonian describing
a

In Ni’s theory [10], the EEP can be violated without generating signals in experiments in which the test
masses are restrained from moving freely, as happens in torsion balance (i.e. “WEP 1”) experiments. So far as is
currently known, however, the EEP cannot be violated without generating signals in experiments involving freely
falling masses (“WEP 2” tests), AIs, or other clock tests.

the semiclassical evolution of a particle of mass m in a gravitational potential U takes the form
p2
,
(1)
2m
where ~x is the particle’s position, and p~ is its momentum. As the Compton frequency term is
constant, the dynamics and accumulated phase of the particle are equivalently modeled by
H = mc2 + mU (~x) +

p2
,
(2)
2m
which some have argued demonstrates that the Compton frequency plays no role [2,3]. This
analysis hides the fact that in the fully relativistic theory, matter-waves do indeed oscillate at
the Compton frequency [11], with important consequences for tests of the EEP. In what follows,
we present a discussion of the significance of the Compton frequency in matter-wave tests of
the gravitational redshift, prefaced with a general review of how clock frequencies appear in the
derivation of experimental observables in any clock comparison test. We find that the Compton
frequency of matter-waves appears in the same way as does the oscillation frequency of more
conventional clocks, and demonstrate that the direct measurement of the clock frequencies is
not required to test the gravitational redshift, just as it was unnecessary for the original PoundRebka [12] test. We close with a gedankenexperiment which further illustrates this equivalence.
H = mU (~x) +

2

Significance of the Clock Frequency to Gravitational Redshift Rests

All clock comparison tests of the gravitational redshift measure the difference in the phase
accumulated by two or more clocks that follow different paths through spacetime. In the simplest
case, all paths originate at a point A and end at a point B. The total phase accumulated by
clock i between points A and B is given by
ϕ(i) = ω(i)

Z B
A

dτ(i) = ω(i)

Z Bq
A

−gµν dxµ(i) dxν(i) ,

(3)

where ω(i) is the proper oscillation frequency of the ith clock, and xµ(i) denotes the path it takes
from A to B. To leading order, this reduces to
ϕ(i) = ω(i)

Z B
A

2
U (~x(i) (t)) ẋ(i)
1+
−
c2
2c2

!

dt.

(4)

The calculated value of ϕ(i) its not itself a physical observable under any circumstances, for any
kind of clock. All physical phase measurements yield the relative phase between two systems.
Thus the physical observable in any clock comparison test is the difference ∆ϕij = ϕ(i) − ϕ(j)
between two clocks. If the clocks have the same proper frequency ω(i) = ω(j) = ω0 , this becomes
∆ϕij = ω0

Z B
A

2 − ẋ 2
U (~x(i) (t)) − U (~x(j) (t)) ẋ(i)
(j)
−
2
2
c
2c

!

dt.

(5)

The first term in the integrand has the form ∆U/c2 , and represents the gravitational redshift,
while the second term accounts for the phase shift due to time dilation.
Note that we can also obtain Eq. (5) by replacing ϕ(i) and ϕ(j) with the relative phases ∆ϕi∞
and ∆ϕj∞ that each clock accumulates relative to a fictional oscillator (∞) lying at rest, far
away from sources of the gravitational potential. Our freedom to designate any oscillator, real or
notional, as a reference for the purposes of calculation corresponds to our freedom to add total
derivatives to our particle Lagrangian, or equivalently, to choose the zero of our energy scale
when transforming Eq. (1) to Eq. (2) without changing the physics. Such transformations can
save time in carrying out derivations, but serve to obscure the fundamental oscillation frequency
of the clock. The quantities ∆ϕi∞ are no more physically observable than are the ϕ(i) , and such
a substitution has no impact on the observable phase ∆ϕij accumulated by clocks of any kind.

3

Significance of the Compton Frequency to Gravitational Redshift Tests

If we compare Eq. (5) with the phase accumulated by matter-waves propagating along the same
paths in the semiclassical limit, we obtain the same result; the phase accumulated by the ith
matter-wave is simply the integrated action S(i) /h̄. From the form of the standard general
relativistic action for a particle of mass m, the phase is given by [13]
ϕ(i) =

S(i)
mc2
=
h̄
h̄

Z B
A

dτ(i) ,

(6)

where mc2 /h̄ is the matter-waves’ Compton frequency, ωC . See also [2,14] for a derivation of
Eq. (6) using the Feynman path integral formalism, and of the equivalent Schrödinger representation. As has been pointed out [2,3], the phase ϕ(i) is no more physically observable for matter
waves than for any other clock. The relative phase ∆ϕij , however, is observable. At present, the
only practical way to measure the relative phase of two matter-wave oscillators is by interfering
coherent superpositions of matter-waves with one another. Thus ω(i) = ω(j) = ωC , and we find
that the relative phase is given by Eq. (5) withR ω0 replaced by the Compton frequency.
Although the leading order phase shift ωC dt is inaccessible to us,b this is of no importance
for tests of the gravitational redshift, since the Compton frequency also multiplies the redshift
and time dilation terms. It is for this reason that AI tests of the gravitational redshift are
so competitive with tests involving conventional clocks, despite the fact that they measure the
relative phase with far less precision, operate for far shorter periods of time, and involve clocks
separated by much smaller potential differences.
We have shown elsewhere that the specific AI configuration reported in [1] is entirely equivalent to an experiment in which conventional clocks follow the same paths, exchanging signals
with a stationary reference clock at discrete intervals [15]. That the matter-waves’ Compton
frequency does not necessarily play a role in the derivation of the redshift signal [2,3] has no
bearing on whether the Mach-Zehnder AI constitutes a redshift test. If it did, one could as
easily argue that the Pound-Rebka experiment [11] is not a redshift test. There, the redshift
of a 14.4 keV Mössbauer transition was determined from the velocity v = ∆U/c at which an
identical oscillator must move to compensate for it via the first order Doppler effect. The actual
transition frequency of the 14.4 keV transition drops out of the expression for the velocity, and
is not measurable by nor necessary to carry out a test of the redshift.
4

A Concrete Example

The general situation may be clarified by considering a gedankenexperiment [16], Fig. 1: two
halves of a matter-wave are held at the extrema of a gravitational potential, where the local
acceleration of free fall is zero. Though the net force acting upon the matter-waves is zero,
implying a vanishing gravimeter (i.e. WEP) signal, they would still accumulate a relative phase
ϕ at a rate of dϕ/dt = ωC ∆U/c2 , as would any pair of similarly positioned clocks ticking with a
proper frequency ωC . This follows from derivations in part 3, or from the Schrödinger equation.
5

Conclusion

Atom interferometers are in every important respect equivalent to other clock tests of general
relativity, and their ability to provide competitive limits on violations of EEP stems directly
from the fact that the intrinsic oscillation frequency of a matter-wave is the Compton frequency,
b

In the absence, that is, of a way to coherently convert atoms into microwaves and back again [2], which would
allow us to compare the accumulated matter-wave phase directly to that of a conventional clock. Note that ω0 t
is never observable in direct measurements of the relative phase between separated yet identical clocks.

Place clocks at different Lagrange points in a potential
��
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Figure 1: Gravitational redshift experiment at points of vanishing gravitational acceleration.

mc2 /h̄. Matter-wave interferometry enables tests of gravity to be carried out on the tabletop with
precision rivaling and in many cases exceeding that of large scale tests with conventional clocks.
AIs close the same loopholes for EEP violation that are addressed by other clock comparison
experiments, and have the same experimental characteristics as other clock comparison tests. AIs
will continue to play an essential role in verifying what may be the most important foundational
principle of modern physics, and in future searches for physics beyond general relativity and the
standard model.
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Observability of short-range gravitation with the experiment FORCA-G

S. Pelisson, R. Messina, M.-C. Angonin, P. Wolf
LNE-SYRTE, Observatoire de Paris, CNRS UMR8630, UPMC
61 avenue de l’Observatoire, 75014 Paris, France
In this work, the states of an atom vertically trapped in front of a macroscopic surface are
discussed. This calculation is performed in the context of the recently proposed atomicinterferometry experiment FORCA-G, which aims at measuring the Casimir-Polder atomsurface interaction and, at the same time, setting constraints on hypothetical deviations from
Newtonian gravity described by a number of unification theories. The observability of these
deviations is here quantitatively investigated.

1

Introduction

Several theories beyond the standard model predict a deviation from Newton’s laws of gravity at
very short (say micron or submicron) distance. To explore this range of distance, atomic interferometry can be very efficient, the main reason being the high precision frequency measurement
that can be obtained with this technique. In this context, the experiment FORCA-G (FORce de
CAsimir et Gravitation à courte distance) is being developed at SYRTE-Observatoire de Paris
1,2 . The purpose of this experiment is to study the short-range interaction between a Rubidium
atom and a surface, i.e. investigating at the same time the possible deviation from Newton’s laws
and the Casimir-Polder interaction resulting from the coupling of the atom with the fluctuating
electromagnetic field 3 . These goals will be achieved thanks to atomic-interferometry techniques
combined with a trapping potential which allows a precise knowledge of the distance between
the atom and the surface. The trapping potential is realized by a vertical optical standing wave
produced by the reflection of a laser beam on a surface. The vertical configuration induces
an additional linear potential due to Earth’s gravity: this deviation from a purely periodical
potential produces a localization of the atomic wavepacket, corresponding to the transition from
Bloch to Wannier-Stark states, well known in solid state physics 4 . The main advantages of
FORCA-G are thus the refined control of the atomic position as well as the high precision of
interferometric measurements, as demonstrated in the first experimental results 2 . In this paper,
we will theoretically discuss the possibility of observing experimentally a possible deviation from
Newton’s laws at short distance. In the first section, we will present the so-called Wannier-Stark
states and their modification in presence of a surface, then we will study the constraints that
FORCA-G could impose on a Yukawa-type gravitational deviation. We will not describe here
the states in presence of Casimir-Polder effect which are the main subject of another paper (by
Messina et al.) in the same volume.

2
2.1

Wannier-Stark states
Physical system

Let us consider a two-level atom trapped in an optical standing wave in proximity of a surface.
In our configuration, the standing wave has a vertical orientation so that the Earth’s gravitation
field acting on the atom must be also taken into account. The complete Hamiltonian of the
system is given by
H = H0 + Hint = Hf + Hat + HWS + Hint
Z
X Z +∞
Hf =
dkz d2 k ~ω a†p (k, kz )ap (k, kz )
p

0

Hat = ~ω0 |eihe|

(1)


p2
U
+ mgz +
1 − cos(2kl z)
2m
2
= −µ · E(r).

HWS =
Hint

This Hamiltonian is written as a sum of a term H0 describing the atomic and field degrees of
freedom and Hint which represents the interaction between the atom and the field, written in
this case in the multipolar coupling scheme. Here, Hat represents the internal hamiltonian of the
atom having two levels |gi (ground) and |ei (excited) separated by an energy E = ~ω0 . While Hat
represents the internal degrees of freedom of the system, the term HWS accounts for the external
atomic dynamics. As a consequence, it contains the kinetic energy depending on the atomic mass
m, the trapping potential due to the optical standing wave of depth U and the linear term due
to the Earth’s gravity. Finally, Hf is the free Hamiltonian of the quantum electromagnetic field,
written as usual as a function of a set of creation and annihilation operators. Here, we have
treated only the z-dependent terms of the Hamiltonian since the two other degrees of freedom
x and y are decoupled from the longitudinal problem.

2.2

States in proximity of the surface

The first step to describe the short-range interaction between the atom and the surface is to
calculate the atomic states in the optical trap. In solid states physics, there is a similar class
of states known as Wannier-Stark states which are metastable states of an infinite accelerated
periodic potential 4 . In our case, the presence of the surface has two effects on the states of
the atom. On one hand, it imposes a boundary condition at z = 0, breaking in this way
the translational symmetry of the system. On the other hand, the quantum electrodynamical
interaction between the atom and the surface must be taken into account. This last effect is
treated in detail in 5 and will not be described here.
To work out the modified Wannier-Stark states numerically, we have used a finite difference
method. The first step of our method is to consider a box 0 < z < zf and to impose that all the
wavefunctions vanish at the borders. As for z = 0 this is a real physical condition (due to the
presence of the surface), whereas the condition at z = zf is purely numerical. As a consequence,
we have to choose a box sufficiently large so that the eigenfunctions of interest decay to zero
well before zf . The next step is the discretization of our interval [0, zf ] using a set of N + 2 mesh
zf
points zi with z0 = 0, z1 , . . . , zN +1 = zf (giving δz = N +1
for equally spaced mesh points).
Using this method, the problem is now reduced to an eigenvalues problem of a tridiagonal
matrix. To calculate the eigenvalues of such a matrix, an efficient algorithm is described in 6 .

3

The search for a new gravitational force

Once the states in the lattice are well described, we can start the search for a new gravitational
interaction at short distance. This investigation is based on indications from numerous unification theories and models, that gravity may be modified at short distance. These modifications
can be described by an additional Yukawa-type potential to the standard Newtonian potential.
The complete gravitational potential between two point-like particles is then written under the
form

GM m 
− z
V (z) =
1 + αY e λY
(2)
z
where G is the gravitational constant, m and M the masses of the two particles. In this expression
αY and λY are two parameters introduced to characterize respectively the relative strength of
the corrective potential and its typical range. The experiments aimed at testing the existence
of such a deviation set constraints on the allowed values of the parameters αY and λY .
In the experiment FORCA-G, the only relevant contribution of a possible deviation from
gravitation is the one due to the interaction between our atom and the surface. At the same
time, the Newtonian part of the atom-surface interaction is completely negligible with respect
to the Earth-atom term already taken into account in the Wannier-Stark Hamiltonian (1) and
with respect to the expected experimental uncertainties. As a consequence, the correction we
are looking for is obtained by integrating the Yukawa part of eq. (2) over the volume occupied
by the surface. Describing the mirror as a cylinder (the atom being on the direction of its axis)
and recalling that we are looking for deviations having length scale λY in the µm range we
obtain, after a straightforward calculation,
HY = 2παY GρS mλ2Y e

− λ2z

Y

(3)

ρS being the density of the surface. As the Yukawa contribution is due to the surface, we need
an experimental configuration where the Casimir-Polder contribution is negligible with respect
to the gravitational interaction. In fact, the experiment is planned to have two different configurations. The first one is a measurement at short distance where we compare the results obtained
using two different isotopes of Rubidium (85 Rb and 87 Rb) in order to make the energy differences
between wells almost independent on the Casimir-Polder interaction 1 . As a consequence, in this
scheme, we need to calculate the energy difference between the 87 Rb and 85 Rb both in the case
of Wannier-Stark states and Yukawa states. The energy difference is noted


DEn = En85 − En87 − En(Y )85 − En(Y )87
(4)
where En is the energy of state n in the absence of a Yukawa term in the total Hamiltonian, and
(Y )
En is the energy of the same state in the presence of a Yukawa term of form 3. A Yukawatype deviation from gravity’s laws will be detectable if this difference is within the experimental
sensitivity, i.e. 10−4 Hz. The second scheme is a measurement at larger distance, in a region
where the Casimir-Polder interaction can be theoretically modelled at a degree of precision
comparable to the experimental sensitivity. This region extends approximatively between 10 µm
and 20 µm.
In the far regime scheme we have calculated, for an atom of 87 Rb, the Yukawa correction on
the well n = 40 and n = 70 (which correspond respectively to a distance of 10 µm and 20 µm) for
different values of λY and for each of them we have found our limiting value of αY by looking for
a correction up to 10−4 Hz, coinciding with the experimental sensitivity estimated in 1 . We have
performed the same calculation for the near regime discussed above by evaluating the energy
difference DE6 − DE4 between the wells n = 4 and n = 6 and evaluating the minimum αY
allowed that induces a shift of 10−4 Hz. The resulting experimental constraints on the Yukawatype correction is shown on the figure 1, originally taken from 7 . The three superposed curves

represent the experimental constraints theoretically calculated for the experiment FORCA-G.
They correspond to the near regime, using a superposition between wells n = 4 and n = 6 (blue
solid line, first from the left), the far regime for n = 40 (red solid line) and for n = 70 (black
dashed line).
Figure 1: Regions of the (αY ,λY ) plane (in yellow) already excluded by experiments. See text for the definition
of the three curves.

4

Conclusions

In this paper, we have discussed the possibility of observing or setting new constraints on possible
deviations to Newton’s gravity laws at short distance with the experiment FORCA-G. As a first
step, we have calculated the modification of the Wannier-Stark states in presence of a massive
surface, described as a boundary condition in z = 0. Then we have studied the observability
of a deviation from Newton’s laws under the hypothesis that the Casimir-Polder effect can be
neglected by being sufficiently far from the surface or by a two-isotope measurement.
This work is the first step toward a precise calculation of the states and energy of an atom
in a vertical optical trap. The second step will be the description of the dynamic of the system.
Indeed, the Wannier-Stark states are metastable states which have a long but finite lifetime
in the optical trap. The knowledge of the dynamics for our modified Wannier-Stark states in
presence of the Casimir-Polder interaction and of a Yukawa modification of gravitation is the
subject of an ongoing work.
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A violation of the Equivalence Principle would prove the existence of a new, compositiondependent physical interaction and make for a scientific revolution. Performing the test inside
a spacecraft orbiting the Earth at low altitude can potentially improve the best ground results
by 4 orders of magnitude, but the experiment faces several major challenges. We discuss them
and show how one conceptual experiment and mission design can make the most challenging
issues mostly go away.

1

Why testing the Equivalence Principle?

The Equivalence Principle (EP) is the founding pillar of General Relativity and one of the
most fundamental principles of Physics. Among all tests of General Relativity, both in weak
and strong ﬁeld, EP tests are the only ones which test the theory for composition dependence.
Evidence of an EP violation would not simply call for another metric theory of gravity slightly
diﬀerent from GR; it would prove the existence of a new composition dependent force of Nature.
This fact singles out EP tests as of extreme importance and calls for pushing the sensitivity to
its limits whenever the experimental possibility for an improvement arises.
2

Why in space?

The Equivalence Principle is tested by measuring the diﬀerential acceleration ∆a of two proof
masses of diﬀerent composition freely falling in the gravitational ﬁeld of a source body (like the
Earth or the Sun) with an acceleration a (the driving signal) and is quantiﬁed by the Eötvös
parameter: η = ∆a/a. If EP holds η must be zero. Experimental evidence of η ̸= 0 would
show a violation and prove the existence of a new composition-dependent force of Nature: the

smaller the measured value of η, the higher the sensitivity of the test. Therefore, for a given
experimental capability to detect a diﬀerential acceleration ∆a, a strong driving signal a is crucial
to measure a smaller value of the parameter η = ∆a/a which quantiﬁes the level of testing of the
Equivalence Principle. To date the best EP tests have been performed by the Eöt-Wash group
with slowly rotating torsion balances ﬁnding no violation to ηE öt−W ash = 10−13 (Schlamminger
et al. 1 , Adelberger et al. 2 ). Torsion balances are sensitive in the horizontal plane, hence they
test only the small horizontal component of the free fall acceleration of the proof masses towards
the Earth or the Sun. Despite the much smaller driving signal they have won over Galileo-like
mass dropping tests by several orders of magnitude. This is due to the very high sensitivity of
the torsion balance, to its inherent diﬀerential nature and to the possibility to rotate it so as to
to modulate the signal at higher frequency.
Flying a space version of the torsion balance, a diﬀerential accelerometer inside a spacecraft
orbiting the Earth at low altitude would provide almost 3 orders of magnitude higher sensitivity
just because of the stronger driving acceleration from the Earth. Absence of weight and the fact
of running the experiment inside an isolated “lab” (the spacecraft) are additional plus. High
sensitivity to very small forces requires the proof masses to be arranged with very small elastic
constants; in absence of weight 100 kg mass requires the same suspension spring needed to hold
1 mg on ground, so space is ideal for weak coupling. In an isolated lab local terrain noise and
disturbances from nearby masses are greatly reduced.
3

Key requirements and major error sources

In order to exploit these advantages and to aim at much a higher precision test than on ground
the space experiment must fulﬁll two key requirements: i) the centers of mass of the test bodies
must be well centered on one another, in order to reduce classical tidal diﬀerential eﬀects as
the bodies orbit around the Earth (the general choice is to have 2 hollow cylinders one inside
the other and to ﬁnd ways of centering their centers of mass on one another); ii) the apparatus
should rotate, in order to modulate the signal at a frequency diﬀerent from (and higher than)
the orbital one.
Random error sources –which decrease as the square root of the integration time– are read
out noise and thermal noise.
The major challenging systematic errors can be restricted to 4: 1) the radiometer eﬀect; 2)
the eﬀect of electric charges patches on the surfaces of the test bodies; 3) the eﬀect of drag due
to residual air along the orbit of the satellite; 4) the diﬀerent coupling of the quadrupole and
multipole mass moments of the test bodies with the monopole of the Earth.
Finally it comes the greatest challenge of all: should the mission succeed and achieve its
target sensitivity, how to ensure that the eﬀect measured at the expected frequency and phase
of an EP violation in the ﬁeld of the Earth is really the signal of a violation of the Equivalence
Principle, hence the proof of the existence of a new force, and not just a very small, unmodeled
classical disturbance?
4

A winning idea

One way to fulﬁll the requirements and reduce the challenging disturbances is by pushing every
single mission element to the extreme limits of what is currently feasible. While this may be
possible, it is costly and risky. Our experience shows that a much better strategy is to design a
mission which —by exploiting the cylindrical symmetry of the experiment (the test masses are
two cylinders one inside the other) and the 2 degrees of freedom of the problem (i.e. the 2-body
problem of each test body orbiting around the Earth)— can make the challenging issues mostly
go away.

“Galileo Galilei” (GG) satellite experiment, which aims at testing the EP to 10−17 (Nobili et
al. 3 ), has been designed as a rotating torsion balance modiﬁed for ﬂight such that both the key
requirements listed above are passively fulﬁlled: a) The test cylinders, together with the whole
spacecraft surrounding them (of cylindrical symmetry too) spin around the symmetry axis; b)
The test cylinders are weakly coupled to each other in the plane perpendicular to it, where they
can detect the diﬀerential eﬀect of an EP violation signal from the Earth in the orbital plane
around it.
Thus, the satellite can be passively stabilized by one axis rotation (e.g. at 1 Hz) while
at the same time modulating the signal. In this design the proof masses form a rotating 2D harmonic oscillator characterized by weak coupling and fast rotation (above the natural
coupling frequency), which ensures auto-centering of their centers of mass by physics laws, no
active centering being required. This is possible only if the test cylinders are weakly coupled in
both directions of the plane and spin around the symmetry axis. In one dimension only –e.g. by
making the symmetry axis the sensitive one and rotating around an axis perpendicular to it– it
is impossible to spin fast and achieve auto-centering.
We can show how from this choice the most relevant error sources listed in Sec. 3 are largely
reduced or even eliminated. More importantly, we can also show how very stringent null checks
can be performed so as to establish beyond question whether the measured eﬀect is an EP
violation or not.
Let us ﬁrst put things in perspective by comparing the sensitivity to be achieved by an
experiment in space aiming at testing EP to 10−17 with the sensitivity achieved by rotating
torsion balanced in their best EP tests to 10−13 . Quite remarkably, they have been able to sense
diﬀerential accelerations as small as 10−16 g, which yields ηE öt−W ash = 10−13 due to the small
driving signal. In space, for GG to meet its target ηGG = 10−17 in the ﬁeld of the Earth, it
must reach a sensitivity to diﬀerential accelerations of 10−17 g, i.e. only one order of magnitude
better than slowly rotating torsion balances. This is the main advantage of space: a one order
of magnitude improvement in sensitivity yields a 4 order of magnitude improvement in testing
the Equivalence Principle.
GG originally relied on a capacitance read-out sensor. In collaboration with JPL it has
now been replaced by a JPL-developed laser interferometry gauge which is ideal for rejecting
common mode eﬀects (laser metrology is linear, hence large common mode motions do not give
rise to false signals when two measurements are subtracted), allows a gap several times larger
than cap
√ sensors (thus reducing many error sources) and has an extremely low noise (well below
1pm/ Hz). Read-out noise is not a limitation.
Once all systematic errors are reduced below the signal, thermal noise is the ultimate limitation and sets the length of the integration time required for it to become smaller than the signal.
It is known that when a low frequency signal is modulated at higher frequency by rotating an
oscillator of high mechanical quality surrounded by low pressure residual gas, thermal noise is
reduced, as it has been measured by rotating torsion balances which are operated at thermal
noise level (Adelberger et al. 2 ). GG can spin well above the natural frequency without the signal being attenuated, so the modulation frequency is much higher and thermal noise is reduced
accordingly (Pegna et al. 4 ). As a result, the integration time required to reduce thermal noise
below the target signal is very short and a few orbits are suﬃcient to identify its size, frequency
and phase. In 1 day the satellite makes about 15 orbits around the Earth and this is the typical
timespan for GG to make a measurement at the 10−17 target level. This fact has far reaching
consequences (see next Section) and it is unique to GG. By comparison, a proposed EP test
with cold atoms requires an integration time of 3 months despite a target 1 order of magnitude
worse than GG (Ertmer et al. 5 ).
Consider now the ﬁrst systematic disturbance of our list, the radiometer eﬀect, a well known
killer of EP experiments in space. Inside the spacecraft there is a residual gas pressure, and

it is exposed to infrared radiation from the Earth, which gives rise to temperature gradients
along the symmetry axis of the test cylinder. Since the cylinders have diﬀerent composition,
hence diﬀerent density, there will be a diﬀerential acceleration. This is the radiometer eﬀect.
Then, if the cylinders axis is the sensitive axis for detecting an EP violation in the ﬁeld of
the Earth, a radiometer diﬀerential acceleration originated by the Earth (through its infrared
radiation) would mimic the signal and be undistinguishable from it. The only way out would
be to make absolutely sure that the radiometer eﬀect is smaller than the signal by suﬃciently
reducing the residual pressure and/or the fractional temperature gradients along the axis. In
GG the test masses are sensitive in the plane perpendicular to the symmetry axis and rapidly
spinning around it; any temperature gradient in this plane driven by the Earth would give rise
to a radiometer eﬀect competing with signal, but only in the presence of azimuthal temperature
asymmetries, which are greatly reduced by the rotation, making the main radiometer eﬀect not
an issue (Nobili et al. 6 , 7 ). An indirect eﬀect from radiometer along the symmetry/spin axis
remains to be taken care of, but it is a minor eﬀect.
Were not for this choice, the radiometer eﬀect would make an EP test to 10−17 utterly
impossible unless one could manage to perform it in cryogenic conditions, at supeﬂuid He
temperature at which extremely low pressures (< 10−14 torr) can be achieved as in GP-B (Everitt
et al. 8 ). Thus, the GG experiment design makes the diﬀerence between a room temperature
and a cryogenic mission.
The next systematic error in the list of Sec. 3 is due to the so called electric patch eﬀects.
In spite of being equipotential the surface of a conductor is known to have residual patches of
electric charges which have low frequency variations, including a component at the frequency of
the signal. This is the case also if the test bodies are electrically grounded as in GG by their
mechanical suspensions. The GP-B mission of NASA has in fact been limited by this single
eﬀect (Everitt et al. 8 ). The patch eﬀect decreases as the gap between the surfaces of the test
masses squared. in GG a method has been devised to measure the direct eﬀect of electric patches
on the test masses and make sure that it is small enough. The method has been successfully
demonstrated in the laboratory prototype and can be used also in space as check. However,
this is no longer needed because the laser interferometry gauge allows a gap several times larger
than originally planned with capacitance sensors, thus getting rid of the patch eﬀect.
The residual atmosphere at the satellite altitude along its orbit around the Earth acts on
the external surface of the spacecraft giving rise to an acceleration of its center of mass; any
mass weakly suspended inside the spacecraft will feel an inertial acceleration exactly equal and
opposite to the acceleration of the spacecraft. Were the test cylinders suspended exactly the
same, the eﬀect of this inertial acceleration would also be the same on both of them, and therefore
it would not compete with the diﬀerential acceleration due to an EP violation. Air drag has a
component at the frequency and phase of the signal which –though in common mode– is larger
than the signal by several orders of magnitude. Since it is common mode, it is passible to deal
with it in 2 ways: by active drag compensation (so as to reduce the inertial common mode
acceleration on the test masses) and by common mode rejection, that is by the capability of the
test masses and of their read out sensor to reject the eﬀects of accelerations which are common
mode in nature. By sharing the burden between drag free control and common mode rejection
it is possible not to put an extremely tight requirement on either of them
The test cylinders have non zero multipole mass moments, which are also not the same for
the two bodies (they are made of diﬀerent materials, have diﬀerent mass distribution and size)
and therefore couple diﬀerently with the monopole mass moment of the Earth. This results
in a diﬀerential acceleration (the dominant contribution coming from the quadrupole moment)
always pointing to the center of mass of the Earth exactly like the diﬀerential acceleration due to
an EP violation. The eﬀect is deterministic (it is derived unambiguously in celestial mechanics
from the orbital parameters) and is proportional to the quadrupole mass moments of the test

masses. It is made smaller than the signal by manufacturing them with small enough quadrupole
moments so that the diﬀerential eﬀect is adequately small.
We show in Sec. 5 how the GG design is crucial in checking competing systematic eﬀects like
these in order to establish if the measured eﬀect is due to an EP violation or not.
5

Null checks of the eﬀect measured by a single diﬀerential accelerometer

The signature of an EP violation signal for the GG diﬀerential accelerometer orbiting around the
Earth is perfectly known. We know how it should vary along each orbit and during the mission
—as the orbital plane precesses about the North celestial pole at about 1 degree per day due
to the quadrupole mass moment of the Earth (a sunsynchronous orbit at about 630 km altitude
has ﬁnally been selected for GG) while the spin axis of the satellite is ﬁxed in space (due to
its very high spin energy, at about 1 Hz spin rate). The geometrical conﬁguration between the
sensitive plane of the test cylinders (perpendicular to the spin/symmetry axis) and the plane of
the signal (the orbital plane of the satellite) varies in a known way. During 80 days, in a totally
passive deterministic way, the angle between the two planes varies from −40o to +40o , thus
making the EP violation signal also vary in a perfectly known way (only the sign and amplitude
of it are obviously not known). Since GG can make a full measurement to the required target
level of 10−17 in 1 day, in a timespan of 80 days it will perform 80 such measurement, allowing
us to map the variation of the measured eﬀect with the changing geometry. As shown in Sec. 4,
this is possible in GG thanks to the high frequency modulation of the signal and consequently
reduced thermal noise and integration time.
It can be easily demonstrated that none of the systematic eﬀects listed in Sec. 3 has the same
dependence on such geometry as the signal. In a single 1 day measurement they have the same
frequency –and in some cases even the same phase– as the violation signal, but over many days
days of data they can all be distinguished from the signal without ambiguity. This is possible
also for systematic eﬀects whose frequency is not exactly the same as the frequency of the signa
but close to it (e.g. some tidal eﬀects) and are therefore worth a careful check.
These are very powerful null checks which allow us to establish beyond question whether at
the orbital frequency there is a non zero signal due to a violation of the Equivalence Principle
and the existence of a new, composition dependent force of Nature. Any other research group
can independently analyze the mission data by standard methods of celestial mechanics and
space geodesy.
GG null checks are carried out by oﬀ line data analysis. They do not require any additional
accelerometer, such as a “zero check accelerometer” with equal composition test bodies (the
EP violation signal should be detected only by the accelerometer with test masses of diﬀerent
composition while classical disturbances would aﬀect both) or even several more accelerometers
with an appropriate choice of diﬀerent material for a cyclic check. In addition to increasing the
complexity and cost of the mission, diﬀerent accelerometers onboard the spacecraft designed to
reach the same sensitivity do not ensure the same performance, because the satellite has only
one center of mass and that is where disturbances on the test masses are minimized. Moreover,
there are subtle systematic errors –such as the radiometer– which do not produce a diﬀerential
eﬀect on test bodies of the same composition if they have the same density, and could therefore
be mistaken for an EP violation (they would aﬀect the accelerometer with test masses of diﬀerent
composition and not the zero check one, just as the violation signal; Nobili et al. 7 )
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1

Introduction

General Relativity along with the Standard Model of particle physics provide a remarkable
description of known physics. Lorentz symmetry is a foundational principle of each, and thus
should be well tested experimentally. It is also likely that General Relativity and the Standard
Model are limits of a more fundamental theory that provides consistent predictions at the
Planck scale. Tests of Lorentz symmetry provide a technically feasible means of searching
for potential suppressed signals from the Planck scale in existing experiments and observations.1
The gravitational Standard-Model Extension (SME) provides a comprehensive test framework
for searching for such potential signals across all areas of known physics.2,3
In spite of both the many high-sensitivity investigations of Lorentz symmetry 4 performed
in the context of the SME in Minkowski spacetime,3 the scope of which continues to deepen and
broaden,4,5,6 and the many investigations of metric theories of gravity performed in the context of
the Parametrized Post-Newtonian (PPN) formalism,7 there remain numerous potential Lorentzviolating deviations from General Relativity that have not yet been sought observationally and
experimentally. Some of these violations would lead to qualitatively new types of signals.
Lorentz-violating effects in gravitational experiments can originate from two basic places:
the pure-gravity action and gravitational couplings in the other sectors of the theory. While
some distinct theoretical issues are associated with each origin, and some of the associated
experimental signatures are quite different, the relevant effects can be observed in many of the
same classes of experiments. The pure-gravity sector was the subject of Ref. 8, and Sec. 2
summarizes some of the key theoretical issues associated with that work. Section 3 provides a
similar summary of theoretical issues associated with matter-gravity couplings, which were the
subject of Ref. 9. Experiments relevant for investigations of Lorentz violation originating from
both sectors are then considered in Sec. 4.
2

Lorentz violation in pure gravity

Investigations of Lorentz violation performed in the context of the minimal SME in Minkowski
spacetime are extended to include the post-Newtonian implications of Lorentz violation in the

pure-gravity sector in Ref. 8, and several associated theoretical and phenomenological investigations have expanded aspects of that work.10,11 The action for the minimal pure gravity sector
takes the form 2
Z
1
T
d4 xe(R − uR + sµν Rµν
+ tκλµν Cκλµν ),
(1)
S=
2κ
T is the traceless Ricci tensor, and e is the vierbein determiwhere Cκλµν is the Weyl tensor, Rµν
nant. The first term here is the standard Einstein-Hilbert term. The relevant Lorentz-violating
signals in the post-Newtonian analysis to follow stem from the third term involving the coefficient field sµν . The second term is not Lorentz violating, and the fourth term provides no
contributions in the post-Newtonian analysis.
It has been shown that in the present context of Riemannian spacetime, consistent Lorentz
symmetry breaking must be spontaneous,2 though use of more general geometries may admit
explicit breaking.12 A number of implications stemming directly from spontaneous symmetry
breaking can also be considered;13,14,15 however, a detailed discussion of these issues is beyond
the scope of the present discussion.
As a result of the specialization to spontaneous symmetry breaking in the present context, a
primary theoretical issue addressed in Ref. 8 is establishing a procedure for correctly accounting
for the fluctuations in the coefficient fields, including the massless Nambu-Goldstone modes
of Lorentz-symmetry breaking.13 This challenge is met in a general way, without specializing
to a specific model of spontaneous symmetry breaking, under a few mild assumptions. Upon
addressing this issue, the leading-order Lorentz-violating contributions to the linearized field
equations are obtained and can be expressed in terms of the metric fluctuation hµν and the
vacuum value sµν associated with the coefficient field sµν . The post-Newtonian metric is obtained
from these equations. With a suitable gauge choice 8 the metric takes the form
g00 = −1 + 2U + 3s00 U + sjk U jk − 4s0j V j + O(4),
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where U , U jk , V j , W j , X klj , and Y klj are potentials formed from appropriate integrals over the
source body. The explicit form of the potentials is provided in Ref. 8.
The above metric is then compared and contrasted with the PPN metric. The basic idea
is that the pure-gravity sector of the minimal SME provides an expansion about the action of
General Relativity, while the PPN provides an expansion about the metric. Perhaps surprisingly,
an overlap of only one parameter is found between the 20 coefficients in the minimal pure-gravity
sector of the SME and the 10 parameters of the PPN formalism. This implies that leading
corrections to General Relativity at the level of the action do not match those typically studied
in an expansion about the metric. Note also that the focus of the SME is on Lorentz violation
throughout physics, while the focus of the PPN is on deviations from General Relativity, which
may or may not be Lorentz violating. Thus the minimal pure-gravity sector of the SME and
the PPN formalism provide complementary approaches to studying deviations from General
Relativity.
Finally, Ref. 8 introduces bumblebee models16 that provide specific examples of complete theories with spontaneous symmetry breaking that fit into the post-Newtonian results established
in the general context of the SME.
3

Lorentz violation in matter-gravity couplings

Though many high-sensitivity investigations of Lorentz violation 4 have been performed in the
context of the fermion sector of the minimal SME in Minkowski spacetime,3 there remains

a number of coefficients for Lorentz violation in that sector that have not been investigated
experimentally. A methodology for obtaining sensitivities to some of these open parameters by
considering gravitational couplings in the fermions sector of the SME is provided by Ref. 9.
The set of coefficients aµ for baryons and charged leptons, which are unobservable in principle
in Minkowski spacetime, is of particular interest. Due to gravitational countershading,17 these
coefficients could be large relative to existing matter-sector sensitivities.
Prior to developing the necessary results for experimental analysis, the theoretical portion
of Ref. 9 addresses a number of useful conceptual points. One such point is consideration of
the circumstances under which relevant types of Lorentz violation are observable in principle.
Though the aµ coefficient can be removed from the single fermion theory in Minkowski spacetime
via a spinor redefinition, it is highlighted that it cannot typically be removed in the presence of
gravity.2 This results in the gravitational countershading pointed out in Ref. 17.
A coordinate choice that can be used to fix the sector of the theory that defines isotropy is
also discussed, and the role of the gravitational sector in this context is established. Ultimately,
the photon sector is chosen to have ηµν as the background metric, though no generality is lost,
and other choices can be recovered.
The treatment of the fluctuations in the coefficient fields established for the gravitational
sector is adapted to the context of matter-gravity couplings. Two notions of perturbative order
are introduced to treat the fluctuations perturbatively under the assumptions that gravitational
and Lorentz-violating corrections are small. One notion of perturbative order, denoted O(m, n),
tracks the orders in Lorentz violation and in gravity. Here the first entry represents the order
in the coefficients for Lorentz violation, and the second entry represents the order in the metric
fluctuation hµν . A secondary notion of perturbative order, which tracks the post-Newtonian
order, is denoted PNO(p). The O(1,1) contributions are of primary interest in Ref. 9, since the
goal of that work is to investigate dominant Lorentz-violating implications in matter-gravity
couplings.
To proceed toward the analysis of relevant experiments, the results necessary for working at
a number of energy levels are developed from the full field-theoretic action of the gravitationally
coupled fermion sector of the SME, which takes the form
Z

Sψ =

↔

d4 x( 21 ieeµa ψΓa Dµ ψ − eψM ψ).

(5)

where
Γa ≡ γ a − cµν eνa eµb γ b − dµν eνa eµb γ5 γ b
−eµ eµa − ifµ eµa γ5 − 21 gλµν eνa eλb eµc σ bc

(6)

and
M ≡ m + aµ eµa γ a + bµ eµa γ5 γ a + 21 Hµν eµa eν b σ ab ,

(7)

where aµ , bµ , cµν , dµν , eµ , fµ , gλµν , Hµν are coefficient fields for Lorentz violation.
Starting from Eq. 5, the relativistic quantum mechanics in the presence of gravitational
fluctuations and Lorentz violation is established after investigating two methods of identifying an appropriate hamiltonian. The explicit form of the relativistic hamiltonian involving all
coefficients for Lorentz violation in the minimal fermion sector is provided.
The standard Foldy-Wouthuysen procedure is then employed to obtain the nonrelativistic
quantum Hamiltonian. At this stage, attention is specialized to the study of spin-independent
Lorentz-violating effects, which are governed by the coefficient fields (aeff )µ , cµν and the metric
fluctuation hµν . Though interesting effects may exist in couplings involving spin, gravity, and
Lorentz violation, the pursuit of spin-independent effects maintains a reasonable scope focused
on the least well-constrained coefficients including the countershaded aµ coefficients.

For many relevant applications, the classical theory 18 associated with the quantum-mechanical
dynamics is the most useful description. Thus the classical theory involving nonzero (aeff )µ , cµν ,
and hµν is established at leading order in Lorentz violation for the case of the fundamental particles appearing in QED as well as for bodies involving many such particles. The modified Einstein
equation and the equation for the trajectory of a classical test particle follow from the classical
theory. Obtaining explicit solutions for the trajectories of particles requires knowledge of the
coefficient and metric fluctuations. A systematic procedure for calculating this information is
established, and general expressions for the coefficient and metric fluctuations are obtained to
O(1,1) in terms of gravitational potentials and the vacuum values (aeff )µ and cµν associated with
the coefficient fields (aeff )µ and cµν . With this, we find that the equation of motion for a test
particle can be written
ẍµ = −Γ(0,1)
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where the metric to be inserted into the Christoffel symbols is
α
α S
α
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and the fluctuations in the coefficient field (aeff )µ take the form
(1,1)
ν
T
ν
1
(ea7 T
= 12 αhµν (aT
eff )µ
eff ) − 4 α(aeff )µ h ν + ∂µ Ψ.

(12)

Here the superscripts S and T indicate coefficients associated with the source and test bodies
respectively, and a dot over a quantity indicates a derivative with respect to the usual proper
time. The subscripts on the Christoffel symbols indicate the order in the small quantities that
should be included in the given Christoffel symbol. The vacuum values (aeff )µ and cµν can then
be identified with the coefficients for Lorentz violation investigated in the Minkowski spacetime
SME.
As in the pure-gravity sector, bumblebee models provide specific examples of the general
results.
4
4.1

Experiments
Laboratory Tests

The effects of coefficients (aeff )µ , cµν , and sµν can be measured in a wide variety of experiments
performed in Earth-based laboratories. Tests of this type that have been proposed or performed
include gravimeter experiments, tests of the universality of free fall, and experiments with devices
traditionally used as tests of gravity at short range.
Analysis performed in Ref. 8 for the case of sµν , and in Ref. 9 for (aeff )µ and cµν , reveals that
the gravitational force acquires tiny corrections both along and perpendicular to the usual freefall trajectory near the surface of the Earth. Coefficients (aeff )µ and cµν also lead to a modified
effective inertial mass of a test body that is direction dependent, resulting in a nontrivial relation
between force and acceleration. Both the corrections to the gravitational force and to the inertial
mass are time dependent with variations at the annual and sidereal frequencies. In addition,
corrections due to (aeff )µ and cµν are particle-species dependent.

Based on the above discussion, laboratory tests using Earth as a source fall into 4 classes.
Free-fall gravimeter tests monitor the acceleration of free particles over time, while forcecomparison gravimeter tests monitor the gravitation force on a body over time. Both types
of gravimeter tests are sensitive to (aeff )µ , cµν , and sµν coefficients. The relative acceleration
of, or relative force on a pair of test bodies can also be monitored constituting free-fall and
force-comparison Weak Equivalence Principle (WEP) tests respectively. Sensitivities to (aeff )µ
and cµν can be achieved in WEP tests. Relevant devices presently used for the above types of
tests include experiments with falling corner cubes,19 atom interferometers,20,21,22 superconducting levitation,23 tossed masses,24 balloon drops,25 drop towers,26 sounding rockets,27 and torsion
pendula.28 Refs. 8 and 9 provide specific predictions and estimated sensitivities for the above
tests including a frequency decomposition of the relevant signal to which experimental data
could be fit. Note that the effective WEP violation with periodic time dependence considered
here is a qualitatively different signal that would likely have been missed in past WEP tests. One
experiment of this type has already been performed using an atom-interferometer as a free-fall
gravimeter.21
Variations of the above laboratory tests involving the gravitational couplings of charged particles, antimatter, and second- and third-generation particles are also studied in Ref. 9. Though
they are very challenging experimentally, these tests can yield sensitivities to Lorentz and CPT
violation that are otherwise difficult or impossible to achieve. Charged-particle interferometry,29
ballistic tests with charged particles,30 gravitational experiments with antihydrogen,31 and signals in muonium free fall 32 are considered. Some features of antihydrogen tests are illustrated
with simple toy-models limits of the SME.
Though less sensitive at present to the range-independent SME effects presently under discussion, systems in which both the source mass and the test mass are contained within the lab,
such as those devices traditionally used as tests of gravity at short range, can also be considered.
A search for sµν has been performed using a cantilever system 33 and a search for (aeff )µ using
a torsion-strip balance 34 have been performed using this approach. A proposal to measure sµν
using a torsion pendulum with an asymmetric mass distribution also exists.8
4.2

Satellite-Based Tests

Space-based experiments can offer unique advantages in testing gravitational physics 35 and in
searching for Lorentz violation.36 The WEP tests considered above are an example of a class of
tests for which significant sensitivity improvements might be possible in space, due to the long
free-fall times that may be attainable on a drag-free spacecraft. There are several proposals
for such missions in the advanced stages of development, including the Micro-Satellite à traı̂née
Compensée pour l’Observation du Principe d’Equivalence (MicroSCOPE),37 the Satellite Test of
the Equivalence Principle (STEP),38 and the Galileo Galilei (GG) mission.39 A WEP experiment
with reach similar to that of STEP has also been suggested for the Grand Unification and Gravity
Explorer (GaUGE) mission.40
Monitoring the relative motion of test bodies of different composition as they obit the Earth
inside of the spacecraft is the basic idea underlying these missions. Nonzero coefficients for
w
Lorentz violation (aw
eff )µ and (c )µν , would result in material dependent orbits. Ref. 9 provides
the differential acceleration of the test masses, decomposed by frequency, that are relevant for
fitting data for each of the above proposed tests, and achievable sensitivities are estimated.
As in the lab-based tests, the SME signals would be distinguised from other sources of WEP
violation by the characteristic time dependences of the signals. A ground-based version of the
GG experiment, Galileo Galilei on the Ground (GGG),39 which is presently taking data, could
also obtain sensitivities to Lorentz violation.
Another test with sensitivity to Lorentz violation that was made possible using a space-based

platform is the gyroscope experiment, Gravity Probe B (GPB).41 The geodetic or de Sitter
precession about an axis perpendicular to the orbit and the gravitomagnetic frame-dragging
or Lens-Thirring precession about the spin axis of the Earth are the primary conventional
relativistic effects for a gyroscope in orbit around the Earth. An analysis of such a system in
the presence of sµν was performed in Ref. 8. It was found that additional Lorentz-violating
precessions result, including a precession about an axis perpendicular to both the angularmomentum axis of the orbit and Earth’s spin axis. A similar investigation considering the
effects of (aeff )µ and cµν is possible based on the theoretical work in Ref. 9, but it remains an
open problem at present.
4.3

Orbital Tests

The search for anomalous effects on orbits provides a natural way of testing gravitational physics.
References 8 and 9 consider tests which search for such effects via laser ranging to the Moon
and other bodies, perihelion precession measurements, and binary-pulsar observations.
Lunar laser ranging provides extraordinarily sensitive orbital measurements.42 Based on the
detained proposal to search for the effects of pure-gravity sector coefficient sµν provided by Ref.
8, some of the best existing constrains on several components of that coefficient have been placed
using lunar laser ranging data.43 A similar proposal to search of (aeff )µ and cµν effects on the
lunar orbit is made in Ref. 9. Ranging to other satellites in different orientations or of different
composition could yield additional independent sensitivities.
Measurements of the precession of the perihelion of orbiting bodies 44 are also considered
for the case of (aeff )µ and cµν coefficients 9 as well as sµν coefficients.8 Based on the established
advance of the perihelion for Mercury and for the Earth, constraints on combinations of (aeff )µ ,
cµν , and sµν are placed. These constrains provide the best current sensitivity to (aeff )J , though
it comes as a part of a complicated combination of coefficients.
Binary-pulsar observations complement the above solar-system tests by providing orbits of
significantly different orientations.45 Reference 8 contains detailed predictions for the effects of
sµν on binary-pulsar systems. The effects of (aeff )µ and cµν on such systems could also be
investigated, but detailed observational predictions remain to be made.
4.4

Photon and Clock Tests

A final class of tests involves the interaction of photons with gravity as well as effects on the
clocks typically associated with such tests. References 11 and 9 consider signals arising in
measurements of the time delay, gravitational Doppler shift, and gravitational redshift, along
with comparisons of the behaviors of photons and massive bodies for Lorentz violation in the
pure gravity sector and matter sector respectively. Null redshift tests are also considered in
Ref. 9 resulting in expected sensitivity to (aeff )µ and cµν coefficients. Implications for a variety
of existing and proposed experiments and space missions are considered.46 An analysis of a
variety of clocks has been performed and sensitivities to (aeff )µ and cµν coefficients have been
achieved.22 Note that these results and proposals are in addition to the Minkowski spacetime
clock experiments which have been performed on the ground 4 and could be improved in space.36
5

Summary

Existing sensitivities from the experiments and observations summarized above can be found
in Data Tables for Lorentz and CPT Violation.4 Expected sensitivities based on the proposals
summarized above are collected in Table 6 of Ref. 8 and Tables XIV and XV of Ref. 9. These
sensitivities reveal excellent prospects for using gravitational experiments to seek Lorentz violation. Of particular interest are the opportunities to measure the countershaded coefficients

(aeff )µ since these coefficients typically cannot be detected in nongravitational searches.17 Thus
the tests of Lorentz symmetry proposed in Refs. 8 and 9 offer promising opportunities to search
for signals of new physics, potentially originating at the Planck scale. The effects can be sought
in existing, planned, or feasible experiments and in some cases provide experimental signatures
that are qualitatively different from those sought to date.
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2. V.A. Kostelecký, Phys. Rev. D 69, 105009 (2004).
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ELECTROMAGNETIC CAVITY TESTS OF LORENTZ INVARIANCE ON
EARTH AND IN SPACE
M. NAGEL, K. MÖHLE, K. DÖRINGSHOFF, E.V. KOVALCHUCK, and A. PETERS
Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15,
12489 Berlin, Germany
We present a Michelson-Morley type experiment for testing the isotropy of the speed of light
in vacuum and matter. The experiment compares the resonance frequency of an actively
rotated monolithic optical cryogenic sapphire resonator against the resonance frequency of a
stationary evacuated optical cavity made of ultra-low-expansion glass. The results yield an
upper limit for the anisotropy of the speed of light in matter (sapphire) of ∆c/c < 1 × 10−16 ,
limited by the frequency stability of the sapphire resonator.

1

Introduction

Testing the isotropy of the speed of light serves as a sensitive test of special relativity and Lorentz
invariance. The classic experiment to test the isotropy of the speed of light uses a Michelson
interferometer and was first performed by A.A. Michelson more than hundred years ago. He
was later joined by E.W. Morley and they published a 10−9 null-result in 1887,1 which surprised
the scientific community at that time. Modern such type of experiments use electromagnetic
resonators to probe for Lorentz invariance violations and are generally based on comparing the
resonance frequencies of two similar orthogonal resonators while either actively rotating the setup
or relying solely on Earth’s rotation.2,3,4,6,5,7,8,9 The basic principle of a modern Michelson-Morley
type experiment is to search for orientation dependent relative changes of the eigenfrequencies
δν/ν0 of the employed electromagnetic resonators which might be caused by Lorentz invariance
violation.
In case of a linear resonator a relative frequency change is most generally described by
δν/ν0 = δc/c0 − δL/L0 − δn/n0 , where δc/c0 denotes a relative change in the speed of light
in vacuum along the optical path, δL/L0 denotes a relative change in the length of the optical
path, and δn/n0 denotes a relative change in the index of refraction along the optical path.
All three effects can occur in the case of spontaneous Lorentz symmetry breaking.10,11,12 The
magnitude of the different types of Lorentz violations depend on the composition of the material
the resonator is made of. Comparing the eigenfrequencies of two similar resonators made of
the same material – as has been done in almost all previous reported modern Michelson-Morley
experiments – makes it impossible to distinguish between the different types of Lorentz violation
and due to the substraction of the different types an overall Lorentz violating signal could be
even suppressed or canceled. However, the material dependency makes it possible to distinguish
between the different types of Lorentz violations by using dissimilar electromagnetic resonators.
In the past, we have combined results of an experiment performed in our laboratory in Berlin,
Germany, consisting of linear optical resonators made of fused-silica with mirrors made of BK7

Figure 1: Right: schematic (top) and picture (bottom) of the monolithic sapphire resonator. Left: schematic of
the new setup. The monolithic sapphire resonator is located in the cryostat at the upper level. The fused-silica
resonators are located in the vacuum chamber at the lower level. PDH = Pound-Drever-Hall locking electronics.
TS = tilt sensor.

with the results of an experiment performed by Stanwix et al. in Perth, Australia, consisting
of whispering gallery microwave resonators made of sapphire in order to give separate bounds
on the different types of Lorentz violations.13 It is worth mentioning that since the experiments
have not been optimized for this kind of comparison and have not been synchronized timewise,
not all in principle obtainable information of such a combined experiment could be utilized.
2

A slightly different modern Michelson-Morley experiment

We have realized a combined experiment in our laboratory in which we could compare the resonance frequency of a monolithic linear optical sapphire resonator14 with the resonance frequency
of a stationary evacuated linear optical cavity made of ultra-low-expansion glass as well as with
two evacuated optical resonators made of fused silica (used in our previous experiment).9 The
monolithic resonator and the fused silica resonators were actively rotated in a Michelson-Morley
configuration on an air bearing turntable once every 45 s.
The monolithic sapphire resonator (see Figure 1) features a finesse of about 10 000, corresponding to a linewidth of 200 kHz. The round trip loss inside the resonator is on the order
of 600 ppm, although the loss due to absorption should only be on the order of ∼ 10 ppm/cm
as measured by calorimetry. This leads to the conclusion that most of the losses are caused by
flawed coatings. The incoupling efficiency of the monolithic sapphire resonator is less than 0.3%
resulting in a transmission of only 1.2 × 10−7 .
We placed the monolithic resonator inside a cryostat and cooled it down to liquid helium
temperatures (4.2K) to reduce previously observed strong thermal noise effects within the monolithic crystal. At cryogenic temperatures an improvement of more than one order of magnitude

Figure 2: Relative frequency stability derived from the beat between the stabilized lasers (Sph = laser stabilized
to the monolithic sapphire resonator, FS = laser stabilized to one of the fused-silica cavities).

in frequency stability for the eigenfrequencies of the monolithic sapphire resonator can be seen
in the Allan deviation of the beat note (see Figure 2). The cryostat containing the monolithic
sapphire resonator offered optical free beam access through windows. For the Michelson-Morley
experiment it was placed on a breadboard containing all necessary optics. The breadboard itself
was mounted on the rotating part of the previously existing setup above the vacuum chamber
containing the crossed fused-silica resonators (see Figure 1) and thus represented a second new
level within this setup. The sapphire resonator axis was orientated parallel to one of the fused
silica’s resonator axis and thus orthogonal to the resonator axis of the other fused-silica cavity.
Except for these modifications there were no further changes of the previously existing setup and
all measures implemented to reduce systematics connected with active rotation 9 also applied
for the monolithic sapphire resonator.
Ten days of comparison of the resonance frequency of the actively rotated monolithic sapphire
resonator with the stationary ULE cavity were performed in August 2010 (see Figure 3). This
corresponds to more than 19 000 turntable rotations. The advantage of comparing the rotating
monolithic resonator with the stationary ULE cavity is that the prime modulation signal at
twice the turntable rotation period can only originate from the monolithic resonator. Thus, less
assumptions are needed in the analysis to extract any possible Lorentz invariance violating effects
that are connected to light propagation in matter. As an additional check, we also recorded the
beat-note between one of the fused silica cavities with the monolithic sapphire resonator as well
as with the stationary ULE cavity.
The analysis of the beat note with respect to anisotropy signals characterizing Lorentz invariance violations follows the same procedure as in our previous experiment.9 No significant
anisotropy signal was found fixed to a sidereal frame (see Figure 4). Using the obtained sidereal modulation amplitudes we can conclude an upper limit for the anisotropy of the relative
difference of the speed of light in vacuum and matter (sapphire) of ∆c/c = (0.8 ± 0.7) × 10−16
(one standard deviation). A detailed analysis within the framework of the Lorentz invariance
and CPT violating extension of the standard model of particle physics (SME)15 has not been
done, since the dependence of the index of refraction of sapphire in the optical region on Lorentz
violating coefficients of the photonic and fermionic sector has not been completely worked out
yet. However, Müller 12 has already outlined a recipe for deriving this dependency.

Figure 3: Quadrature amplitudes C and S at twice the rotation frequency of recorded beat note. Nomenclature
as in our previous experiment.9

Figure 4: Modulation amplitudes (gray) and their mean values (black) as expected for an anisotropy of the speed
of light fixed within a sidereal frame. Nomenclature as in our previous experiment.9 Amplitudes C0 and S0 are
most prone to constant systematic effects. The mean values and standard errors (one sigma) are S0 = −3. ± 2.1,
C0 = 2.6±1.8, Cs1 = −1.1±2.1, Ss1 = −0.8±1.5, Cc1 = 1.8±1.6, Sc1 = 3.3±2.8, Cs2 = 3.4±1.1, Ss2 = 1.1±0.9,
Cc2 = 1.8 ± 1.5, Sc2 = −0.4 ± 1.3 (all values ×10−16 ).

3

Next generation experiment

We plan to use ultra-stable cryogenic optical cavities made of sapphire to set up a next generation
of a modern Michelson-Morley experiment with light propagation in vacuum. The new cavities
should feature a relative frequency stability of better than 1 × 10−16 up to long integration
times.16 The cavities will be arranged in a Michelson-Morley configuration and continuously
rotated with a rotation period between 10s and 100s for more than one year using a custommade high-precision low noise turntable system made of granite. The sensitivity of this setup
to violations of Lorentz invariance should be in the 10−19 to 10−20 regime. This corresponds to
more than a 100-fold improvement in precision of modern Michelson-Morley type experiments.9
Furthermore, ultra-stable cryogenic microwave whispering gallery resonators will be added
to the experiment in collaboration with the University of Western Australia.17 With this corotating microwave and optical resonator setup we will be able to search for additional types of
Lorentz violating signals.
Additionally, we are involved in the planning of a space borne mission called STAR a to test
different aspects of the theory of relativity using optical resonators and an atomic reference.18
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High-performance clocks and links in space are key instruments to probe space-time properties.
As such, they can be used to test Einstein’s theory of general relativity to high accuracy.
Operated on-board the International Space Station, ACES will distribute a clock signal with
fractional frequency instability and inaccuracy of 1 · 10−16 . Space-to-ground and ground-toground comparisons of atomic frequency standards will be used to test Einstein’s theory of
general relativity including a precision measurement of the gravitational red-shift, a search for
time variations of fundamental constants, and tests of the Standard Model Extension. This
paper presents the ACES mission concept and discussed its development status.

1

Introduction

Atomic Clock Ensemble in Space (ACES) is a fundamental physics mission of the European
Space Agency based on a new generation of clocks to be operated in the microgravity environment of the International Space Station (ISS). ACES is a distributed system designed to
disseminate a high stability and accuracy clock signal 1,2 . It consists of a payload generating
an atomic frequency reference in space and a network of ground terminals connected to highperformance clocks on ground. Transported on the ISS by the Japanese transfer vehicle HTV,
the ACES payload will be installed at the external payload facility of the Columbus module (see
Fig. 1). The ACES payload accommodates two atomic clocks: PHARAO (acronym of “Projet
d’Horloge Atomique par Refroidissement d’Atomes en Orbit”), a primary frequency standard
based on samples of laser cooled cesium atoms and SHM (acronym of “Space H-Maser”), an
active hydrogen maser for space applications. The performances of the two clocks are combined
to generate an on-board timescale with the short-term stability of SHM and the long-term stability and accuracy of the PHARAO clock. The on-board comparison of PHARAO and SHM
and the distribution of the ACES clock signal are ensured by the Frequency Comparison and
Distribution Package (FCDP), while all data handling processes are controlled by the eXternal
PayLoad Computer (XPLC). The ACES clocks are compared to clocks on the ground using
both a microwave link (MWL) and an optical link (ELT). A GNSS receiver connected to the
on-board time scale provides orbit determination of the ACES clocks.
ACES will be ready for launch in 2014, for a planned mission duration of 18 months. During the

Figure 1: Left: The external payload facility of the Columbus module. Right: Detail of the ACES payload; the
ACES payload has a volume of 1.340×1.117×1.320 m3 , a mass of 240 kg, for a total power consumption of 450 W.

ﬁrst two weeks, the functionality of the ACES clocks and links will be tested. Then, a period
of 6 months will be devoted to the characterization and performance evaluation of the clocks.
During this phase, a clock signal with frequency inaccuracy in the 10−15 range will be available
to ground users. Under microgravity conditions, it will be possible to tune the linewidth of the
atomic resonance of PHARAO by two orders of magnitude, down to sub-Hz values (from 11 Hz
to 110 mHz). After the clocks are optimized, performances in the 10−16 range both for frequency
instability and inaccuracy are expected. In the second part of the mission (12 months, possibly
extended to 30 months), the on-board clocks will be compared to a number of atomic clocks
on ground operating both in the microwave and optical domain. ACES will perform worldwide
comparisons of advanced clocks operating on diﬀerent atoms or molecules reaching a frequency
resolution in the 10−17 regime. These measurements will test general relativity and seek for new
interactions beyond the Standard Model.
2

ACES Science Objectives

ACES will conduct experiments with cold atoms in a freely falling laboratory, it will perform
fundamental physics tests to high resolution, and develop applications in diﬀerent areas of research.
2.1

High-performance Microwave Clocks for Space

A new generation of space clocks reaching frequency instability and inaccuracy of few parts
in 1016 will be validated by ACES. PHARAO will combine laser cooling techniques and microgravity conditions to signiﬁcantly increase the interaction time and consequently reduce the
linewidth of the clock transition. Improved stability and better control of systematic eﬀects will
be demonstrated in the space environment. PHARAO will reach a fractional frequency insta√
bility of 1 · 10−13 / τ , where τ is the integration time expressed in seconds, and an inaccuracy
of a few parts in 1016 .
The reliability oﬀered by active H-masers will be made available for space applications by SHM.
SHM will demonstrate a fractional frequency instability of 1.5 · 10−15 after 10000 seconds of
integration time. Two servo-loops will lock together the clock signals of PHARAO and SHM
generating an on-board time scale combining the short-term stability of the H-maser with the
long-term stability and accuracy of the cesium clock (Fig. 2).

Figure 2: Left: Speciﬁed Allan deviation of PHARAO, SHM, and of the ACES clock signal. Right: Speciﬁed
time deviation of MWL and ELT, compared with the time stability of the ACES clock signal.

2.2

ACES Time and Frequency Transfer Systems

ACES is developing high-performance links for the comparison of distant clocks.
The ACES MWL will allow space-to-ground comparisons with time deviation better than 0.4 ps
at 300 s, 8 ps at 1 day, and 25 ps at 10 days of integration time (see Fig. 2). This performance,
surpassing existing techniques (TWSTFT and GPS) by one to two orders of magnitude, will
enable common view and non-common view comparisons of ground clocks with 10−17 frequency
resolution after a few days of integration time. MWL will also deliver a global atomic time scale
with 10−16 accuracy, it will allow clock synchronization at the 100 ps uncertainty level, and it
will contribute to international atomic time scales (TAI, UTC...).
ELT, acronym of “European Laser Timing”, will provide ACES with an alternative time and
frequency transfer system reaching a time stability of 6 ps after 100 s of integration time, down
to 4 ps between 300 s and 10000 s, and with a long-term stability of 7 ps (see Fig. 2). The
system can be calibrated to deliver the ACES time reference with an accuracy better than 50
ps, ﬁnding important applications in the dissemination of time scale and in the synchronization
of geodetic observatories.
The ACES clocks and links will allow to establish a global network for the comparison and the
synchronization of distant clocks.
2.3

Fundamental Physics Tests with ACES

According to Einstein’s theory of general relativity, identical clocks placed in diﬀerent gravitational ﬁelds experience a frequency shift that depends on the diﬀerence between the Newtonian
potentials at the clocks positions. The comparison between the ACES on-board clocks and
ground-based atomic clocks will measure the frequency variation due to the gravitational redshift with a 35-fold improvement on the GP-A experiment 3 , testing Einstein’s prediction at the
2 ppm uncertainty level.
Time variations of fundamental constants can be measured by comparing clocks based on different transitions or diﬀerent atomic species 4 . Indeed, the energy of an atomic transition can
be expressed in terms of the ﬁne structure constant α and the two dimensionless constants
mq /ΛQCD and me /ΛQCD , which depend on the quark mass mq , the electron mass me , and the
QCD mass scale ΛQCD 5,6 . ACES will perform crossed comparisons of ground clocks both in the
microwave and in the optical domain with a frequency resolution of 1 · 10−17 in a few days of
integration time. These comparisons will impose strong and unambiguous constraints on time
variations of the three fundamental constants reaching an uncertainty as low as 1 · 10−17 /year
in case of a 1-year mission duration, down to 3 · 10−18 /year after three years.

The foundations of special relativity lie on the hypothesis of Local Lorentz Invariance (LLI).
According to this principle, the outcome of any local test experiment is independent of the
velocity of the freely falling apparatus. In 1997, LLI tests based on the measurement of the
round-trip speed of light have been performed by comparing clocks on-board GPS satellites to
ground hydrogen masers 7 . In such experiments, LLI violations would appear as variations of the
speed of light c with the direction and the relative velocity of the clocks. ACES will perform a
similar experiment by measuring relative variations of the speed of light at the 10−10 uncertainty
level.
2.4

Applications

ACES will also demonstrate a new geodesy technique to map the Earth gravitational potential.
This technique uses a precision measurement of the Einstein’s gravitational red-shift between
two clocks to determine the corresponding diﬀerence in the local gravitational potentials. The
possibility of performing comparisons of ground clocks at the 10−17 frequency uncertainty level
will allow ACES to resolve geopotential diﬀerences down to 10 cm on the geoid height.
A dedicated GNSS receiver on-board the ACES payload will ensure orbit determination, important for comparing clocks and for performing fundamental physics tests. In addition, the
receiver will be connected to the ACES clock signal, opening the possibility to use the GNSS
network for clock comparisons and remote sensing applications (radio-occultation and reﬂectometry experiments).
The simultaneous operation of the optical (ELT) and microwave (MWL) links will provide a
test bench for their mutual characterization. Optical versus dual-frequency microwave measurements will also provide useful data for the study of atmospheric propagation delays and for the
construction of atmosphere mapping functions at the three diﬀerent wavelengths. In addition,
the ACES links will provide absolute range measurements, both in the microwave and in the
optical domain.
3

ACES Status

All ACES instruments and subsystems have now reached a high technology maturity, demonstrated by the engineering models, now delivered or in ﬁnal assembly, and by the ongoing
activities on the ﬂight hardware. The system tests on the ACES Engineering Model (EM)
workbench (see Sec. 3.3) have represented a major milestone in the ACES development cycle.
Their successful completion has indeed closed the EM phase with the performance veriﬁcation
of the ACES clock signal and it has conﬁrmed the adequacy of the ACES design, releasing the
manufacturing for the ﬂight hardware. ACES Flight Model (FM) activities are expected to be
completed in 2013.
3.1

The PHARAO Clock

PHARAO is a cesium clock based on laser cooled atoms developed by LNE-SYRTE, LKB, and
CNES. Its concept is very similar to ground based atomic fountains, but with a major difference: PHARAO will be operated under microgravity conditions. Atoms, launched in free
ﬂight along the PHARAO tube, cross a resonant cavity where they interact twice with a microwave ﬁeld tuned on the transition between the two hyperﬁne levels of the cesium ground state
(9.192631770 GHz, from the SI deﬁnition of the second). In a microgravity environment, the
velocity of the atoms along the ballistic trajectories is constant and can be continuously changed
over almost two orders of magnitude (5 to 500 cm/s), allowing the detection of atomic signals
with sub-Hz linewidth.
The engineering model of the PHARAO clock has been completed and tested. Cesium atoms

have been loaded in the optical molasses, cooled down to a few µK, interrogated on the clock
transition by the resonant microwave ﬁeld, and detected by laser-induced ﬂuorescence emission.
Microwave resonance signals (Ramsey fringes) with a signal-to-noise ratio of ∼ 700 have been
recorded. For a typical launch velocity of about 3.56 m/s, the duration of the free ﬂight between
the two Ramsey interaction regions is about 100 ms, corresponding to a width of the central
fringe of about 5 Hz. Once operated in microgravity, the longer interaction times will allow
PHARAO to measure linewidths 10 to 50 times narrower.
The tuning and optimization of the instrument on ground has been performed with the atomic
clouds launched vertically against gravity at a speed of 3.56 m/s. In these conditions, an Allan
√
deviation of 3.5 · 10−13 / τ has been measured, where τ is the integration time expressed in seconds. PHARAO performance on ground is mainly set by the phase noise of the local oscillator,
which is sampled by the atoms in the microwave cavity (Dick eﬀect). In space, this eﬀect will be
reduced by one order of magnitude because of the longer interrogation time and the narrower
resonance width.
PHARAO accuracy evaluation has been completed. The contribution of the second order Zeeman eﬀect to the clock accuracy budget is at the level of 6.6 · 10−16 for a bias ﬁeld along the
PHARAO tube of 35 nT. The cold collisions shift has been evaluated to an accuracy of 9.5·10−16 .
Second order Zeeman eﬀect and collisional shift are indeed the two major contributors to the
clock accuracy, presently evaluated to 1.3 · 10−15 . PHARAO accuracy evaluation has been veriﬁed by measuring the clock frequency output with respect to the SYRTE mobile fountain clock
FOM. The result is in agreement with a zero frequency diﬀerence within 1 part in 1015 .
Figure 3 shows the ﬂight model of the PHARAO tube, recently completed and successfully
tested against vibrations.

Figure 3: Flight model of the PHARAO tube. Fully assembled (including thermal shields, µ-metal shields,
ﬁber-coupled collimators, and harness), the tube has a volume of 990 × 336 × 444 mm3 and a mass of 44 kg.

3.2

The SHM Clock

SHM operates on the hyperﬁne transition of atomic hydrogen at 1.420405751 GHz. H2 molecules
are dissociated in a plasma discharge and the resulting beam of H atoms is state-selected and
sent to a storage bulb. The bulb is surrounded by a microwave cavity that, tuned on the atomic
resonance, induces the maser action. Developed by SpectraTime under ESA contract, SHM
provides ACES with a stable ﬂy-wheel oscillator. The main challenge of SHM is represented by
the low mass and volume ﬁgures (42 kg, 390 × 390 × 590 mm3 ) required by the space clock with
respect to ground H-masers. For this purpose, the number of thermal shields of the clock has
been reduced and a dedicated Automatic Cavity Tuning (ACT) system has been implemented
to steer the resonance frequency of the maser cavity against thermal drifts. SHM ACT injects
two tones, symmetrically placed around the H-maser signal. The two tones are coherently
detected and the unbalance between their power levels is used to close a feedback loop acting
on the cavity varactor and stabilizing the resonance frequency of the microwave cavity against
temperature variations. This method allows SHM to reach fractional frequency instabilities

down to 1.5 · 10−15 at 104 s of integration time. Figure 4 shows the H-maser physics package in
the diﬀerent assembly phases.

Figure 4: Physics package of the SHM engineering model during the diﬀerent assembly phases.

The active oscillation signal on the clock transition has a power of -101 dBm. The cavity quality
factor is about 44000 and the atomic quality factor is 1 · 109 . The H-maser electronics, including
the receiver and the ACT system, have been completed and tested showing an Allan deviation
in agreement with SHM performance requirements. SHM EM is presently under test. This
veriﬁcation campaign will close the EM phase and release the manufacturing of the SHM ﬂight
model.
3.3

Ground Tests of the ACES Clock Signal

At completion of the ACES engineering model phase, the ACES EM workbench has been integrated at CNES premises in Toulouse with the objective of testing interfaces, functions, and
performance. The ACES EM workbench includes: PHARAO EM, FCDP EM, SHM ground
model (EM0), an XPLC test crate, and a PDU (Power Distribution Unit) simulator. Both
PHARAO EM and FCDP EM were mounted in the CNES vacuum chamber and operated under vacuum.
As ﬁrst test step, the ACES clocks and subsystems have been switched on to test their mutual
compatibility. The frequency stability of the clocks (Allan deviation) and the power spectrum
of their phase noise have been continuously monitored showing no degradation with respect to
stand alone measurements.
Then, both the short-term and the long-term servo-loops have been closed to generate the ACES
clock signal, now reproducing SHM EM0 for short-to-medium integration times and PHARAO
on the long-term. The stability of the ACES clock signal has been measured against FOM, the
mobile fountain clock of LNE-SYRTE. A long duration measurement has been performed both
to characterize the Allan deviation of the ACES signal and to measure PHARAO frequency
with respect to FOM.
Figure 5 shows the stability of the ACES clock signal measured with respect to FOM. For integration times shorter than the long-term servo-loop time constant (1000 s), the ACES clock
signal closely follows SHM EM0 and the Allan deviation measurement is limited by the FOM performance. For longer integration times, the long-term servo loop forces ACES on the PHARAO
clock signal providing it with the long-term stability and accuracy of the Cs clock.
3.4

The Microwave Link

The ACES microwave link is developed by ASTRIUM, TIMETECH, TZR, and EREMS under
ESA contract. The proposed MWL concept is an upgraded version of the Vessot two-way technique used for the GP-A experiment in 1976 3 and the PRARE geodesy instrument. The system
operates continuously with a carrier frequency in the Ku-band. The high carrier frequencies of
the up and down links (13.5 GHz and 14.7 GHz respectively) allow for a noticeable reduction of
the ionospheric delay. A third frequency in the S-band (2.2 GHz) is used to determine the Total
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Figure 5: Performance of the ACES clock signal measured on ground with respect to FOM (red) and compared
to the performance of FOM (blue), SHM EM0 (green), and PHARAO on ground (black).

Electron Content (TEC) and correct for the ionosphere time delay. A PN-code modulation (100
Mchip/s) on the carrier removes the phase ambiguity between successive comparison sessions
separated by large dead times. The system is designed for multiple access capability, allowing
up to 4 simultaneous ground users distinguished by the diﬀerent PN-codes and Doppler shifts.
MWL Flight Segment
The engineering model of the ﬂight segment electronic unit has been completed and tested (see
Fig. 6). MWL long-term stability is ensured by the continuous calibration of the receiver channels
provided by a built-in test-loop translator. For shorter durations (<300 s), time stability is
driven by the noise performance of the Ku transmitter and receiver and of the DLL (DelayLocked Loop) boards. The 100 MHz chip rate allows to reach a time stability better than 0.2 ps
already with code measurements. However, the ultimate performance is achieved with the carrier
phase measurements, whose time stability is as low as 70 fs at about 100 s of integration time
(see Fig. 6). For longer durations, the time stability remains well below the 1 ps level even in
the worst conditions of signal-to-noise density ratio, corresponding to very low elevation angles
of the ISS over a ground terminal. The thermal sensitivity of the system has been evaluated
and used to calibrate MWL phase comparison measurements against temperature variations.
The sensitivity to a series of key parameters such as clock input power, received signal-to-noise
density ratios, supply voltage, Doppler, Doppler rate, etc. has been measured. The susceptibility
of the system to narrowband and broadband interference, as well as to multipath eﬀects has been
characterized.

Figure 6: Left: Time stability of the code (green) and carrier (red) phase measurement performed by the MWL
ﬂight segment electronics. Right: MWL ground terminal in its assembly phase.

MWL Ground Terminal
The MWL ground terminal electronics is similar to the MWL ﬂight hardware, symmetry being
important in a two-way system to reduce instrumental errors. The ACES MWL Ground Terminal (GT) is a microwave station interfacing the local clock on ground to the ACES payload
(see Fig. 6). To reduce phase instabilities due to the tracking motion, the electronic unit of the
MWL GT has been rigidly attached to the antenna unit. The Ku-band signal is delivered to the
antenna feeder via a waveguide; a high stability RF cable is used for the S-band. The antenna
is a 60 cm oﬀset reﬂector with a dual-band feed system automatically pointed in azimuth and
elevation by a steering mechanism. A computer controls the steering unit based on ISS orbit
prediction ﬁles, collects telemetry and science data both from the local clock and the MWL
GT electronics, and interfaces directly with the ACES Users Support and Operation Center
(USOC). The system is housed below a protective radome cover, which also allows to stabilize
the temperature of the enclosed volume by an air conditioning system, part of a separate service
pallet. The total weight of the MWL GT is 650 kg: 270 kg for the radome pallet and 380 kg
for the service pallet. About 10 kW are needed to power the MWL GT electronics, the steering
unit, and the air conditioning system. The thermal design allows to operate the MWL GT for
an external temperature between −30◦ C and +45◦ C.
The ACES microwave link will be validated in an end-to-end test campaign. MWL FS and
GT electronic units will be connected by cables through a signal simulator. The signal simulator will mimic frequency and amplitude variations of the Ku and S-band signals according to
the orbit dynamics. The link delays will also be measured, preparing for the link calibration
campaign which will take place on the ﬂight hardware and on the ground terminals after on-site
installation.

3.5

The ELT Optical Link

ELT is an optical link exchanging laser pulses between Satellite Laser Ranging (SLR) stations
on ground and the ACES payload for the space-to-ground comparison of clocks. The on-board
hardware consists of a Corner Cube Reﬂector (CCR), a Single-Photon Avalanche Diode (SPAD),
and an event timer board connected to the ACES time scale. Laser pulses ﬁred towards ACES
by a SLR station are detected by the SPAD diode. The ﬁre and the detection events are tagged
in the local clock time scales both in space and on ground. At the same time, the ELT CCR
re-directs the laser pulses towards the ground station where they are detected and stamped in
the time scale maintained at the SLR station. The measurement of the start and return times
on ground and of the detection times in space provide the desynchronization between space and
ground clocks, together with precise ranging information.
The SPAD diode has been tested at the SLR stations of Wettzell and Graz . A time deviation
of 5 ps after 500 s of integration time has been measured with the SPAD diode integrated
in the Wettzell detection channel. This measurement was limited by the timing resolution of
the Wettzell time tagging system. Time deviations down to about 1 ps after already 10 s of
integration time have been measured at the Graz station 8,9 thanks to the higher ﬁring rate and
the better timing resolution available there.
The SPAD diode is presently being characterized in terms of optical-to-electrical detection delay.
Recent measurements have shown that the absolute delay in the detector can be calibrated at
the 10 ps level 10 .
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12.
Pulsars

GRAVITATIONAL WAVE DETECTION THROUGH PULSAR TIMING
ARRAYS
DAVID J. CHAMPION
Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany
Pulsar timing arrays are the only means to detect very low frequency nanohertz gravitational
waves (GWs). GWs in this part of the spectrum are expected to be generated by binary
super-massive black-hole (SMBH) systems which are a consequence of the merger of galaxies.
Individual nearby strong emitters can be detected, allowing the GW and parameters of the
SMBH system to be determined. A stochastic background of GWs from weaker, more distant
but more numerous sources, is also expected. This will provide a measure of the galactic
merger rate which is important for our understanding of galaxy evolution. GW detection
via pulsar timing provides science complementary to the space- and ground- based detectors,
observing similar sources at different mass ranges and stages of evolution.

1

Introduction to Pulsar Timing

Pulsars are extraordinary tools for astronomy, condensed matter physics, electromagnetism and,
in particular, testing general relativity. They are rapidly rotating neutron star remnants of
massive stars. Their strong magnetic fields focus streams of electromagnetic radiation from the
poles which sweep like the beam of a lighthouse as the neutron star rotates. If these beams
intersect the line-of-sight of an observer, a pulse of emission is detected.
1.1

Pulsars

Pulsars are born in the explosive death of a high-mass star, a supernova. As the outer layers of
the star are blown off, the core collapses and extreme pressure forms a neutron star with a mass
of ∼1.4 M⊙ within a diameter of only ∼20 km. During the collapse the angular momentum is
conserved causing the star to spin up to rotation periods of tens of milliseconds. The magnetic
flux is also conserved, meaning that the neutron star inherits a surface magnetic field of typically
1012 G.
As the pulsar ages it slows down due to energy lost in magnetic dipole radiation. Eventually
the neutron star rotates so slowly that emission from the poles becomes unstable and ceases.
However if the pulsar is in a binary system (not disrupted by the supernova that created the
neutron star) then the pulsar may undergo ‘recycling’. As the companion star evolves it swells,
eventually overfilling its Roche lobe. At this point the outer layers of the star feel a stronger
gravitational pull from the neutron star than from the companion and material streams onto
the neutron star. The conservation of angular momentum spins the pulsar up to periods of only
a few milliseconds. The accretion of matter also suppresses the magnetic field, reducing the
spin-down of the pulsar. These millisecond pulsars (MSPs) are the most stable branch of the
pulsar family.

1.2

Pulsar Timing

The technique of pulsar timing is the origin of the incredible accuracy of pulsar measurements.
Each observation of a pulsar creates a time series which is then folded at the period of the pulsar
resulting in a single, high signal-to-noise ratio (S/N) pulse. For the majority of the pulsars this
averaged pulse profile is extremely stable. The precise time of arrival (ToA) of the pulse is
determined by convolving the averaged pulse profile with a template (often created by fitting
Gaussian components to a sum of the average profiles) and adding the offset to the start time
of the observation.
The ToAs from the observations are used to fit a model of the pulsar. The timing model
contains the pulsar period, period derivative, sky position and any binary parameters of the
pulsar system. The timing model is used to determine the number of integer rotations of the
pulsar between ToAs, the difference between the predicted and actual ToA is the residual. The
residuals are the minimised by performing a least-squares fit over the model. The pulsar timing
model allows the data to be analysed coherently, accounting for every rotation of the pulsar over
the extent of the model, often tens of years.
The precision to which the parameters of the model can be determined depends on the
length of the data set, the number and distribution of ToAs, the type of parameter, but most
importantly on the uncertainties on the ToAs themselves. The precision of a ToA relates directly
to the shape (pulse of width W ) and S/N of the profile 1 :
W
P δ 3/2
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×
∝
×√
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(1)

Strong sharp peaks provide the most precise ToAs. We cannot control the shape of the
profile (pulsar period P and duty cycle δ) or the luminosity (SP SR ) of the pulsar but the signalto-noise ratio can be improved by increasing the aperture (Aef f ) and decreasing the system
temperature (Tsys ) of the telescope. We can also increase the bandwidth (∆ν) and length (tobs )
of the observation. The optimisation of the observations for a PTA to make best use of available
telescope time is an ongoing effort 2 .
While pulsars are excellent clocks they are not totally free of noise and the reduced χ2 of the
model fit is significantly larger than unity in most pulsar data sets which indicates that the model
does not fully describe the data. The unmodelled residual is frequently referred to as timing
noise. Timing noise can be caused by intrinsic variations of the rotation period, subtle changes
of the integrated pulse profile, clock or instrumental artifacts, variations of the propagation of
the pulse through the interstellar medium or gravitational waves.
For PTAs these noise sources have to be minimised. The noise intrinsic to the pulsar is
reduced by timing the MSPs which are observed to be the most stable rotators. Interstellar
medium effects are reduced through multi-frequency observations. Finally the instrumental
effects are determined and removed through the concurrent timing of multiple pulsars.
2

Pulsars as Gravitational Wave Detectors

Gravitational waves (GWs) are a prediction of general relativity in which the acceleration of
masses releases energy in the form of gravitational radiation propagating as ripples in spacetime.
While they have never been directly detected the binary pulsar system B1913+16 exhibits orbital
decay that agrees precisely with the prediction and is seen as the first strong evidence for the
existence of GWs 3 4 .
In a very simplified view a GW will cause a subtle change in the distance between the
observatory and the pulsar. Pulsar timing cannot be used to directly measure the distance
to the majority of pulsars, and even those with measured parallaxes cannot be determined to

sufficient accuracy to allow a detection of such a minute change. However the period of the
pulsar is known to great accuracy, better than one part in 1014 for the most precise timers,
and the Doppler shift caused by the rate of change of distance to the pulsar is a measurable
quantity 5 :
δv
= H ij (heij − hpij ),
v

(2)

where heij and hpij are the GW strains at the Earth and pulsar respectively. H ij is a geometrical term dependent on the angular separation of the Earth, pulsar and GW source.
A simple application of this period shift suggests that pulsar timing should already be very
sensitive to GWs. However the effect of the pulsar fit itself must be taken into account. None of
the pulsar parameters are known a-priori and must be fit for in the timing model. Of particular
importance is the period of the pulsar and its period derivative. Due to the low frequencies of
the GWs these parameters can fit out the majority of the Doppler shift. Only over timescales of
the wave length of the GW does the residual caused by the GW separate from the period and
period derivative.
The sensitivity of pulsars to different frequencies of GWs is limited by the time span and
cadence of the observations. The lower frequency limit is approximately twice the time span
of the observations as this is the time required for the GW residual to become differentiated
from the period and period derivative of the pulsar. The upper limit is the cadence of the
observations, usually two to four weeks, and is limited by the available telescope time combined
with the spectrum of the expected sources.
2.1

Single Source Detection

The GWs generated by a binary system have twice the frequency of the orbital period. If the
binary system is near and strong enough this can be measured directly. The expected size of
the residuals induced by a binary system can be calculated using 6 :
1 Gpc
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where dL is the luminosity distance to the binary, the system has a total mass of M/(1 − z)
and the GWs have a frequency of f . Lee et al. 7 have calculated the precision to which GW
and the orbital parameters of the SMBH system can be determined given the amplitude of the
measured signal. They also showed that a GW detection from a single source could be used to
determine the distances from the Earth to the pulsars in the array to a sub-light year level.
In 2003 Sudou et al. 8 published evidence for a SMBH binary system in the galaxy 3C 66B.
Jenet et al. (2004) 9 demonstrated that the proposed orbital parameters could be ruled out by
showing that such a binary would be detectable in the current pulsar timing data, see Fig. 1
from Yardley et al. (2010) 10 . Beyond 3C 66B the nearest candidate for a single source is in
OJ287 however sensitivity to this system is unlikely to be reached with current telescopes.
2.2

Detection of the Stochastic Background

The stochastic background of GWs is generated by binary SMBH systems which are in the early
phase of coalescence. As galaxies merge the SMBHs at their centre enter orbit around each
other, eventually coalescing. It is not the final merger but the long period of inspiral that is
expected to be the strongest source of background GWs. However cosmic strings, and relic GWs
from the big bang are other potential sources.

Figure 1: The sky-averaged sensitivity of pulsar timing arrays using current telescopes and the SKA to single
sources as a function of the source GW frequency. Figure from Yardley et al. 2009.

To detect the stochastic background a different technique is used. The residuals of each pair
of pulsars are correlated and plotted against the angular separation of the pair. Due to the
quadrupolar nature of the GWs, pulsars close to each other on the sky would be expected to
be highly correlated while those separated by 90◦ would be anti-correlated. As the separation
increases to 180◦ the degree of correlation also increases. The resulting curve is usually referred
to as the Hellings and Downs curve. An example of a such a correlation is shown in Fig. 2 from
Hobbs et al 2009 11 .
3

Comparison with other Detection Efforts

The frequency range in which PTAs are sensitive and the expected sources are complementary
to the up-coming ground- and space- based detectors. The SMBHs seen in PTA data will be at
an earlier evolutionary phase to those observed with the space-based Laser Interferometer Space
Antenna (LISA): as the SMBHs in the binary coalesce, the frequency of the orbit increases
moving into the LISA band. Observations of a coalescence in the LISA band could trigger a
deep search of the archival PTA data (now that the position of the system is known) for the
pre-ring-down system 12 . Indeed any simultaneous observations would provide a full description
of the system including the elusive distance measurement 13 . Finally all three types of detectors
are looking at black hole systems from stellar masses through to super-massive.
4

Current Pulsar Timing Array Projects

There are three large PTAs currently in operation. The Parkes Pulsar Timing Array 14 is the
longest running with more than 5 years of development and is based on data from the Parkes 64m telescope in Australia. The European Pulsar Timing Array 15 uses the 100-m Effelsberg, 100-m
(equivalent) Nançay, 76-m Lovell, and (when completed) the 64-m Sardinia telescopes in addition

Figure 2: An example Hellings and Downs plot. The degree of correlation of pairs of pulsar residuals against the
angular separation of the pulsar pair. The solid line is the fitted Hellings and Downs curve. Figure from Hobbs
et al. 2009.

to the Westerbork Sythesis Radio Telescope array. The North American Nanohertz Observatory
for Gravitational Waves 6 uses the 100-m Green Bank and 305-m Arecibo telescopes, the largest
single dish telescopes in the world. The three arrays work together as the International Pulsar
Timing Array to facilitate the sharing of data, techniques and personnel 16 .
4.1

Large European Array for Pulsars

To make best use of the five large telescopes in use by the European Pulsar Timing Array a
project is underway to coherently combine baseband data to form the Large European Array
for Pulsar (LEAP) 15,17 , a telescope with an equivalent collecting to a dish 200 m in diameter
(approximately the same as the illuminated area of Arecibo). LEAP will be able to reach a wide
range of declinations and should provide up to an order of magnitude improvement in timing
for pulsars outside the Arecibo range.
4.2

Pulsar Surveys

The global PTA effort would be greatly aided by the discovery of more precisely timed pulsars.
This is important for providing more pulsar pairs for correlation and for the overall sensitivity
of the arrays. There are several large scale ongoing surveys which are partially motivated by
PTA science. The High Time Resolution Universe survey is a full sky survey covering both
hemispheres. The southern sky is covered by the Parkes telescope using a 13 beam receiver
while the northern sky is covered by the Effelsberg telescope using a 7 beam receiver. The high
time and frequency resolution of the survey means that over eight times more galactic volume
is being searched than by previous surveys. The Arecibo sky is being search using a 7 beam
receiver and, thanks to the incomparable gain, this will be the deepest blind search for pulsars.
The LOw Frequency ARray (LOFAR) will perform a search for pulsars at very low frequency.
While this will not probe deep in the Galaxy it should provide an excellent census of the local

Figure 3: The shaded area is the expected range of amplitudes of the stochastic GW background from SMBH
binaries. The sensitivity of the current limit, 10 years of the PPTA and 10 years of the SKA-PTA is also plotted.
Figure from Sessana et al. 2009.

population. It seems unlikely that these surveys will be bettered before the arrival of the Square
Kilometre Array.

5

Pulsar Timing Arrays with the Square Kilometre Array

The Square Kilometre Array (SKA) is a proposed telescope which will provide a total collecting
area of a square kilometre. It will be sited in a rural location the southern hemisphere providing
and excellent view of the Galaxy and a low radio interference environment. The SKA will be
a major improvement for PTAs in two main areas. Firstly it will be sensitive enough to detect
all pulsars in the Galaxy that are beamed toward Earth. This increase in the population of
pulsars will provide a substantial number of excellent timers. Secondly the unrivaled gain of the
telescope will provide one or two orders of magnitude in the timing precision. This combined
with increased numbers of observations and a potentially increased frequency range will provide
a dramatic increase in sensitivity see Fig. 3 from Sessana et al. 2009 18 .

6

Conclusions

PTAs offer the only means to detect the very low frequency nHz range of GWs. This is particularly important to measure SMBH coalescence rates and understand galaxy evolution in the
early universe. In combination with other space- and ground- based GW detectors a comprehensive view of black holes in different mass ranges and evolutionary stages can be achieved.
With the sensitivity of the SKA and the newly found pulsars it will provide, will allow for GW
astronomy. Additionally the properties of the GWs wiill can be compared with predictions of
general relativity and of alternate theories of gravity. With current PTAs a detection is possible
and vital research required for the SKA will be done. A future with the SKA-PTA, LISA and
ground-based detectors observing concurrently would certainly usher in a new era for astronomy.
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Measuring g with a beam of antihydrogen (AEgIS)
C.CANALI a
Istituto Nazionale di Fisica Nucleare and Department of Physics, University of Genoa, via Dodecaneso
33, 16146 Genova, Italy
The gravitational interaction between matter and antimatter has never been tested experimentally. According to some attempts to unify gravity with the other forces, the possibility
that g(p) 6= g(p) cannot be excluded 1 . The AEGIS experiment 2 intends to measure for
the first time the gravitational acceleration of antimatter using cold antihydrogen atoms.
Antihydrogen atoms will be obtained trough a charge exchange process between Rydberg
positronium atoms and antiprotons. Once H are accelerated to form a horizontal beam, they
travel through a Moiré deflectometer, able to measure the vertical displacement of atoms due
to gravity. Knowing the velocity of the antiatoms from the time of flight measurement and
the length of the flight path allows to estimate the gravity acceleration g for antihydrogen.
With this setup an initial precision on the measure of g of 1% is expected.

1

Introduction

In recent years few experiments at CERN have demonstrated the feasibility of producing large
amounts of antiatoms at low temperature 4 , 5 , 6 . This result opens a very interesting scenario of
studies on fundamental symmetries between matter and antimatter such as the CPT invariance
(through high precision spectroscopy) and direct measurements of the validity of the equivalence
principle for antimatter (through ballistic experiments).
A precise test of CPT could arise from measurements on gross structure, fine structure, Lamb
shifts and hyperfine structures in antihydrogen to be compared with analougue measurements
done on hydrogen. The CPT theory predicts that all these properties are identical for matter and
antimatter systems. This kind of measurements, in principle, could reach a very high precision:
a comparison of the 1S-2S frequency for hydrogen 7 and antihydrogen with a precision of 10−15
or higher will be the most accurate CPT tests for baryons regardless of any theoretical model.
While CPT test based on antihydrogen spectroscopy could give very precise results, at the
same time antihydrogen can be used to perform for the first time a direct measurement of gravity
on an antimatter system.
Such a kind of measurement could be in principle performed using charged particles (for
example positrons), but a huge experimental trouble arises because the gravitational force is
much weaker than the Coulomb force, and is virtually impossible to reduce electric fields to a
negligible level (an electric field of only 6 · 10−11 V /m gives to a positron an acceleration equal to
that of gravity). This make H a simple (and neutral) system with which WEP can be directly
tested.
The primary scientific goal of the AEGIS experiment is the direct measurement of the Earth
a
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Figure 1: Formation of an horizzontal travelling beam of antihydrogen in AEgIS. Particles (e+ and overlinep
are stored in cylindrical penning traps. The H production occur in few steps: positrons are sent with several
keV energy on a porous target here they form positronium that is excited to Rydberg state with a double laser
pulse. Rydberg positronium atoms (P s∗ ) cross the cold p cloud producing H via charge exchange reaction:
∗
P s∗ + p → H + e− (see text for detailed explanation of each step). A proper electric field accelerate horizzontally
∗
H atoms to form the beam.

’s gravitational acceleration g on antihydrogen. CPT spectroscopy is included in the long term
scientific goal of the experiment.
2
2.1

The AEgIS experiment (Antimatter Experiment: Gravity, Interferometry, Spectroscopy)
H beam formation

The AEgIS experiment is under construction at CERN, in the AD (Antiproton Decelerator)
hall.
In Fig.1 a scheme of the core of the AEgIS apparatus, with a sketch of the operations
leading to the antihydrogen beam formation, is shown. Particles (e+ and p) are manipulated
inside several cylindrical Penning traps: here an uniform axial magnetic field (B=1-5 T) ensure
the radial confinement of charged particles while proper configuration of potentials applyed to
the various segments of the trap provides to axial trapping of particles.
The Antiproton Decelerator delivers antiprotons with a kinetic energy of 5M eV in bunches
of 2.5 · 107 particles within 100ns. In typical operations a bunch of p is delivered every ' 200s.
Antiprotons will be captured in a dedicated trap inside a 5T superconducting magnet: the use
of fast high voltage pulses applyed to the entrance electrode of the trap will allow to capture
more than 104 p at each cycle of AD. Once captured, antiprotons will be transferred in a second
trap with a lower magnetic field (1T ) where antihydrogen is produced and the beam is formed,
as it will be discussed in the following.
A positron plasma (Ne+ ' 108 , density Ne+ ' 108 cm−3 ) is stored in the first penning trap
(a, in Fig.1) after being transfereed in this region from a Surko-type accumulator 3 .
At the same time in a second trap the antiprotons cloud (b) is cooled to 100mK using
electron cooling tecniques and a resistive tuned circuit. The cooling of antiprotons is a keypoint of the whole experiment since this temperature determines the quality of the antihydrogen

Figure 2: a) The antihydrogen beam travel trought two gratings (G1 and G2) and reach a position sensitive
detector (PSD) where the annihilation point is detected. An interference pattern is shaped on the detector on
the right. b) The interference pattern can be binned (modulo the grating period). Lowering the beam velocity
causes the pattern to shift down along the z-axis. Realistic values for the gratings system are L = 40cm, grating
period a = 80µ, grating size 20cm.

beam: obtaining cold p means having antihydrogen atoms with a velocity low enough to allow the
gravity measurement: once p will be cooled at the same temperature of the ambient (100mK),
they will have a velocity of few tens of m/s.
At this point positrons are moved off axis with a diocotron excitation 11 , they travel trought
an off-axis trap (c) where they are accelerated to several keV , bunched and sent in direction
of a target of porous material (d) . When the positrons hits this target with keV energy they
penetrate inside the nanometric-size channels of the target, it cools by collisions with the pore
walls and form positronium (P s): the long-life ortopositronium drifts outside the target and is
excited by a double laser pulse (e) from ground state to Rydberg state (nP s > 20) just before it
start crossing the cold antiprotons cloud. Cold antiprotons and Rydberg positronium react via
charge exchange 13 :
∗
P s∗ + p → H + e−
(1)
∗

the cross section of this reaction scales with ∝ n4P s and the produced H is in its turn produced
in excited Rydberg level. It’s important to underline again that the temperature of produced
antihydrogen is basically the same of antiprotons stored in the trap just before the interaction
with P s∗ . Immediatelly after their formation, Rydberg antihydrogen atoms will be accelerated
via Stark effect (g) up to a velocity of several hundreds m/s to form an horizontally travelling
beam. This tecqnique has been already demonstrated to work with hydrogen 14 .
2.2

Measure of the gravity acceleration g of H atoms

The antihydrogen beam will travel horizzontally along a path about 1m long with a velocity of
several hundreds m/s.
During its flight H fall in the gravitational field produced by the Earth. Assuming g =
9.8m/s and a horizzontal velocity of 500m/s, the vertical deflection is too small (' 10µm) to
be measured directly since a poor beam collimation must be taken into account. Nevertheless a
moiré deflectometer will make still possible to perform this measurement 12 .

The device (Fig.2.a), sligtly modified respect to standard moiré deflectometers, consists of
two gratings (G1 and G2) and a position sensitive detector (PSD) separated by a distance
L ' 40cm. Both gratings have a size of 20x20cm2 and a period of ' 80µm. The PSD is a
silicon microstrip detector with an active area of about 20x20cm2 , and a resolution of about
10µm working at cryogenic temperatures.
Since the width of the slits is much larger than the De Broglie wavelength of the antihydrogen,
diffraction can be neglected and all effects will be purely classically, so the PSD just records a
shadow pattern corresponding to the positions of antiatom annihilations. The velocity of the
beam can be tuned changing the parameters of the Stark acceleration, so it is possible to measure
the vertical deflection of the shadow path for several values of velocities. The precise velocity of
H can be desumed from the time of flight measurement.
The position of anthydrogen will be detected reconstructing the annihilation point of each
antiatom on the position sensitive detector. The detected positions of annihilations can be
binned modulo the grating period as plotted in Fig.2.b. Here it’s shown from Montecarlo results
how the verical shift of the shadow pattern increase with lower horizzontal velocity of the beam,
assuming g = 9.8m/s.
The use of this method allow to measure the gravity acceleration g of antihydrogen with
a precision of 1% detecting 105 antihydrogen atoms: it will be the first direct measurement of
gravity acceleration on an antimatter system.
3

Conclusion

Antihydrogen will be used in next years to investigate CPT validity and equivalence principle.
Related to this latter topic, AEgIS will use antiprotons delivered from AD (the antiproton
decelerator at CERN) to produce an horizzontal beam of antihydrogen to measure the gravity
acceleration g of antiatoms. The initial precision on the measured g is expected to be 1%, and
long and medium terms goals intends to improve noticeably this precision.
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GBAR
Gravitational Behavior of Antihydrogen at Rest
P. Dupré
CEA Saclay, service de physique des particules
Gif-sur-Yvette, France
The GBAR experiment aims to test the Equivalence Principle with antimatter by measuring
the time of flight of ultra-cold antihydrogen atoms H̄ in free fall. Antihydrogen atoms at
∼20 µK are provided by sympathetic cooling of antihydrogen ions H̄+ with laser cooled Be+
ions. H̄+ ions are produced via two successive reactions using antiprotons and positroniums.
The synthesis of H̄+ is obtained by the injection of a pulse of 107 slow antiprotons from the
AD at CERN in a dense cloud of positronium. This target of positronium is created with
a positron-to-positronium converter and requires an intense source of slow positrons, a few
108 per second. Such a source based on a small electron accelerator is under construction at
Saclay. A few 1010 positrons are accumulated in a Penning-Malmberg trap from which they
are ejected towards the e+ /Ps converter to produce the target. The overall scheme of the
experiment is described along with the estimated efficiency of each step.

1

Introduction

The aim of the GBAR project is to perform the first test of the Weak Equivalence Principle
(WEP) with antimatter. The Einstein Equivalence Principle is at the heart of general relativity.
It has been tested with a very high precision with matter, but no conclusive direct test with
antimatter is available. This is a basic scientific question, the interest of which is enhanced by
the unknown origin of the acceleration of the expansion of the universe and by the hypothetical
presence of dominant quantities of dark matter: these observations suggest that our understanding of gravitation may be incomplete. Extensions of gravitation theory can lead to differences
in behavior between matter and antimatter 1 .
Direct tests have been attempted with positrons 2 and antiprotons 3 , but they turned out to
be too difficult to reduce electromagnetic effects sufficiently. It seems also out of present reach
to perform gravity experiments with antineutrons 4 or positronium 5 . The antihydrogen atom is
the next simplest candidate system. Indirect tests of the Equivalence Principle for antimatter
have been obtained by comparing the properties of particles and their antiparticles (such as p-p̄ 6
and K0 -K̄0 7 ) or by arguing about the virtual content of the nuclei of ordinary matter. However,
all these tests rely upon disputable theoretical hypotheses - refer for example to the review 8 on
experimental and theoretical arguments.
2

Principle of the GBAR experiment

The GBAR experiment will measure the time of flight of ultra-cold antihydrogen atoms in free
fall. The principle of GBAR has been described in a Letter of Intent to CERN 9 . The original way

to produce ultra-cold H̄ atoms at ∼20 µK consists to cool down H̄+ ions via sympathetic cooling
with laser cooled beryllium ions Be+ . Then H̄+ ions are neutralized by photodetachment of their
extra positron and the H̄ atoms produced fall freely in the gravitational potential of the Earth.
The height h of the free fall is of the order of ten centimeters. The gravity acceleration, called
ḡ, is determined by measuring the time ∆t between the photodetachment and the annihilation
of H̄ in the walls of the experiment, ḡ = 2h/(∆t)2 (figure 1).

Figure 1: Scheme of the ḡ measurement.

The main source of uncertainty comes from the initial velocity of the anti-atom. The precision on ḡ is mainly statistical. About 104 measures are needed to reach a precision below 1%.
This method has been proposed by J. Walz and T. W. Hänsch 10 , but they did not describe the
way to produce the H̄+ ions. These ions are produced via two successive reactions (1) and (2)
using antiprotons p̄ and positroniums Ps:
p̄ + Ps → H̄ + e−
+

(1)

H̄ + Ps → H̄ + e

−

(2)

The cross section of the first reaction has been measured for its matter counterpart 11 . The one
of the second reaction has been estimated 12 . These cross sections are very low and require the
production of large quantities of low energy (in the keV range) antiprotons, and a very high flux
of positrons, well above the capacity of β + sources, in order to produce enough Ps. The overall
scheme of the measurement is thus as follows:
1. 5-10 MeV electrons from a small linear accelerator are dumped onto a tungsten target and
produce fast positrons
2. These positrons are moderated to the electrovolt and accumulated in a Penning-Malmberg
trap.
3. Once the required amount of positrons is stored, they are ejected and dumped onto the
positron-to-positronium converter.
4. The antiprotons pulse is synchronously injected in the newly formed positronium cloud.
5. The few H̄+ ions produced are decelerated and trapped in a segmented Paul trap, where
they are sympathetically cooled with beryllium ions.
6. The extra positron is photodetached and the free fall time of the produced H̄ is measured.
Steps 1 to 4 are tested at CEA Saclay before the experiment, if accepted, is installed at CERN.
The following sections describe each step in more detail.

3

Slow positrons production

Our intense source of slow positrons is based on a small linear accelerator. It delivers 4 µs bunches
of 5.5 MeV electrons at a rate of 200 Hz with a mean current of 0.14 mA. Electrons are dumped
onto a tungsten target in order to produce electron/positron pairs via the Bremsstrahlung radiation of the injected electrons. The efficiency of production of positrons downstream the target
has been simulated with GEANT4. It is expected to be about 10−4 corresponding to a flux of
about 1011 fast e+ s−1 . In a first stage, fast positrons are moderated from MeV to eV energies
with a tungsten foil close to the target, with an efficiency expected to be about 10−4 . In a second
stage, a solid Neon moderator will be set after an e+ /e− selector, with a moderation efficiency of
a few 10−3 . This cryogenic system a cannot be placed directly after the tungsten target because
of the energy deposit of the escaped electrons. The expected flux of slow positrons is 107 to 108
e+ s−1 depending on the moderator.
Slow positrons will be stored in the RIKEN Multi Ring Trap (MRT). The positron accumulation technique with this kind of electromagnetic trap has been developed by N. Oshima et al
with a continuous positron beam from a 22 Na source 13 . They succeeded to store 106 positrons
with 1% trapping efficiency. This trap consists of a 5T superconducting solenoid and a set of 23
ring electrodes. The uniform magnetic field confines radially the antiparticles. An electrostatic
potential well confines them along the direction of the field. Positrons are cooled down in the
trap by Coulomb-collisional damping in an electron plasma. This accumulation technique will
be adapted to the pulsed beam in order to store a few 1010 e+ in a few minutes. Slow positrons
have to be bunched and reaccelerated to about 1 keV to go through the magnetic mirror and be
trapped before they make a round trip in 85 ns (see figure 2). They are cooled down in less than
5 ms in a previously injected electron plasma of 1017 m−3 density, the expected overall trapping
efficiency is in excess of 20 %.
0.4
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Figure 2: As a function of the acceleration potential. Left: efficiency for slow positrons to go through the magnetic
mirror of the RIKEN MRT. Right: round trip time of positrons in the MRT and fraction of time spent by positrons
in the electron plasma.

The linear accelerator, the e+ /e− selector and the RIKEN MRT have been installed at Saclay
and the slow positrons beam line is under construction (figure 3).
4

Production of the dense positronium target

The positronium target is produced with a e+ /Ps converter. It is a nanoporous SiO2 material.
Positrons are injected onto the converter and catch an electron into the pores. A part of the
Ps thus formed diffuses in the porous network until the surface and is ejected in the vacuum.
a

the melting point of Neon is about 13 K

Figure 3: Top left : prototype linac. Top right : positron magnetic separator. Bottom left: design of the
experiment at Saclay. The linac and the magnetic separator are in a bunker. They are connected to the cylindrical
trap with the slow positron beam line.. Bottom right : slow positron beam line under installation and tests.

This converter has been tested at CERN with the ETHZ positron beam 14,15 and at UCR 16 .
The conversion efficiency is above 30% with positron fluxes as different as 3.5×105 e+ cm−2 s−1
from a radioactive source at CERN and 5.6×1016 e+ cm−2 s−1 dumped from a trap at UCR. The
emitted positronium kinetic energy can be as low as 40 meV at a few keV implantation energy.
The cylindrical geometry of the converter with an inner diameter of 1mm and the low energy of
positroniums keep a high Ps density of order 1012 cm−2 (figure 4,a).
a)

b)

Figure 4: a) Artists view of the geometry of the positron-positronium converter. b) Pulse of 1.3×1010 e− ejected
from the RIKEN trap in 76 ns.

To produce this dense cloud of Ps, positrons stored in the trap are dumped in the converter
in less than 142 ns, the oPs lifetime in vacuum. This fast ejection has been tested with 1010
electrons in less than 80 ns with the RIKEN trap (figure 4,b).

5

Production of ultra-cold H̄

A bunch of 107 antiprotons is injected into the Ps cloud newly formed in order to synthesize
H̄+ ions via the two successives reactions 1 et 2. This amount of p̄ can be delivered in about
20 minutes by the Antiproton Decelerator at CERN (in 85 s by ELENA upgrade) and will be
previously accumulated in a dedicated trap.
The cross section of the matter counterpart of the first reaction has been measured 11 above
10 keV for the p̄ energy and estimated over a lower energy range at an order of 10−15 cm2 . The
second reaction has been estimated 12 for its matter counterpart. Its cross section is about 10−16
cm2 . This cross section is expected to be strongly enhanced with n = 3 excited Ps because the
binding energy of this positronium state, 0.75 eV, is very close to that of H̄+ . Such kind of effect
has been calculated with n = 2 Ps states 17 . The cross section increase is strongly dependent
on the incident energy. The optimization of the whole process formation is under way, this
involves the theoretical calculation of the cross section, the optimization of the fraction of Ps
to be excited, and the choice of the antiproton kinetic energy. First estimates show that it is
reasonable to expect a factor 10 enhancement on the H̄+ production above the previous numbers.
This would lead to about 10 H̄+ ions produced with 2.5×1010 positrons and 107 antiprotons.
The produced H̄+ ions have almost the same energy as the incident antiprotons. First, they
have to be slowed down to enter in a segmented Paul trap where they will be cooled down by
sympathetic cooling with Be+ ions. These ions can be cooled to temperatures below 10 µK 18 .
The sympathetic cooling to less than 20 µK of H̄+ ions has to be demonstrated.
Once the H̄+ ions are cooled at ∼20 µK, the extra positron is photodetached with a laser.
This photodetachment has to be close to the threshold to avoid a too large recoil which would
prevent making the measurement.
6

Perspectives

The GBAR collaboration has recently been formed. Based on the initial Letter of Intent 9 , the
technical design of the experiment is in progress, and a proposal is being prepared. In the next
two years, the main objectives will be to test the accumulation of several 1010 positrons in the
RIKEN MRT at Saclay, and to optimize the positronium cloud formation and excitation. If the
project is approved, the installation at CERN and tests with antiprotons will follow. On a longer
term, a much higher precision on the measurement of ḡ could be reached with the spectroscopy
of gravitational levels of H̄ 19 . This idea looks promising because the H̄ atoms are prepared at
a very low temperature and in a very compact system.
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EVIDENCE FOR TIME-VARYING NUCLEAR DECAY DATES:
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Unexplained annual variations in nuclear decay rates have been reported in recent years by
a number of groups. We show that data from these experiments exhibit not only variations
in time related to Earth-Sun distance, but also periodicities attributable to solar rotation.
Additionally, anomalous decay rates coincident in time with a series of solar flares in December
2006 also point to a solar influence on nuclear decay rates. This influence could arise from
some flavor of solar neutrinos, or through some other objects we call “neutrellos” which behave
in some ways like neutrinos. The indication that neutrinos or neutrellos must interact weakly
in the Sun implies that we may be able to use data on time-varying nuclear decay rates to
probe the interior of the Sun, a technique which we may call“helioradiology”.

1

Introduction

The widely held view that nuclear decay rates, along with nuclear masses, are fundamental
constants of nature has been challenged recently by reports from various groups of periodic
variations in nuclear decay rates.1,2,3,4,5,6,7,8 Following the discovery of natural radioactivity by
Becquerel in 1896 an intense effort was mounted to determine whether nuclear decay rates
were in fact constant. By 1930 Rutherford, Chadwick, and Ellis concluded that“the rate of
transformation of an element has been found to be a constant under all conditions.9 Subsequent
work by many groups has supported this conclusion, except for decays proceeding by electron
capture. In such decays the decay rate depends on the overlap of the electron wavefunction and
the nucleus, and this can be slightly modified by subjecting the decaying nucleus to extreme
pressure, or by modifying its chemical environment.10,11,12,13,14,15,16
Notwithstanding the impressive body of evidence supporting the conventional view that the
decay rate λ = ln2/T1/2 of an unstable isotope
is an intrinsic property of that isotope, there

are growing indications of small (O 10−3 ) time-dependent variations in the decay rates of
some nuclei. In Sec. 2 we summarize the existing experimental evidence for these variations,
along with the arguments against some claims that the variations are simply the results of local
environmental influences on the detector systems. What emerges from these considerations is a

picture in which the observed time-dependent variations are in fact occurring in the decay process
itself, in response to time-dependent solar perturbations. Although a detailed mechanism is not
yet available to explain how the Sun influences radioactive decays, previous work3 along with
the discussion in Sec. 3 below, provide a general framework for a future theory.
2

Experimental Results

In this section we summarize the experimental evidence for a solar influence on nuclear decay
processes. A more detailed discussion of the various experiments can be found in the accompanying paper by Jenkins et al.17 The interest of our group in time-dependent nuclear decay
rates began with our attempt to understand an annually-varying periodic signal in the decay
rate of 32 Si reported by Alburger, et al.18 in a 4-year experiment at the Brookhaven National
Laboratory (BNL). A subsequent examination of the literature revealed a ∼15-year experiment
at the Physikalisch-Technische Bundesanstalt (PTB) in Germany in which data from 226 Ra exhibited a similar annual variation.19 Coincidentally, these two experiments overlapped in time
for approximately two years, and the data from these experiments during this period were quite
similar in both amplitude and phase.2,3 Further exploration of the literature has uncovered other
experiments in which periodic effects in various decays were reported. These include the results
of Falkenberg20 , Parkhomov21,22 , Baurov et al.23 , Ellis24 , and Shnoll et al.25,26 .
The observation of periodic effects in what had been previously been thought of as random
decay data motivated a series of experiments by our group at Purdue, chiefly focused on the
electron capture process: e− +54 Mn → νe +54 Cr + γ (834.8 keV). Our apparatus was operating
during a series of solar flares in November and December of 2006. On 13 December 2006 a
major solar flare erupted at 02:37 UT (21:37 EST 12 December) which coincided with a ∼ 7σ
drop in the measured 54 Mn counting rate.1 A smaller flare with a large coronal mass ejection on
17 December 2006 also coincided with a decrease in the 54 Mn counting rate. Subsequently, an
examination of data acquired during December 2008 revealed a correlation between a change in
the measured 54 Mn count rate and a solar storm on the far side of the Sun.
The correlations between observed changes in measured 54 Mn count rates and solar flares
are significant for several reasons:
1. They now reinforce the inference, drawn from the annual periodicities in the BNL and PTB
data, that these periodicities arise from the annual variation of the Earth-Sun distance R
due to the ellipticity of the Earth’s orbit.
2. Since the flares erupt and subside over fairly short time-scales (typically minutes to hours),
any apparent correlation between decay data and solar activity cannot plausibly be attributed to environmental effects on the detector systems in question due to a local change
in temperature, pressure, humidity, etc.27
3. Finally, in all the cases we have observed, there is a precursor signal in which the 54 Mn
count rate begins to change ∼1 day before the solar event. This observation raises the
possibility of establishing an “early-warning” system for potentially dangerous impending
solar storms, whose damaging effects on astronauts; communications, navigation, defense
and other satellites; and power grids and other electronic infrastructure could thus be
prevented.1
The observation in decay data of time-dependent influences attributable to the Sun (either
from a change in 1/R2 or via a solar flare), raises the question of whether other time-dependent
signals could be present in decay data associated, for instance, with solar rotation. This could
happen if the sources of whatever influences were affecting decay rates were not distributed
homogeneously throughout the Sun, for which there were earlier indications.28 Further analysis

of the BNL, PTB, and Parkhomov data sets has indeed revealed evidence of a ∼32 d periodicity,
which can be interpreted as evidence for an East-West asymmetry in the Sun, perhaps associated
with a slowly rotating solar core.29 Additionally, the BNL and PTB data sets also revealed
evidence of a ∼173 d periodicity, similar to the Rieger periodicity, which arises from retrograde
waves in a rotating fluid.7 Finally, recent work by our group has shown that the apparent phaseshift of the maximum count rate noted in BNL, PTB, and other data sets from what would
be expected from the variation in 1/R2 alone could be attributed to a North-South asymmetry
in the Sun.8 While this observation does not directly deal with solar rotation, it does support
the assumption that there are asymmetries in the Sun whose presence can be detected via
periodicities in decay data. In this way decay data may allow us to probe the interior of the
Sun via a new technique which we may refer to as “helioradiology”.
3

Towards a Mechanism: Neutrinos and Neutrellos

Although the evidence for a solar influence on nuclear decay rates is quite compelling, what is
lacking is a mechanism through which this influence can be transmitted. Elsewhere3 we explore
in detail a mechanism based on an interaction between solar neutrinos and decaying nuclei. Here
we broaden that discussion to address the question of whether nuclear decay rates are affected
by the Sun through some generic particles which we call “neutrellos”, which may or may not be
the same as neutrinos. In what follows we describe some of the properties that we would like
neutrellos to possess in order to account for existing data.
1. The solar flare of 13 December 2006 at 02:37UT was coincident in time with a local
minimum (dip) in the 54 Mn counting rate.1 Since this dip occurred at 21:37 EST in our
laboratory, this suggests that neutrellos must be capable of passing unimpeded through
the Earth at essentially the speed of light.
2. Although the solar flare was of short duration and occurred without warning, the decay
rate of 54 Mn began to decrease much earlier, approximately 40 hours before the flare. This
“precursor signal” suggests that neutrellos originated from a region below the surface of
the Sun and reached us before the actual flare because the Sun is effectively transparent
to neutrellos, but not to photons.
3. As the Sun rotated, the region on the surface of the Sun from which the 13 December 2006
flare originated, region 930, dropped over the West Limb of the Sun on 17 December and
hence was no longer visible via X-rays. Nevertheless, a significant drop in the 54 Mn count
rate was detected on 22 December, suggesting that neutrellos were reaching the Earth
from the far side of the Sun by passing through the Sun. This again implies that the Sun
is transparent to neutrellos, at least to some degree.
4. Our 54 Mn experiment also detected a solar event on 16 December 2008 which coincided
with a storm on the far side of the Sun. This reinforces the assumption that the Sun is
relatively transparent to neutrellos.
5. The phase of the annual variation in decay rates seen in a number of experiments is shifted
from what would be expected from the annual variation of 1/R2 , where R is the Earth-Sun
distance.2,3 However, we have shown recently8 that if there is a North-South asymmetry in
the emission of neutrellos from the Sun, then the resulting contribution to the annual phase
could explain the observed data. Interestingly, evidence for a North-South asymmetry was
observed in data from the Homestake solar neutrino experiment.?

6. As noted previously, there is evidence that nuclear decay data are modulated not only by
the variation of 1/R2 and the presence of a North-South asymmetry in the Sun, but also
by the rotational motion of the Sun. Evidence for rotational modulation is based on the
presence in the decay data of periodicities of ∼ 32 d and ∼ 173 d, the latter being analogous
to the well-known Rieger periodicity. Since similar evidence for rotational modulation has
been noted previously in data from the Homestake and GALLEX neutrino experiments28 ,
this suggests that our hypothetical neutrellos may actually be neutrinos.
7. The ∼ 32 d rotational modulation mentioned above points to a source where the rotation
rate is slower than that of the radiative and convection zones in the Sun. The fact that we
observe a solar influence from a source below the radiative zone indicates that the putative
neutrellos experience only slight (or no) scattering or absorption in travelling the outer
layers of the Sun.
8. The very existence of a signal in nuclear decay data for rotational modulation by the
Sun implies that neutrello production by the Sun is anisotropic. If neutrellos were in fact
neutrinos, then the rotational modulation could arise from the resonant spin flavor precession (RSFP)30 effect induced by a strong magnetic field deep in the solar interior. This
mechanism, which assumes that neutrinos have a non-zero transition magnetic moment,
is supported by existing neutrino data from Super-Kamiokande.28
Although the preceding considerations are compatible with the inference that neutrellos are
in fact neutrinos, there is at least one major difference: to account quantitatively for existing
experimental data the interaction strength of neutrellos with decaying nuclei must be significantly greater than the strength of the known interactions of neutrinos with protons, neutrons,
electrons, or with other neutrinos as described by the standard electroweak model. As an example, to produce a fractional peak-to-trough variation in tritium of order 10−3 (which is the
nominal value suggested by the BNL, PTB, and Falkenberg data) requires an input of energy
∆E ≈ 5eV . Although this is small on the scale of the O(1M eV ) energies carried by incoming
solar neutrinos, a value of ∆E this large is more characteristic of an electromagnetic interaction than a weak interaction. This can be seen in another way by picturing solar neutrinos or
neutrellos affecting nuclear decays by transferring a momentum ∆p ≈ ∆E/c via a scattering
process with an effective cross section σ,
σ≡

1 (∆N/N )
.
φ
∆t

(1)

Here φ is the presumed flux (or change in flux) of solar neutrinos or neutrellos responsible for
inducing a fractional change ∆N/N in the number of decays over a time interval ∆t. Evidently
the smallest estimate of σ will result from the largest assumed value for φ for which we adopt the
known solar flux φ = 6×1010 cm−2 s−1 . Using the flare data of Jenkins and Fischbach1 we estimate
(∆N/N ) /∆t ≈ 2.6 × 10−11 s−1 per atom, and hence σ ≈ 4.3 × 10−22 cm2 . By way of comparison,
the Thomson cross section for photon scattering of electrons is σT = 8πro2 /3 = 6.6× 10−25 cm2 ,
where ro = 2.82 × 10−13 cm is the classical electron radius.
The implication of the above calculations, that neutrinos could influence decaying nuclei
through an interaction of electromagnetic strength, is likely incompatible with existing data on
νs − e, νs − p, and νs − n interactions (νs = solar neutrino), but could be compatible with a
possible νs – νe interaction coupling a generic solar neutrino to an emitted νe from beta decay
or electron capture. On the other hand, a much broader range of possibilities is available for
nutrello couplings, and these may be accessible experimentally through appropriate “fifth force”
experiments.31 Additional constraints on a possible influence of ν̄e on radioactive decay follow
from an elegant reactor experiment by de Meijer et al.32

4

Discussion and Outlook

From the discussion in the previous sections several conclusions emerge: There is by now overwhelming evidence of anomalous and unexpected time-dependent features present in the count
rates of various nuclei. Although some early criticism claimed that these features were merely experimental artifacts arising form the response of the detection systems to local seasonal changes
in temperature, pressure, humidity, etc.,33 it now appears that the observed effects are intrinsic to the decay process itself. This follows from the detailed analysis of Jenkins, Mundy and
Fischbach27 of the detector systems used in the BNL, PTB and Purdue experiments, and also
from observation in multiple data sets of time-dependent features for which there is no known
“environmental” cause.17
Although the preceding discussion, along with the analysis in Section 2, suggests that the
decay process is being influenced in some way by the Sun, there is at yet no detailed mechanism
to explain how this influence comes about. Our discussion of neutrinos and neutrellos is an
attempt to frame a future theory by outlining some of the specific characteristics that it should
possess, given the limited experimental data currently available.
Evidently, more experimental data on a variety of different isotopes are needed before we can
realistically expect to understand how the Sun influences radioactive decays. To start with, it is
clear that there should be no expectation that time-dependent effects will show up in all decays,
or that they should be detected at the same level when they are present. This follows by noting
that the same details of nuclear structure that are responsible for the wide range of half-lives,
from fractions of a second to tens of billions of years, will likely produce a range of responses
to any solar influence. Moreover, if the Sun is in fact the source of the time-dependent effects
observed in nuclear decays, its influence cannot be assumed to be constant in time. The well
known ∼ 11 year solar cycle is but one example of a time-dependent solar feature whose affects
would not be constant, or even periodic, over the duration of a typical laboratory experiment.
For this reason, experiments on the same isotopes carried out at different times may not exhibit
the same features. It is thus likely that “helioradiology” will be an important tool in studying
the Sun, while at the same time creating new methods for studying neutrino (or neutrello)
physics.
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Since the 1930s, and with very few exceptions, it has been assumed that the process of radioactive decay is a random process, unaffected by the environment in which the decaying nucleus
resides. There have been instances within the past few decades, however, where changes in
the chemical environment or physical environment brought about small changes in the decay
rates. But even in light of these instances, decaying nuclei that were undisturbed or un“pressured” were thought to behave in the expected random way, subject to the normal decay
probabilities which are specific to each nuclide. Moreover, any “non-random” behavior was
assumed automatically to be the fault of the detection systems, the environment surrounding
the detectors, or changes in the background radiation to which the detector was exposed.
Recently, however, evidence has emerged from a variety of sources, including measurements
taken by independent groups at Brookhaven National Laboratory, Physikalisch-Technische
Bundesanstalt, and Purdue University, that indicate there may in fact be an influence that
is altering nuclear decay rates, albeit at levels on the order of 10−3 . In this paper, we will
discuss some of these results, and examine the evidence pointing to the conclusion that the
intrinsic decay process is being affected by a solar influence.

1

Introduction

It has long been a universal belief that radioactive decay is a random process, one that is almost
completely insensitive to external influences. There have been a few special cases in recent times
where minor changes in decay rates have been measured due to artificially produced changes in
the physical environment of the decaying nuclides1,2,3,4,5,6,7 , but on the whole the assumption has
been that radioactive decays follow the standard exponential decay law which is based on these
decays being a random process. In recent years, however, a few independent groups have identified some interesting behaviors in measured nuclear decay rates that did not arise from a change
in the physical or chemical environment of the decaying nuclei.8,9,10,11,12,13,14,15 In these results,
there appears to be some structure in what should be randomly distributed data points. More
recently, however, Recent work by our group16,17,18,19,20,21,22,23 has gone further and detailed the

existence of periodicities and other non-random behaviors in measured nuclear decay data from
Purdue University16 , Brookhaven National Laboratory (BNL)24 , and the Physikalisch-Technische
Bundesanstalt (PTB)25 . The suggestion of this recent work is that there is a solar influence on the
these measured decay rates, via some particle or field of solar origin such as solar neutrinos.
Such a proposal is, without question, going to generate criticism from the physics community,
based on the belief that the observed effects were the result of changes in the environment of the
detector systems (i.e., temperature, background, etc.) or systematic effects.27,28,29,30 However, a
thorough analysis by our group of the Purdue, BNL and PTB detector systems has effectively
refuted essentially all of this criticism.31 In this report we will further strengthen this view by
providing additional perspective and results that support the conjecture that whatever is influencing
the measured decay rates is external to the terrestrial environment, and could in fact have a solar
origin.
2

Review of Experimental Evidence

To begin this discussion, it is helpful to collect together the information related to the observed
decay rate changes from multiple independent experiments. Table 1 lists several experiments which
utilize different isotopes as well as different different detector technologies, all of which show anomalous behaviors, either in the form of periodicities, or a localized departure from the expected decay
trend over a short duration.
Table 1: Experiments exhibiting time-dependent decay rates.
Isotope &,
Decay Type
3 H,

β−
β−
36 Cl, β −
54 Mn, κ
54 Mn, κ
56 Mn, β −
60 Co, β −
60 Co, β −
90 Sr/90 Y, β −
137 Cs, β −
152 Eu, κ
226 Ra, α, β −
3 H,

Detector
Type

Radiation Type
Measured

Experiment
Duration

Effect
Observed

Photodiodes
Sol. St. (Si)
Proportional
Scintillation
Scintillation
Scintillation
Geiger-Müller
Scintillation
Geiger-Müller
Scintillation
Sol. St. (Ge)
Ion Chamber

β−
β−
β−
γ
γ
γ
β − ,γ
γ
β−
γ
γ
γ

1.5 years
4 years
8 years
2.5 months
2.5 years
9 years
4.5 years
4 months
10 years
4 months
>16 years
>16 years

freq(1/yr)9
freq(∼2/yr)26
freq(1/yr, 11.7/yr, 2.1/yr)17,19,22
Short term decay rate decrease16
freq(1/yr)
freq(1/yr)8
freq(1/yr)12,13
freq(1/d, 12.1/yr)11
freq(1/yr, 11.7/yr)12,13
freq(1/d, 12.1/yr)11
freq(1/yr)25
freq(1/yr, 11.7/yr, 2.1/yr)17,19,22

What should be evident from the information presented in Table 1 is that the “problem” of
apparent non-random behavior in nuclear decay measurements is apparent in a number of different experiments. What will probably also become evident as time passes is that the effect is
more widespread than even this list indicates. A simple search of the literature reveals multiple
instances of articles discussing the discrepancies in nuclear decay measurements, particularly halflife determinations.32,33,34,35 It is interesting, given recent advances in detector technology, and the
precision with which we can make measurements in the present day, that there would be discrepancies as large as are observed to be present in nuclear decay data. However, if some of these
measurements are of β − decays that are affected by an influence external to the Earth, and this
influence has a variable output, then the picture becomes a little clearer. It is imperative, though,
to rule out the possible terrestrial influences such as the detector systems themselves, or changes in
the local environment (temperature, barometric pressure, relative humidity, or background radiation) that could play a role in producing these effects in the measured decay rates. Therefore, new
experiments should record local conditions carefully if they are not able to be controlled completely.
Returning to Table 1, we can draw some conclusions about the possible influence of environmental and systematic effects from the list presented there. To begin, all of the isotopes presented

in Table 1 are β-decays, or β-decay related, even the 226 Ra measured on the ionization chamber at
the PTB.25 Clearly, while 226 Ra is not a β-decay itself, there are several β-decaying daughters in
its decay chain, nearly all of which are in equilibrium with the 226 Ra parent.a Since the ionization
chamber system utilized in the PTB experiment was not designed to differentiate between the specific photons emitted by the 226 Ra or or any of its daughters, it is impossible to determine whether
the decay rate changes were occurring in the α- or β-decays of the chain. No effects have been seen
in α-decays to this point,12,27,28 which is not surprising. Since the mechanisms of α- and β-decays
are so different, the fact that the effect has not been observed in α-decays should not exclude the
possibility of the effect existing in β-decays.27
Upon further examination of the experiments described in Table 1, we see that there is representation of all three major classes of detector types, solid state (2), scintillation (5), and gas
detectors (4). There is also a mix of the types of radiation detected, about equally split between
charged particles (β − ) and photons (γ). There is one experiment (the one presented by Falkenberg9 )
in Table 1 that is unique in that the detection method did not fit into any of the standard classes.
The experiment utilized photodiodes to measure the radioluminescence of tritium tubes.
When examining the possible environmental influences on the radiation transport (from source
to detector, which is in general over a very short distance on the order of a few millimeters in
most cases), the primary consideration is the air density of the source-detector gap, which will be
a function of temperature (T ), barometric pressure (P ), and relative humidity (RH). A thorough
discussion of this is presented in Jenkins, Mundy and Fischbach,31 who note that cool, dry air is
much more dense than warm, moist air. Interestingly, the effect seen in all of the experiments listed
in Table 1 exhibit higher counts in the winter, when the air is ostensibly denser. If air density (as
a function of T, P, and RH) is higher in the winter due to the air being cooler and drier, then the
count rates of the charged particles should be lower in the winter due to the greater energy loss
as the β-particles interact with more gas atoms in the denser air, not higher. The transport of
photons across the small source-detector gaps will not be affected by air density at a level worth
considering. Furthermore, a detailed analysis utilizing MCNPX performed by our group31 supports
the above qualitative arguments, and thus refutes claims to the contrary by Semkow et al.29 that
the observed effects were strictly due to environmental influences on the detector systems.
The variety of detector systems helps to offset other possible environmental or systematic
influences as well, since there are no known systematic effects that would affect each of the different
systems in the same way. For instance, with the Geiger-Müller detectors, a single ionization can
cause an avalanche and ionize all of the gas that can be ionized within the entire tube, thus there is
no pre-amplifier or amplifier required. This eliminates the opportunity for shifting in the electronics
that would affect peak shape, or other similar properties of the system. One may reasonably draw
the conclusion that there are no systematic effects which would be likely to have caused these
periodicities. However, we can pursue that in yet another way.
Looking at the “Observed Effect” column in Table 1, we note there exists more than just an
annual frequency in seven of the twelve experiments. We note here that the “Observed Effects”
column list the frequencies discussed in the respective articles describing the experimental results
(in one case, the 54 Mn data that show an annual oscillation, the full frequency analysis has not
yet been performed, these are new data presented for the first time here, see Section 3). While
there may be other frequencies present in these experimental data sets, those analyses are not
available. What is important to remember, however, is that these frequencies are exhibited in
data that should not have any frequency structure at all. While it may be easier to discard an
annual frequency by attributing it to the change of the seasons, it is impossible to say the same
about an approximate monthly frequency (which appears in five of the experiments) or a roughly
semi-annual frequency (which appears in three, and two of those three also contained the monthly
frequencies). It is also not likely that one could offer a systematic explanation for the existence
Good descriptions of the 226 Ra decay chain and the equilibrium activities of a
Christmas37 and Chiste et al.38
a

226

Ra source are presented by

of those periodicities. Therefore, it is reasonable to look outside the local laboratory conditions,
making the solar influence certainly plausible.
3

New Results

In November 2008, our group began measuring 54 Mn again, taking continuous, 3600 s live-time
counts. The results of the measurement series are still preliminary, but we present an overview
here. Each of the counts in a 24-hour period were aggregated into one data point which represents
counts/day, then a 21-day sliding average centered on each point was calculated to smooth the
data set in order to show long-period oscillations more clearly. The results are shown in Figure
1. The presence of a frequency with a period of one year is obvious, as is the indication of some
shorter period frequencies. A detailed analysis will be presented in a forthcoming paper. This
annual frequency is also listed in the data presented in Table 1.
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Figure 1: 54 Mn decays measured at Purdue University. The 834.8 keV photon was measured with a 2-inch NaI
detector, and were taken continuously for 3600 seconds live time, then aggregated into counts/day. These integrated
counts were then undecayed (detrended), and normalized to the average of the series.

The presently accepted half-life of 54 Mn is 312.12(6) days,39 and from our data we have determined the half-life to be 310.881(2) days. Our data set contains 19,191 separate 3600 s live-time
counts over 877 days (2.81 half-lives) totalling 1.01×1011 measured decay events. What is curious
is that the χ2 /d.o.f of the weighted least-squares fit is 7.99, which is fairly large. However, after
examining the plot in 1, the fact that the data are not distributed randomly around the value 1.00,
and stray from that normalized value of 1, raises an interesting question: How does the half-life
vary in shorter segments of the entire set, which is a question similar to the one examined by
Siegert, Schrader and Shötzig25 for 152 Eu. We have calculated the half-life for each month of data
by performing a weighted least squares fit to an average of 664 data points per month, with the
√
N fractional uncertainty of each point varying from ∼ 0.03% at the beginning of the experiment
to ∼ 0.07% near the end. These monthly half-lives are shown in 2. The average χ2 /d.o.f for

each month’s fit was ∼ 1.3, which is a great improvement over the fit to the whole line. It is
easy to see that there is a fairly significant variability in the measured count rates. We measured
the environmental conditions in the laboratory (T, P and RH) and these were found not to vary
significantly, and also did not correlate with the variability in the measured count rates. A more
rigorous analysis is under way, the results of which will be available soon.
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Figure 2: Variation in the measured 54 Mn half-life, looking at one-month segments of the decay measurement series.
The half-life value√for each month was calculated by performing a weighted least squares fit to an average of 664 data
points, with the N fractional uncertainty of each point varying from ∼ 0.03% at the beginning of the experiment
to ∼ 0.07% near the end. The average χ2 /d.o.f for each fit was ∼ 1.3.

In light of all of this evidence, it seems clear that all of the possible, known systematic effects or
environmental effects are too small to have caused the oscillatory or other “non-random” characteristics in the data from the experiments listed in Table 1. Without question, more work needs to
be done in determining what the cause is, but based on all of the evidence presented by our group,
it appears that the most likely external influence at this time is the Sun. It is, therefore, our hope
that many new experiments will be undertaken by groups around the world to continue this work.
Even if the cause turns out to not be solar-related, identifying and understanding this effect will
have a broad impact across the world of science and technology related to nuclear decays.
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Einstein Equivalence Principle and Bose–Einstein condensates
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The behavior of a Bose–Einstein condensate in a homogeneous gravitational field is analyzed.
The trapping potential is an isotropic harmonic oscillator and the effects of the gravitational
field and of the zero–point energy on the condensation temperature are also considered. These
results are employed in order to put forward an experiment which could test the so called
Einstein Equivalence Principle.

1

Introduction

Gravity can be understood at the classical level as a purely geometric effect, i.e., the motion of
a free classical particle moving in a curved manifold is given by the Weak Equivalence Principle
(WEP) 1 . The introduction of additional interactions is done resorting to the so–called Einstein
Equivalence Principle (EEP) 1 . The present work addresses the behavior of a Bose–Einstein
condensate under the influence of a homogeneous gravitational field. The idea here is to consider
the possibility of testing the Einstein Equivalence Principle resorting to the temperature as the
parameter to be monitored. We will deduce the changes in the condensation temperature as a
consequence of the presence of a homogeneous gravitational field.
2
2.1

Condensation in a homogeneous gravitational field
Gas in a harmonic trap

In the experimental realm the condensation process does not resort to a gas within a container,
the trapping potential has a more sophisticated structure. Indeed, there are several kind of
traps, for instance magneto–optical traps (MOT), Optical traps (OT), etc. 2 . The mathematical
description of the available magnetic traps, at least for alkali atoms, is that the corresponding
confining potential can be approximated by a three–dimensional harmonic oscillator

m 2 2
U (x, y, z) =
w1 x + w22 y 2 + w32 z 2 .
(1)
2
We now consider the presence of a homogeneous gravitational field along the z–axis, hence,
the complete potential becomes

U (x, y, z) =


m 2 2
g 2  1 mg 2
w1 x + w22 y 2 + w32 z + 2
−
.
2
2 w32
w3

(2)

The energy eigenvalues are given by



1
1
1  1 mg 2
;
ε = }w1 nx +
+ }w2 ny +
+ }w3 nz +
−
2
2
2
2 w32

nx , ny , nz N.

(3)

The density of states is provided by

Ω(ε) =

ε+

mg
2w32

2
− }2 (w1 + w2 + w3 )
2}3 w1 w2 w3

.

(4)

This last expression allows us to calculate the average number of particles N and the change
in the condensation temperature Tc due to the presence of a non–vanishing homogeneous gravitational potential
Z ∞
Ω(ε)
1
dε + −1 βε0
N=
.
(5)
−1
βε
z e −1
z e −1
0
∆Tc = −

ζ(2) ∆µ
.
3ζ(3) κ

(6)
2

For our particular case the change in the chemical potential, ∆µ = −(0.456) mg
, namely,
2ωz2
the condensation temperature under the presence of a homogeneous gravitational field reads
Tc(g) = Tc(0) − (0.456)

mg 2
.
2κωz2

(7)

(g)

In this last expression Tc is the condensation temperature if there is a non–vanishing
(0)
gravitational field , whereas Tc denotes the condensation temperature without gravitational
field.
2.2

Conclusions

According to EEP, the temperature of a freely falling condensate, trapped by a harmonic oscillator, should be higher than the corresponding temperature if the condensate lies at rest with
respect to the surface of the Earth.
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MICROSCOPE INSTRUMENT SERVO-LOOPS AND DIGITIZATION
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MICROSCOPE is a fundamental physics space mission which aims at testing the Equivalence
Principle (EP) with an accuracy of 10−15 . The gravitational signal is measured precisely
on-board a drag-free microsatellite by a differential electrostatic accelerometer which includes
two cylindrical test masses made of different materials. The masses are servo-controlled along
their six degrees of freedom and the MICROSCOPE experiment takes advantage of this specific
configuration with 12 data channels. A major point concerns the digitization and computation
noise throughout the loop, which should be maintained negligible with respect to the physical
noise. This requires dedicated converters, filters and high frequency operations even if the EP
test is performed at frequency about 10−3 Hz.

1

The MICROSCOPE space mission

The MICROSCOPE space mission aims at testing the The Equivalence Principle (EP) expressed
by Einstein as a basis of its theory of General Relativity with the best accuracy ever reached
of 10−15 . This high accuracy can be achieved by taking profit of the minimized noise and the
non limited duration of the free fall in space. A 200 kg dedicated satellite is developed by
CNES within its MYRIAD program of micro-satellite. The Earth is the gravitational source of
the EP test and the satellite will be injected on a quasi circular (eccentricity < 5 × 10−3 ) and
heliosynchronous orbit, at an altitude around 720 km. The characteristics of the orbit ensure
thermal stability and a reduced correlation between the EP signal and the gravity gradient. The
duration of the mission is planned to be one year while the orbit period is about 6000 s.
The payload of the satellite is composed of two independent electrostatic differential accelerometers developed in our laboratory at Onera. Each differential accelerometer includes two
cylindrical test masses and measures the difference between the inertial accelerations of the two
masses. One accelerometer is composed of two different masses (platinum/titanium) to perform
the EP test and one is composed of two identical masses (platinum/platinum) to be used as a
reference. The mass and power budgets of the payload lead to 35 kg and 40 W.
The mass motions of the accelerometer are servo-controlled to follow the same orbit with
a precision better than 10−11 m. Each test mass is surrounded by a cylindrical electrode part

enabling the electrostatic actuation which forces the masses to remain concentric. Thus, the two
masses undergo the same gravity field and a difference between the electrostatic accelerations
applied to the masses will indicate an EP violation. The environment is maintained very steady
limiting any perturbation and the System of Control of Attitude and Acceleration (SCAA)
exploits the measurement of the accelerometer in order to make the satellite drag free along the
three degrees of freedom: the surface forces and torques applied on the satellite are countered
continuously by the thrust of the propulsion system.
2

The measurement process

The operation of the accelerometer is similar along the six axes and hereafter detailed along the
measurement axis which is the cylinder axis (X axis): when the mass moves along this axis, a
variation of the recovering surface appears leading to a difference of capacitance between the
mass and each electrode corresponding to an analog signal provided by the position detector.
This signal is numerized with a sampling frequency equal to 1027.96 Hz and processed by the
control loop laws in order to generate a voltage proportional to the acceleration of the sensor.
This voltage is amplified and applied to the electrodes in order to keep the mass at the center.
The output of the control laws, after being filtered and down-sampled to 4 Hz, is used by the
drag free system. The scientific measurement must have a better accuracy so it is picked up,
after filtering and down-sampling to 4 Hz, on the electrodes at the end of the loop in order to
get advantage of the loop gain on all electronics noise sources. The control laws, anti-aliasing
filters and down-sampling processes are implemented in an Interface Control Unit (ICU) far
away from the sensor core while the analogue electronics and the analogue to digital converters
must be close to the instrument sensor core to reduce electro-magnetic disturbances.
The anti-aliasing filters are at the order 5 and have cutoff frequency of 1 Hz for the scientific
measurement and either 2 Hz or 3.3 Hz for the drag-free channels, depending on the axes; they are
implemented as combinations of biquad filters which are defined as second-order recursive linear
−1 +b z −2
0 +b1 z
2
filters with transfer function H(z) = b1+a
−1 +a z −2 in the Z-domain. The usual implementation
1z
2
of the biquad filter with x as input and y as output corresponds to the differential equation:
y(n) = b0 x(n) + b1 x(n − 1) + b2 x(n − 2) − a1 y(n − 1) − a2 y(n − 2)

(1)

All the computations in the ICU are performed with 40 bits. In spite of this large number,
this leads to a computation error which is not negligible, especially because some intermediate
variable of the computation are only memorized with 32 bits instead of 40 bits in order to be
compatible with the hardware components. This latter error is amplified through the recursive
filter and becomes the dominant error. Considering the expected accuracy of the MICROSCOPE
EP test, we have demonstrated that the scientific X channel configuration with 40 bits for computation and memorization is required. For the drag free channels, fortunately the requirements
are less stringent. Therefore, in order to reduce the computation load by saving the variables
with 32 bits, an alternative algorithm which nullifies the amplification of the error through the
biquad has been developed. The corresponding difference equations are:
u(n) = (b0 − 1)u(n) + (b1 − a1 )u(n − 1) + (b2 − a2 )u(n − 2) − a1 u(n − 1) − a2 u(n − 2)
y(n) = x(n) + u(n)

(2)

The advantage of this implementation is that the recursive filter is applied on an intermediate
variable and therefore the amplification of the saving error through the filter does not concern
the output y any more. With this method, the computation noise in the SCAA channel is also
compatible with the specifications. Much care has been paid to verify the limitation of the
aliasing of the high frequency noise of the loops at the EP frequency because of the heterodyne
type detection of any violation signal in the experiment.

ELECTROSTATIC ACCELEROMETER WITH BIAS REJECTION FOR DEEP
SPACE GRAVITATION TESTS
B. LENOIR∗ , B. CHRISTOPHE∗ , S. REYNAUD†
∗
Onera – The French Aerospace Lab
29 avenue de la Division Leclerc, F-92322 Châtillon, France
†
Laboratoire Kastler Brossel (LKB), ENS, UPMC, CNRS
Campus Jussieu, F-75252 Paris Cedex 05, France

The trajectory of an interplanetary spacecraft can be used to test gravitation in the Solar System. Its determination relies on radio tracking and is limited by the uncertainty on
the spacecraft non-gravitational acceleration. But the addition of an accelerometer on board
provides another observable which measures the departure of the probe from geodesic motion.
Such a concept has been proposed for the OSS mission 3 which embarks the Gravity Advanced
Package 6 . This instrument, which is the focus of this article, is designed to make unbiased acceleration measurements 7 . This proposal is in line with the Roadmap for Fundamental Physics
in Space issued by ESA in 2010 4 . Indeed, there exist theoretical as well as experimental motivations to test gravitation in the Solar System. The fact that General Relativity is a classical
theory while the three other fundamental interactions have a quantum description suggests that
it is not the final theory for gravitation. From the experimental point of view, the existence of
“dark matter” and “dark energy” may be interpreted as the inability of General Relativity to
describe gravitation at cosmic scales 1 . And in the Solar System, the anomalous Pioneer signal 2,8
may be an experimental artifact as well as a hint of considerable importance for fundamental
physics 5 .
1

Presentation of the instrument

The Gravity Advanced Package is made of two subsystems: MicroSTAR, an electrostatic accelerometer which inherits mature technology developed at Onera, and the Bias Rejection System
used to rotate MicroSTAR with respect to the spacecraft around one axis. MicroSTAR measures
the non-gravitational acceleration of the satellite and the measurement noise is characterized by
the following power spectrum density 6 (for a measurement range of 1.8 × 10−4 m.s−2 ):
s

−1 
4
p
f
f
−11
−2
−1/2
Sn (f ) = K = 5.7 × 10
+
.
(1)
m.s .Hz
× 1+
4.2 mHz
0.27 Hz
Thanks to the Bias Rejection System, which rotates the accelerometer of a monitored angle
called θ, the quantities measured along the orthogonal axis y and z of the accelerometer are
(assuming that there is no quadratic terms and the gain of the instrument is perfectly known)

my = [cos(θ)aY + sin(θ)aZ ] + by + ny
(2a)
mz = [− sin(θ)aY + cos(θ)aZ ] + bz + nz

(2b)

with aν (ν ∈ {Y ; Z}) the components of the acceleration in the reference frame of the spacecraft,
by and bz the bias of MicroSTAR on each axis, and ny and nz the measurement noise.
2

Signal processing

Assuming that N measurements are made with a time step δt, there are 4N unknowns in
equations (2) and only 2N measurements. Calling x the column vectors whose components
are the values of x at each sampling time and using the linearity of the equations, it is however
possible to retrieve from the measurements the values of the projection of aY and aZ on a vector
subspace defined by the columns of the matrix Va ∈ MN,pa (pa < N ). If
Va 0 Λν bκ = 0, with ν ∈ {c; s} and κ ∈ {y; z}.
where Λc = diag[cos(θk )] and Λs = diag[sin(θk )] (k ∈ ||1; N ||), then
 0
Va aY = Va0 Λc my − Va0 Λs mz
Va0 aZ

=

Va0 Λs my

+

Va0 Λc mz

(3)

(4a)
(4b)

Assuming that the bias on each axis also belongs to a subspace defined by the matrix Vb , is is
possible to design pattern for the rejection angle θ which fulfills conditions (3). This signal has
a period called τ .
In addition to retrieving the unbiased non-gravitational acceleration of the spacecraft, this
method allows characterizing the uncertainty on the demodulated quantities Va0 aY and Va0 aZ ,
given MicroSTAR noise power spectrum density (cf. eq. (1)). Assuming that Va ∈ MN,1 (R)
and |Va | = 1, the precision on the quantities Va0 aY and Va0 aZ is given by 7
 
Z 1
2δt
1
1
|Fδt {Λc Va }(f )|2 + |Fδt {Λs Va }(f )|2
df ≈ Sn
(5)
Sn (f )
2
δt
τ
τ
− 1
2δt

where Fδt is the Discrete Time Fourier Transform. One has to notice that the noise is selected,
as expected, at the modulation frequency 1/τ .
3

Experimental validation

This demodulation scheme will be validated experimentally at Onera using a pendulum. A
control loop allows controlling its inclination to the 10−9 rad level. It is possible to incline it at
a known angle in order to simulate an external acceleration. On this pendulum, an accelerometer
is mounted on a rotating stage. There are two goals for this experiment :
– Validate the demodulation scheme by showing that it properly separates the bias from the
signal of interest allowing to make unbiased acceleration measurements.
– Verify the value of the uncertainty on Va0 aY and Va0 aZ predicted by equation (5).
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Lorentz invariant phenomenology of quantum gravity: Main ideas behind the
model
Yuri Bondera
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México
A. Postal 70-543, México D.F. 04510, México
In the past decade the phenomenology of quantum gravity has been dominated by the search
of violations of Lorentz invariance. However, there are very serious arguments that led us
to assume that this invariance is a symmetry in Nature. This motivated us to construct a
phenomenological model describing how a Lorentz invariant granular structure of spacetime
could become manifest. The proposal is fully covariant, it involves non-trivial couplings of
curvature to matter fields and leads to a well defined phenomenology.

General relativity is currently the accepted theory of spacetime and gravity and its quantum
version, which is still unknown, could involve a discrete structure of spacetime at microscopic
(Planckian) scales. This non-trivial microstructure is generically known as spacetime granularity
and the idea of studying its consequences empirically through Lorentz invariance violations
(i.e., by looking for a preferential reference frame) has received a great deal of attention. This
is essentially because a naive granularity would take its most symmetric form in a particular
reference frame. However, there are very serious experimental bounds on Lorentz invariance
violations1 and, moreover, the radiative corrections of a quantum field theory on a granular
background that induces a preferential frame would magnify the effects of this granularity to a
point where they would have been already detected2 .
This motivates us to assume that, if a spacetime granularity exists, it respects Lorentz
invariance and we investigate if there is a phenomenological way to study its consequences. Since
there is no intuitive way to imagine a discrete structure of spacetime which is Lorentz invariant,
the proposal3 is to use an analogy: Imagine a building made of cubic bricks and having, say, a
pyramidal shape. Then it is possible to detect the incompatibility between the bricks and the
building symmetry, for example, by looking the mismatch at the building’s surface. Given that
we assume that the symmetry of spacetime’s building blocks is Lorentz invariance, according to
the analogy, in regions where spacetime is not Lorentz invariant, namely, where the Riemann
curvature tensor (Rabcd ) does not vanish, it would be possible to detect the presence of this
granularity. In other words, this analogy led us to assume that a Lorentz invariant spacetime
granularity could manifest through couplings of matter and Rabcd .
For simplicity we only focus on fermionic matter fields (ψ) and since the Ricci tensor at x
is determined by the matter energy-momentum tensor at x, to study a coupling of Ricci and
the matter fields, at a phenomenological level, looks like a self-interaction. Thus we consider
the Weyl tensor (Wabcd ) which, loosely speaking, is Rabcd without Ricci. In addition, in order
a
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to produce an effect that it is observable in principle, the Lagrangian coupling term involving
Wabcd and fermionic matter fields should have mass dimensions five (we set c = h̄ = 1) so there
is no need to divide it by more than one power of a mass which is taken to be proportional to
Planck mass MP l . Since the only coupling term of these objects with dimension five vanishes3 ,
(s)
an alternative is sought. The idea is to use λ(s) and the (dimensionless) 2-forms Xab such that
(s)

(s)

Wab cd Xcd = λ(s) Xab .

(1)

Observe that s labels the different eigenvalues and eigen-forms of the Weyl tensor and it runs
from 1 to 6. The first interaction Lagrangian (for one fermionic field) to be proposed3 is
Lf = ψ̄γ a γ b ψ

X ξ (s)
s

MP l

(s)

λ(s) Xab ,

(2)

where ξ (s) are free dimensionless parameters and γ a are Dirac matrices. Note that this interaction
is fully covariant, however, it suffers from some ambiguities which have been cured3,4 and that
are briefly described:
• Normalization: The norm of the Weyl tensor’s eigen-forms is not set by equation (1),
thus, an additional condition to fix it must be given. The proposal is to use a pseudoRiemannian metric on the space of 2-forms that can be constructed from spacetime metric3 .
The null eigen-forms are discarded since there is no way to normalize them, the rest are
normalized to ±1.
• Degeneration: The symmetries of the Weyl tensor imply that there is an unavoidable
degeneration on all its eigen-forms. In fact, if we denote the spacetime volume element by
abcd , a generic eigen-form of the Weyl tensor, Xab , has the same eigenvalue as ab cd Xcd .
Thus, one needs a criteria to discriminate between all the linear combinations of the
degenerated 2-forms. The suggested alternative is to use the linear combinations Yab
satisfying abcd Yab Ycd = 0.
• Sign: Equation (1) and all the conditions listed above are insensible to the substitution
of any Weyl eigen-form, Xab , by −Xab . Essentially, we have solved this ambiguity by
introducing a new coupling term which is quadratic in the eigen-forms.
Finally, let us remark that, using the formalism of the Standard Model Extension5 and other
approximations, we have been able to obtain the non-relativistic Hamiltonian coming from this
model which can be compared with experiments. Since only polarized matter is sensible to the
effects predicted by the model, it is difficult to test it empirically, however, using data of Canè
et al.6 we have put bounds on some of the model’s free parameters4 .
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TOWARDS AN ULTRA-STABLE OPTICAL SAPPHIRE CAVITY SYSTEM
FOR TESTING LORENTZ INVARIANCE
M. NAGEL and A. PETERS
Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15,
12489 Berlin, Germany
We present a design for an ultra-stable cryogenically cooled sapphire optical cavity system,
with fractional frequency stability better than 1 × 10−16 at one second integration time. We
plan to use such ultra-stable cavities to perform a test of the isotropy of light propagation at
the 10−20 level.

1

Motivation

Many experimental and technical applications, e.g. optical atomic clocks, demand ultra-stable
cavity systems for laser frequency stabilization. Nowadays, the main limiting factor in frequency
stability for room temperature resonators has been identified to be the displacement noise within
the resonator substrates and mirror coatings due to thermal noise. Different approaches are being
proposed right now to lower the influence of thermal noise, such as using higher order modes,
longer cavities, or new types of coating materials. A straightforward method is to cool down
the resonators to cryogenic temperatures. Following this approach, we will set up an advanced
cryogenic optical resonator system using specially designed sapphire cavities with the goal to
reach a relative frequency stability of better than 1 × 10−16 up to long integration times.
2

Next Generation Cryogenic Optical Cavity System

Two normally opposing requirements need to be matched in designing a cryogenic resonator
and its mounting structure: high thermal conductivity towards the liquid helium bath and low
mechanical coupling of the optical path length to vibrations. We used FEM computations to
optimize the design of a resonator made of sapphire which reduces the influence of vertical and
horizontal vibrations and at the same time features large thermal contact areas for the mounting
structure (see Figure 1).
Calculations on the shot noise and thermal noise level show that the theoretical frequency
stability at a temperature of 4.2K is in total an order of magnitude better than the best ever
value obtained with an optical resonator system (see Figure 1). We will also implement novel
measures to enhance the long term performance of the optical cavity system in order to maintain
the potential relative frequency stability below 1 × 10−16 up to long integration times.
As a future perspective, we plan to exchange the Ta2 O5 /SiO2 mirror coatings, which are the
thermal noise limiting source for these cryogenic optical sapphire resonators, with monocrystalline coatings composed of Alx Ga1−x As.1 Those crystalline coatings will further reduce the
stability limiting effects of thermal noise by more than an additional order of magnitude.

Figure 1: Left: Comparison of measured and predicted rel. freq. stability of the best room temperature (ULE,
Young et. al [NIST 1999] green line and Jiang et. al [NIST 2010] orange line) and proposed cryogenic optical
resonators (CORE, black line). The dashed lines show the theoretical thermal noise limit. Upper Right: Sketch
of an optimized design for a CORE. Lower Right: FEM simulation of vertical vibration (gravitational) induced
bending (deformation scaled up by a factor of 1010 ).

3

Testing Lorentz Invariance

We plan to use the ultra-stable cavities to perform a laboratory-based test of Lorentz invariance
- a basic principle of the theories of special and general relativity. While both theories developed
by Einstein play an integral part in modern physics and in today’s ordinary life, there have been
claims that a violation of Lorentz invariance might arise within a yet to be formulated theory
of quantum gravity.
The cavities will be arranged in a Michelson-Morley configuration and continuously rotated
with a rotation period between 10s and 100s for more than one year using a custom-made highprecision low noise turntable system made of granite. The sensitivity of this setup to violations
of Lorentz invariance should be in the 10−19 to 10−20 regime. This corresponds to more than a
100-fold improvement in precision of modern Michelson-Morley type experiments.2
Furthermore, ultra-stable cryogenic microwave whispering gallery resonators will be added
to the experiment in collaboration with the University of Western Australia. With this corotating microwave and optical resonator setup we will be able to search for additional types of
Lorentz violating signals.
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THE SEARCH FOR PRIMORDIAL GRAVITATIONAL WAVES WITH Spider:
A BALLOON-BORNE CMB POLARIMETER
CAROLINE CLARK FOR THE Spider COLLABORATION
Theoretical Physics, Blackett Laboratory,
Imperial College London, SW7 2AZ, England
Spider is a balloon-borne experiment designed to measure the polarisation of the cosmic
microwave background (CMB) with high sensitivity in order to probe the energy scale of
inflation. The flight is planned for the Austral summer of 2012-2013. The main aim of the
experiment is to measure large-scale polarisation of the CMB in an attempt to detect the
amplitude of primordial gravitational waves. Spider should detect their imprint in the CMB
if the tensor-to-scalar ratio, r, is greater than 0.03. This requires minimisation of a variety of
systematic effects and the development of powerful analysis techniques.

1

Polarisation

Both E-mode and B-mode polarisation is produced by gravitational waves from inflation, while
density perturbations only produce E-mode polarisation. Thus the search for B-modes is important in determining whether inflation occurred. Measurement of the ratio of the tensor-to-scalar
power spectra, r, would tell us the energy scale of inflation and restrict allowed inflationary
models. Spider will be able to detect primordial gravitational waves if r > 0.03. Noise thresholds for WMAP, Planck and Spider overplotted on the theoretical BB power spectra can be
seen in Figure 1.
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per multipole (including both statistical noise and sample variance) for the three surveys, superimposed on the same theory spectra. The curves for WMAP and Planck are derived from a simple
Fisher analysis. For Spider, the Fisher errors are corrected for instrumental effects using ensembles of time domain simulations that include the scan strategy, noise correlations and stationarity
boundaries. It is possible that foreground emission will limit Planck’s measurement of the low-!
BB bump induced by reionization. The line for Spider has been truncated at a multipole of ten

2

The Experiment

Spider will map approximately 10% of the sky with degree-scale resolution in three frequency
bands: 90, 150 and 280GHz. This complements Planck by measuring at slightly smaller scales
where polarised foregrounds are expected to present less of a problem.
The primary goals of Spider are the search for the primordial gravitational wave background
through measurement of CMB polarisation and the characterisation of polarised Galactic foregrounds. The combination of Planck and Spider data will break degeneracies between various
cosmological parameters, as shown in Figure 2.
The flight plan for Spider is a Long Duration Balloon (LDB) flight of about 30 days, from
McMurdo, Antarctica during the Austral summer 2012-2013.
The size of datasets for current CMB experiments has outpaced the scaling of computational
power predicted by Moore’s law. Spider’s Time Ordered Data (TOD) will be about 5 times
larger than that of Planck HFI due to a combination of fast scanning, large arrays of detectors
and a long duration flight.
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of r = 0.12, corresponding to a slow roll m2 φ2 inflation. The addition of the Spider data with Planck
HFI powerfully constrain the (r, ns , τ ) parameter space.
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our ability to measure either the E or B mode signals at large angular scales; accurate treatment of foregrounds within the analysis is thus of primary importance.
These WMAP data provide accurate polarimetry of the synchrotron emission, which
probesReferences
the structure of the galactic magnetic field and the nature of the interstellar medium
(ISM). Spider will enable new galactic science by providing a deep survey of the high latitude polarized dust emission in the southern sky. These will complement existing fullSpider synchrotron
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to polarized synchrotron emission, and Planck, which will precisely measure the spectral energy
density of the intensity of the dust component. To these data, Spider will add excellent
sensitivity to the polarization of the thermal dust emission at high latitudes, where the
models of the interstellar medium are most simply applied. Planck’s frequency bands,
centered at 100, 143, 217 and 353 GHz, are chosen to optimize the instrumental sensitivity
to the Sunyaev-Zel’dovich effect. Spider’s 280 GHz band bridges the gap in Planck HFI’s
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STRONG LENSING SYSTEM AND DARK ENERGY MODELS
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Presently accelerating phase of cosmic expansion is a fundamental challenge to physics and
cosmology. Cosmological concordance model (ΛCDM) although in agreement with a variety
of data is not a fully satisfactory solution. There is very little theoretical guidance in which
direction beyond ΛCDM should one go. One approach is to use very general phenomenology
and look at the data for the evidence of evolving cosmic equation of state or the support for
the contrary claim. Therefore every alternative cosmological test becomes valuable on its own.
Strong gravitationally lensed systems create opportunity to test cosmological models of dark
energy in a way alternative to Hubble diagrams (from SNIa or GRBs), CMBR or LSS.

1

Standard rulers versus standard candles

In this paper we would like to present our latest result concerning joint analysis involving data
coming from standard rulers and standard candles, done on five contemporary cosmological
scenarios. First part of our diagnostic tools makes use of the angular diameter distance, the
rest use the luminosity distance. These are two distance concepts which, although theoretically
related to each other, have clearly different systematic uncertainties and different parameter
degeneracies. Hence their joint analysis is more restrictive in the parameter space.
As standard rulers we used in first place strong lensing systems, namely a combined sample
of n = 20 constituents with good spectroscopic measurements of central dispersions from the
SLACS 1 and LSD 2 surveys. Summary of data is given in Table 1 of paper 3 . In a method used
here cosmological models enter through a distance ratio, so results are independent of Hubble
constant value. We also used CMBR and Barion Acoustic Oscillation (BAO) data. The socalled shift parameter R, related to the position of the first acoustic peak in the power spectrum
of CMBR is adopted from recent results of WMAP7 4 . Convenient BAO scale measurement,
often quoted in the form of distance parameter A, is an observable, well constrained by data at
redshift z = 0.35. Its current value is taken from 5 . Data from supernovae Ia falls into category
of standard candles. We use here the set of n = 556 supernovae 6 , known as Union2 compilation.
We considered five cosmological scenarios of dark energy, widely discussed in current literature. These are ΛCDM , Quintessence, Chevalier-Polarski-Linder model, Chaplygin gas and
Braneworld scenario. Models are parameterized by present density of matter Ωm and coefficients
in the effective equation of state of dark energy. Values are estimated by minimizing appropriate
Chi-square function (for details see 3,7 ).

Table 1: Fits to different cosmological models from combined standard rulers data (R+BAO+Lenses).

ΛCDM
Quintessence
Chevalier-Polarski-Linder

Chaplygin Gas

Braneworld

Ωm = 0.273 ± 0.018
Ωm = 0.262 ± 0.035
w = −1.066 ± 0.188
Ωm = 0.276 ± 0.055
w0 = −0.824 ± 0.704
wa = −0.757 ± 2.148
Ωm = 0.273 ± 0.018
A = 1.000 ± 0.001
α = −0.040 ± 2.260
Ωm = 0.345 ± 0.021

χ2 = 63.961
χ2 = 63.829
χ2 = 63.961

χ2 = 63.961

χ2 = 72.697

Table 2: Joint fits from combined standard rulers data and standard candles (Union2 sample).

ΛCDM
Quintessence
Chevalier-Polarski-Linder

Chaplygin Gas

Braneworld
2

Ωm = 0.274 ± 0.014
Ωm = 0.274 ± 0.014
w = −1.004 ± 0.048
Ωm = 0.274 ± 0.014
w0 = −0.989 ± 0.124
wa = −0.082 ± 0.621
Ωm = 0.274 ± 0.014
A = 1.000 ± 0.004
α = −0.112 ± 1.282
Ωm = 0.267 ± 0.013

χ2 = 727.610
χ2 = 727.603
χ2 = 727.584

χ2 = 727.610

χ2 = 777.676

Results

Results are presented in tables. The best fits we obtained for the model parameters in joint
analysis turned out to be in agreement with corresponding joint analysis performed by other
authors on different sets of diagnostic probes. However, this approach cannot tell us which
model is the best. These sort of questions can be answered, in the simplest form, with the
aid of information-theoretic criteria like the Akaike Criterion (AIC) and Bayesian Information
Criterion (BIC). Effects of such consideration are presented in our paper 7 .
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CONSTRAINTS ON A MODEL WITH EXTRA DIMENSIONS FOR THE
BLACK HOLE AT THE GALACTIC CENTER
A.F. ZAKHAROV
Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia
Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna,
Russia
Different ways to find signatures of extra dimensions are discussing in the literature. If the
Randall–Sundrum II braneworld scenario is adopted then a metric of black holes may be
different from a standard one and the Schwarzschild metric has to be changed with the Reissner
– Nordström metric with a tidal charge. The model may be applied for the black hole at the
Galactic Center. Since the Schwarzschild and Reissner – Nordström metrics are different for
a significant charge one can expect that geodesics of bright stars near the black hole and their
observed fluxes may be different for these metrics due to a difference in gravitational lensing.
Therefore, a deviation from the Schwarzschild case flux may be measured for a significant
charge and the signature of extra dimensions may found. However, as a theoretical analysis
shows that a tidal charge has to be very close to zero and a suggested charge value which
may lead to measurable flux deviations for S2 like stars (or their essential displacements or
astrometrical lensing) is not consistent with observational constraints on a shadow size.

Theories with extra dimensions admit astrophysical objects (supermassive black holes in
particular) which are rather different from standard ones. There were proposed tests which may
help to discover signatures of extra dimensions in supermassive black holes since the gravitational
field may be different from the standard one in the GR approach. So, gravitational lensing
features are different for alternative gravity theories with extra dimensions and general relativity.
Recently, Bin-Nun [1, 2, 3] discussed an opportunity that the black hole at the Galactic Center
is described by the tidal Reissner– Nordström metric [4] which may be admitted by the Randall–
Sundrum II braneworld scenario. Bin-Nun suggested an opportunity of evaluating the black hole
metric analyzing (retro-)lensing of bright stars around the black hole in the Galactic Center.
Doeleman et al. evaluated a minimal size of a spot for the black hole at the Galactic Center [5].
According to a theoretical consideration and simulations a minimal size of spot practically has
to coincide with the shadow size [6, 7, 8].
Measurements of the shadow size around the black hole may help to evaluate parameters
of black hole metric [9, 10]. Another opportunity to evaluate parameters of the black hole is
an analysis of trajectories bright stars near the Galactic Center [11]. We derive an analytic
expression for the black hole shadow size as a function of charge for the tidal Reissner– Nordström metric. We conclude that observational data concerning shadow size measurements are
not consistent with significant negative charges, in particular, the significant negative charge
Q/(4M 2 ) = −1.6 (discussed in [1, 2, 3]) is practically ruled out with a very probability (the
charge is roughly speaking is beyond 9σ confidence level, but a negative charge is beyond 3σ
confidence level).

It is known that a Reissner–Nordström metric cross-section for photons is described by the
following relation [10, 12]
p
(8q 2 − 36q + 27) + (8q 2 − 36q + 27)2 + 64q 3 (1 − q)
l=
,
(1)
2(1 − q)
where ξ 2 = l, Q2 = q (ξ and Q are impact parameter and the black hole charge in M units, M
is the black hole mass). If q = 0, we obtain the well-known result for the Schwarzschild metric,
namely l = 27. If we consider the extreme Reissner–Nordström metric (q = 1) then l = 16. A
tidal charge corresponds generally to a negative q or to imaginary Q values.
We could apply these relations for the black hole at the Galactic Center assuming that the
black hole mass is about 4 ∗ 106 M¯ and a distance toward the Galactic Center is about 8kpc. In
this case a diameter of shadow is about 52 µas for the Schwarzschild metric and about 40 µas
for the extreme Reissner–Nordström metric.
Doeleman et al. evaluated a size of the smallest spot near the black hole at the Galactic
Center such as 37+16
−10 microarcseconds at a wavelength of 1.3 mm with 3σ confidence level [5].
Theoretical analysis and observations show that the size of shadow can not be smaller than a
minimal spot size at the wavelength [6, 7, 8, 9, 10]. Roughly speaking, it means that a small
positive q is consistent with observations but a significant negative q is not. For q = −6.4 (as it
was suggested by Bin-Nun [1, 2, 3]) we have a shadow size 84.38 µas. It means that the shadow
size is beyond of shadow size with a probability corresponding to a deviation about 9σ from an
expected shadow size. Therefore, a probability to have so significant tidal charge for the black
hole at the Galactic Center is negligible. So, we could claim that the tidal charge is ruled out
with observations and corresponding theoretical analysis.
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Cosmological and solar-system constraints on tensor-scalar theory with chameleon
effect
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General Relativity (GR) passed all solar system tests until now. However, cosmological observations are not directly compatible with GR and the standard model of elementary particles. A
way of modifying gravity at large scale without doing any modification at solar system scale is
achieved by the so-called Chameleon mechanism 1,2 . This mechanism appears in tensor-scalar
theories of gravity with massive scalars. In this communication, we explore the sensitivity of
chameleon mechanism by constraining its parameters by cosmic acceleration on cosmological
scales and solar system constraints on small scales. This combined analysis will shed new light
on the question whether modified gravity can be safely invoked to solve cosmological problems
without any contradiction on Solar System scales.

1

Model

The model considered here is the one proposed by Khoury and Weltman 1,2 i.e. a tensor-scalar
theory of gravitation with a runaway potential V (φ) (with c = 1):
S=

Z

"

#

m2p
m2p
R−
∂µ φ∂ µ φ − V (φ) + SM (Ψm , A2 (φ)gµν )
d4 x −g
16π
2
√

(1)

where R is the scalar curvature, mp is the Planck mass (m2p = 1/G) and A(φ) is a coupling
function here given by A(φ) = ekφ .
The action (1) is expressed in the so-called Einstein frame. This frame is useful for doing
calculations but all the physical interpretations are easily done in the Jordan frame where
matter is universally coupled to the metric g̃µν = A2 (φ)gµν 3,4 . Quantities expressed in Jordan
frame are noted with a tilde and are directly observable.
The chosen potential is a Ratra-Peebles potential 5 parametrized by 2 constants α and Λ
Λ4+α
V (φ) = m
α φα .
p

2

Cosmological evolution and constraints

Fields equations have been derived by introducing a Friemann-Lemaitre-Robertson-Walker Einsteinframe metric (ds2 = −dt2 +a2 (t)dl2 ) and by replacing the Einstein frame matter density/pressure
by the observable one (expressed in Jordan frame 3,4 : ρ = A4 (φ)ρ̃, p = A4 (φ)p̃).
By integrating the field equations, it can be seen on Fig. 1 that the universe acceleration
is mainly explained by the potential (in green), although a significant contribution from non
minimal coupling is present (in red).
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Figure 2: Thin-shell parameter ǫ for α = 0.5

A likelihood analysis has been performed on SNe Ia measurements (with the UNION dataset 6 ).
Each model is characterized by 3 parameters: k, α and Ω̃m0 (the actual matter density). The
2σ confidence region has been derived on Fig. 3. The area of the confidence region decreases
when k increases and high coupling constants are excluded from the 1σ confidence region but
accepted in the 2σ region.
3

Solar-systems constraint

The static spherical solution of equations deriving from action (1) representing the Sun has been
derived by Khoury and Weltman 1 and by Tamaki and Tsujikawa 7 . The key parameter is the
thin-shell parameter ǫ 1,2 . If ǫ << 1, the effective scalar charge is reduced kef f = 3ǫk. The
1−kk f
). If ǫ >> 1,
γ PPN parameter can be in principle close to 1 even if k is not small (γ = 1+kkef
ef f
there is no scalar charge reduction and the theory is equivalent to Brans-Dicke with kef f = k
and the current boundary 8 on γ implies k2 < 10−5 . For model within the 2σ cosmological
confidence region, ǫ >> 1 (see Fig. 2) which means that this version of the chameleon effect can
not be invoked to explain the gravity difference at small and large scales. More work taking
into account higher order non-linearities in the scalar field are needed to go beoyond the present
conclusion.
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The proposed space mission STAR (SpaceTime Asymmetry Research) aims for significantly
improved tests of fundamental space-time symmetry and the foundations of special and general relativity. A series of missions is planned where the first mission focuses on a KennedyThorndike experiment. Later missions will additionally carry out Michelson-Morley experiments as well as precision measurements of gravitational redshift and Local Position Invariance. STAR targets an improvement of at least two orders of magnitude compared to previous
experimental accuracy on ground.

The SpaceTime Asymmetry Research (STAR) program is a planned series of three missions
testing special and general relativity. It is an international cooperative effort of teams with
very strong background in experimental tests of relativity, their theoretical description and
advanced space technology; the mission lead is carried out by Stanford University (USA). The
first mission will perform a Kennedy-Thorndike (KT) experiment and measure the constancy
(velocity invariance) of the speed of light to one part in 1019 and derive the KT coefficient of
the Mansouri-Sexl test theory to 7 · 10−10 . The experiment will be carried out by comparing an
absolute reference (baseline: a laser frequency stabilized to a transition in molecular iodine) with
a highly stable resonator made e.g. from ULE (ultra low expansion) glass ceramics. Due to an
orbital velocity of 7 km/s the sensitivity to a boost dependent violation of Lorentz invariance as
modelled by the KT term in the Mansouri-Sexl test theory or a Lorentz violating extension of the
standard model (SME) will be significantly enhanced as compared to Earth based experiments.
Additional enhancement is obtained by low noise space environment. An overall improvement
by a factor of approx. 100 – compared to current Earth-based experiments – is the goal.
The STAR mission program addresses three major goals: (i) perform tests of fundamental
physics, (ii) develop small satellite and advanced instrumentation technology, and (iii) educate
future scientists and engineers. A 180 kg small attitude, vibration and temperature controlled
satellite is used as foundation for all three STAR missions. The power consumption of the
whole spacecraft will be less than 185 W. The launch of STAR1 is foreseen for january 2018,
the follow-on missions will be flown with an overlap with the previous mission by two to three
years. The proposed orbit for STAR1 is a 650 km circular sun-synchronous orbit with a 2 year
mission lifetime.
STAR1 Payload Concept
STAR1 will utilize an ultrastable molecular Iodine clock and crossed ULE cavities with a finesse
> 100.000. Both clocks require a minimum frequency stability of 9 · 10−16 at the orbit time of
5800 s. The cavities will be placed in an ultra-stable thermal environment with ∼ 1 µK stability
using a six-stage thermal isolation system with active and passive control. Both clocks are
realized in redundancy (2 molecular clocks and 4 cavities) mainly using commercially available
components with high TRL for reducing risk and keeping costs low. The setup is fiber-coupled
and realized in a modular configuration.
The four cavities are made out of one ULE block with a coefficient of thermal expansion of
∼ 10−9 K−1 within the operating temperature range 10 to 20◦ C. The four cavities are realized as
two pairs of crossed cavities which are stacked such that the cavity axes of one pair are rotated
by 45 degrees with respect to the other pair. This enables the investigation of systematic effects.
The molecular clock is based on modulation transfer spectroscopy (MTS) of hyperfine transitions in molecular Iodine near 532 nm. The optical setup will be realized using thermally and
mechanically highly stable materials such as Zerodur or ULE in combination with an appropriate
assembly-integration technology.
The proposed baseline laser for STAR1 is an NPRO-type Nd:YAG laser at a wavelength of
1064 nm which is commercially available in a space qualified version providing output powers up
to 1.5 W in combination with a space qualified fiber amplifier. For the frequency stabilization
to Iodine, a frequency doubling of the laser to 532 nm with an output power of ∼ 20 mW is
required.

ON THE MAXIMUM MASS OF DIFFERENTIALLY ROTATING NEUTRON
STARS
A. Snopek1 , D. Gondek-Rosinska1 , I. Kowalska2, L. Villain3 , M. Kucaba1 , M. Szkudlarek1 , M. Ansorg4
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A binary neutron star merger leads to the formation of a massive differentially rotating neutron
star (or strange star) or to the prompt collapse to a black hole. The gravitational wave signal
should tell us whether a massive neutron star or a black hole is formed and should allow to
put constraints on the (hot) neutron star equation of state. We study the effect of the degree
of differential rotation and of the stiffness of the equation of state on the maximum mass of
neutron stars. We numerically construct stellar models using a highly accurate relativistic
code based on a multi-domain spectral method (Ansorg, Gondek-Rosinska, Villain, 2009). We
find various types of configurations, which were not considered in previous works, mainly due
to numerical limitations. Among other results, we obtain the largest increase of the maximum
mass for moderately stiff equation of state and for these new types of solutions.

1

The maximum mass of neutron stars

For a given equation of state (EOS), the maximum mass (Mmax,stat ) of non-rotating neutron
stars (NSs) is uniquely determined by the Tolman-Oppenheimer-Volkoff equations and is found
to be in the range 1.5-2.5 M⊙ . It was shown that rotation allows this maximum mass to be
17%-20 % larger for rigidly rotating NSs (Cook et al., 1994) and 34% larger for strange stars
(Gondek-Rosinska et al., 2000; Gourgoulhon et al., 1999). It was also found that differential
rotation can be much more efficient in increasing (by more than 60%) the maximum allowed
mass, especially for moderately stiff EOSs (Baumgarte et al., 2000; Lyford et al., 2003).
2

Equation of state and rotation law

We construct relativistic models of differentially rotating NSs for broad ranges of the degree of
differential rotation and of the maximal mass density (ρmax ). We assume a polytropic EOS,
P = Kργ , where P is the pressure, ρ the mass density, K = 1 the polytropic constant and γ
the polytropic index. We consider EOS with three different indices (and consequently stiffness):
soft (γ = 1.5), moderately soft (γ = 2) and stiff (γ = 3), in order to study both the effect of the
stiffness of the EOS and of differential rotation on the maximum mass. We adopt the rotation
law introduced by Komatsu et al. (1989) which is parametrized by Ωc , the angular velocity on
the rotation axis, and by a parameter R0 , which measures the degree of differential rotation.
We rescale R0 in terms of the equatorial radius Re and use A−1 = Re /R0 (for rigid rotation
R0 → ∞ and A−1 = 0). Hence, the higher A−1 , the higher the degree of differential rotation.

3

Results and conclusions

Following Baumgarte et al. (2000), for given EOS and A−1 we construct sequences of fixed
maximal mass density (in the range 0.01 to 0.6) parametrized by the ratio of the polar to the
equatorial radius r = Rp /Re . Then for each sequence we look for the maximum mass and finally
for the maximum of those maxima. Four types of sequences turn out to be useful to define.
From A−1 = 0 up to a first threshold value A−1 = AA , we find only one type of spheroidal
stars (so called type A). For A−1 > AA but smaller than a critical value AC (which depends
on ρmax and on the EOS), we find types A or B sequences of differentially rotating stars.
For A−1 > AC only types C or D stars exist. All types of solutions are described below (see
Ansorg, Gondek-Rosinska & Villain 2009 for details):
- type A start at a static and spherical body and end at the mass-shedding limit. They exist
for all considered EOSs;
- type B start at the mass-shedding limit and terminate at r = 0 if we restrict calculations to
configurations with a spheroidal topology. They exist only for r < 0.3;
- type C start at a static and spherical body and end at r = 0 (for spheroidal topology);
- type D both start and end at the mass-shedding limit and exist for a very narrow range of
A−1 . We shall not consider this type in our paper.
In the literature only type A and type C (with some limitations) sequences were considered.
For small polytropic index (γ = 1.5) we don’t find type B or C sequences, up to A−1 = 2,
while for moderate and stiff EOSs (γ = 2 and 3), all types mentioned above exist.
We find that differential rotation is very effective in increasing the maximum mass. Independently on the stiffness of the EOS the value of Mmax,rot /Mmax,stat is a decreasing function of
A−1 for sequences of type B and C and an increasing one for type A. The largest increase of the
maximum mass is for the polytropic EOS with γ = 2 and for type B and C sequences of stars.
The maximum value of the ratio is 4 reached at A−1 ∼ 0.4 for type B and 2.55 at A−1 ∼ 0.8 for
type C. For type A, the maximum value of the ratio is obtained for γ = 2 at A−1 ∼ 0.7, and
γ = 3 at A−1 ∼ 0.4. In both cases the maximal masses are larger than the maximum mass of
the corresponding nonrotating star by over 70%. This confirms the results of Baumgarte et al.
(2000) and Lyford et al. (2003).
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Measurement of slow gravitational perturbations with gravitational wave
interferometers.
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Moscow, Russia
Measurement of quasistatic gravity field variations using data of laser gravitational wave
interferometers is discussed. New method of taking data at the free spectral range frequency
is analized besides a direct read out the mirror correction voltage. Calculated values of
geophysical signals are compared with observation at the LIGO interferometer.

Geophysical measurements as a by-product of GW interferometers were discussed early in
papers 1,2,3 Such possibility arises because there is no a seismic and gravitational isolation of the
interferometer test mass-mirrors at very low (quasi static) frequencies f < 1 Hz. First practical
steps were performed by VIRGO collaboration during the VSR-1, VSR-2 series 4 . It was a
direct measurement of arm deformation through the error signal of control circuits keeping the
interferometer operational point (mirror coordinate and angular positions). Typical accuracy
of the mirror coordinate ﬁxation in Virgo setup 10−12 m or δL/L ∼ 10−16 . Thus the tidal arm
displacement amplitude at 3 km 100µkm or δL/L ∼ 10−8 can be measured with enough high
precision. So with this accuracy one can dream about the registration of very weak geodynamical
perturbation like the ”liquid core daily resonance”, ”inner core oscillation” etc. More over it was
seemed reasonable to investigate a direct measurement of the relativistic gravitational eﬀects
like a light frequency shift and time travel delay using GW interferometers located at the Earth
surface.
A new method of tidal perturbation measurement was demonstrated during LIGO S5 series. For long base interferometers the circulation (or free spectral range) frequency is so low
( 104 kHz) that the correspondent component appeares at the main diﬀerential (GW-signal)
output. The eﬀect of tidal amplitude modulation of this harmonic was discovered during the S5
LIGO scientiﬁc run 5,6 . A mechanism of such modulation obviously has to be associated with
a shtocastic luminosity of the FP arm optical mode neighbor with the resonance one. However
a calculated estimate of modulation index is ocurred to be in disagreement with the observed
values.
Under the supposition that mirrors are ﬁxed by control circuits (arm lengths are kept as
constant) a direct interaction of the optical pump with tidal gravity variations is considered
as a main reason of optical length changes. In the paper 7 the gravitational photon frequency
shift was used for this purpose, meanwhile the refractive index equivalent to the gravity ﬁeld
was explored in 8 . Numerically both eﬀects leads to the same relativistic correction of optical
arm length. Calculation was carried out following the simpliﬁed scheme of GW interferometer
presented at the picture (recycling mirror is omitted) including the data readout procedure. FP
arms are considered as complex resonant mirrors. Spectrum of one mode resonant pump with

the central frequency ν0 ∼ 3 · 1014 Hz was presented by narrow line of phase ﬂuctuation in a few
Hz width accompanied by a small spectral density pedestal of amplitude ﬂuctuation having the
width ∆ν ∼ 100kHz.Thus a neighbour FP cavity mode ν1 = ν0 + νf sr shifted at the free spectral
range νf sr = 2c/L is also illuminated with a small intensity so as for the 4 km arm νf sr ∼ 37
kHz.
The light waves at frequency close to resonance modes of arms interfere with the following
phase diﬀerence:
(
)
1
2∆L 4L δn
δϕ '
+
1−r
L
λ n
where ∆L/L is static shift due to arm lengths diﬀerence, δn/n is dynamical shift due to refractive
index variation equivalent of tidal gravity changes.
Output signal ∼ δϕ contains permanent and variable parts. Estimate of the modulation
index in term of power (or amplitude) has resulted in δP/P ∼ 3 · 10−4 meanwhile the observable
index was much larger ∼ 2 · 10−2 . Thus the relativistic eﬀect can not explain the observable
tidal modulation of the harmonic at free spectral range frequency.
More rigorous analysis (performed after critics) required a taking into account the stochastic
excitation a second neighbour mode symmetrical in respect of the carrier 9 . The result was
unexpected one: an inﬂuence of the second (symmetrical) neighbour mode compensated the
parametrical excitation produced by the ﬁrst one. Output residual noise variance now contained
only quadratic term of arm optical length variations in contrast with the previous result.
It is possible to reconstruct the ”linear response” refusing from the condition of ‘”dark spot”
at the main interferometer output ( at practice the ”dark spot” can be realized only with ﬁnite
accuracy). Then introducing a detuning δl, i.e. passing to the condition of ”gray spot”, one can
get the output noise variance in the form:
Const
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The time variable value in this formula is δξ. Its ratio to the maximal permanent term gives
an estimate of the signal modulation index at free spectral range frequency:
m'

Lδξ
(1 − r)δl

Numerical estimates are the following. For the relativistic eﬀect hypothesis: δξ ∼ 10−19 ,
even for unrealistic tuning δl ∼ 10−4 λ; the estimate of modulation index m∼0.04% is two order
of value less the observable one. In the case of residual (noncompensated) arm diﬀerential
displacements δξ ∼ 10−15 (less the control accuracy) a reasonable detuning δl = 10−2 λ results
in m∼4% that is in a good agreement with the observation.
Radical method for the linear parametric response reconstruction would be a using the two
mode pump at neighbour frequencies ν0 and ν1 = ν0 + νf sr ; the ”dark spot” condition has to
be kept for the mode ν0 . A residual part of the mode ω1 interacting at photo diode with radio
sideband ν1 will produce directly at the Pound-Drever mixer output a low frequency signal I(t)
proportional to the optical length variations δl. A possibility of application this method for a
registering weak global geodynamical eﬀects as well as the detection of very low frequency GW
has to be addressed.
Conclusions
It was demonstrated that VIRGO can be used as a two coordinate very long base strain meter. Geophysical signal reads out from drivers controlling the interferometer operation point.

However the quality of the data strongly depends on a number of locking brake during the
observational time.
Up to now the idea of relative angular variations of mirror’s plumb lines for a sensing pure
gravity perturbations was not realized and has to be tested in nearest future.
LIGO team demonstrated the possibility of tidal gravity registration through a speciﬁc
method of read out the correspondent information in the main interferometer output at the
FSR radio frequency.
It is seemed that the parametric mechanism provided such possibility is associated with the
residual arm deformations beyond the control accuracy. However details of this phenomenon
has to be studied more closely in respect of its application in geodynamical measurements.
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Spikes in Gravitational Wave Radiation from Quickly Rotating Galactic Centers
Avetis Abel Sadoyan
Astronomical Rechen Institute, Heidelberg, and Yerevan State University,
Department of Physics, 1 Alex Manoogian street, Yerevan 375025,Armenia
Rainer Spurzem
Astronomical Rechen Institute, Heidelberg, and National Astronomical Observatory Beijing
Peter Berczik
Astronomical Rechen Institute, Heidelberg, and National Astronomical Observatory Beijing
We report a work in progress: calculation of Gravitational wave radiation parameters for
galaxy models based on N-body simulations. Magnetic fields during the simulations are neglected, only evolution of galactic centers depending on self-gravitation is traced. Gravitational
wave frequencies are calculated for the whole timescale of evolution changing in the ultralow
frequency band from 10−13 to 10−10 Hz, average amplitudes are around 10−22 . We had calculated the total energy flax from the galaxy (Gravitational Luminosity) over all frequency band
and had found unexpectadly large energy spikes. We speculate that sources of such spikes
could be those stars that are kicked out by the central binary with velocities enough to leave
the galaxy, we also underline that largest spikes are observed in the time period near to the
end of simulation..

1

Introduction

Sources of gravitational radiation at ultra-low frequencies are galaxies, active Galactic Nuclei,
star clusters, i.e. configurations with enormously large quadruple moments and large relaxation times. Method of self-similar oscillation induced gravitational wave radiation 6 is used to
calculate main parameters of gravitational radiation. This method is giving maximal possible
values , upper limits for gravitational radiation. We had examined possible gravitational wave
radiation from galaxies containing central engine 3 , initially rotating as a solid body with given
rotational velocity. The initial distribution of stars in galaxy was taken according Aarseth 1 . The
evolution for galaxies containing 25000(25k), 50k and 100k elements is done on supercomputers
with GRAPE 4 at Heidelberg. During the evolution of the galaxy a bar instability in galaxy was
formed which gave additional contribution to oblationes to ellipsoidal form of galaxy making
overall gravitational wave radiation from galaxy stronger.
Energy of gravitational radiation from Galaxy
We had calculated the total energy flax from the galaxy (Gravitational Luminosity) over all
frequency band and found large energy spikes in Gravitational Luminosity of Galaxies. We
considered a supermassive black hole in the center of the galaxy. Such Binaries are formed
in galaxy mergers, but their long-term evolution is uncertain, in spherical galaxies. N body

evolution shows that binary evolution stalls at separations much too large for significant emission
of gravitational waves 3 . Unless the binary mass ratio is large, dynamical friction rapidly brings
the binary into a separation of an order of 1 pc, when the central engine start to act like a
”hard binary”, ejecting passing stars with velocities large enough to leave the galaxy 3 5 . In the
used simulations of galaxy evolution with super massive black holes a long term evolution of
massive binary is followed in more realistic, triaxial and rotating galaxy models, where binary
stalls only in initial phases of evolution, while a binary hardening with rates sufficient to allow
close coalescence can be observed later, approximately in 10 Gyear. 3 Our simulations were made
up to 2501013 s or around 1 Gyear.
Overall intensity of gravitational wave radiation from galaxy in all frequency domain is
investigated. Unexpected spikes in Gravitational wave radiation with maximum 104 over the
average are found. Spikes are becoming more intense with hardening of central binary. This
spikes in gravitational luminosity may be conditioned by stars that are kicked out by the central
binary. Kicked stars may have very large velocities 3 enough to leave the galaxy, and we speculate
that when they pass the perihelion of their orbit, a spike in gravitational wave radiation energy is
occurring . Largest spikes are observed in the time period near to the end of evolution, because
initial conditions in N-body model do not let stars to approach central binary quickly, stars
needs some time to come close to central binary to be accelerated. The existence of spikes in
gravitational wave luminosity, if confirmed experimentally can be a direct evidence of existence
of stars ejected from the galaxies by central binary.
Discussions
The question of changes of inner structure of ejected stars accelerated by central engine to
velocities high enough to leave the galaxy, is not considered in the scope of N-body problem, stars
are considered point masses. Changes in star structure, possible mass losses or even destruction
of the star can put additional limitations on the existence of spikes in GW radiation. N-body
simulations of galaxy evolution were done in Newtonian limits, post-Newtonian simulations are
also done 2 , showing that the picture of development of bar instabilities in galaxies are becoming
sharper, so we expect that the appearance of spikes in gravitational radiation energy from
galaxies will also be observed in post-Newtonian models, may be spikes would be sharper.
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We examine the gravitational wave recoil and associated kick processes in the post-merger
phase of a head-on collision of two black holes, based on the Bondi-Sachs characteristic formulation. The impulse imparted on the merged system by the momentum flux carried out by
gravitational waves generates kicks and antikicks associated, respectively, to an initial acceleration phase and a final dominant deceleration phase. Both kick Vk and antikick Vak velocities
satisfy the post-Newtonian Fitchett’s law, with the net antikick velocity (Vak − Vk ) having a
maximum of ' 102 km/s at a symmetric mass ratio η ' 0.205. In a suitable inertial frame the
final center-of-mass motion of the merged system is approximately the net antikick velocity.

This communication reports the results of Aranha et al.1 where we have examined the production of kicks velocities by gravitational wave recoil in the post-merger phase of two head-on
colliding black holes. Our treatment is made in the realm of Robinson-Trautman (RT) spacetimes with initial data given by
³
K(u0 , θ) = √

´2
1
α
+√
,
cosh γ + cos θ sinh γ
cosh γ − cos θ sinh γ

(1)

where α is the ratio of the ADM masses of the two initial colliding black holes with initial
infalling velocity v = tanh γ along the z axis. The data (1) is evolved from the characteristic
surface initial data u0 via the RT dynamics; the final configuration is a boosted Schwarzschild
black hole along the z axis.a The momentum extraction and the associated recoil along the
z axis, due to the emission of gravitational waves by the system, is given by the Bondi-Sachs
z (u), where
conservation law3 dP z (u)/du = PW
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is the net flux of momentum carried out by the gravitational waves emitted at a time u, this
net flux being directed along the z-axis. A prime denotes s-derivative where s = cos θ. We note
x (u) = P y (u) = 0. In Fig. 1 (Left) we plot P z (u) for γ = 0.5 and several values of
that PW
W
W
z (u ) = 0), that
the mass ratio α. For all α we have an initial phase, up to u = uk (where PW
k
corresponds to an acceleration of the merged system. It is followed by a dominant deceleration
z (u) < 0, u < u < u , where u corresponds to the final configuration when
regime with PW
k
f
f
the gravitational wave emission is considered
to
have ceased. The impulse imparted to the
R
z (u) = u P z (u0 )du0 . Specifically the total impulse imparted
system in a time u is given by IW
u0 W
z (u ) and (ii) during the
by gravitational waves (i) during the initial acceleration phase is IW
k
z
z
following deceleration phase is −(IW (uk ) − IW (uf )). The impulses in each phase corresponds,
z
respectively, to a kick velocity Vk = c IW
(uk )/Mrem (initial acceleration phase) and an antikick
z
z
velocity Vak = c (IW (uk ) − IW (uf ))/Mrem (final dominant deceleration phase), where Mrem is the
a

Our numerical code is based on the Galerkin and collocation methods; for details of its accuracy and longtime
stability see Aranha et al.2 and references therein.
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Figure 1: (Left) Linear-log plot of the net momentum flux PW
(u) carried out by gravitational waves for several
values of mass ratio parameter α. (Right) The distribution of kick velocities associated with the gravitational
wave recoils: kicks due to the initial accelerated phase (diamonds), antikicks due to the dominant deceleration
phase (squares) and the net antikicks (black dots). The lines are the best fit of Fitchett η-scaling law derived from
post-Newtonian estimates (cf. Ref. 1). All the maxima are located approximately at the value η ' 0.205.

rest mass of the remnant black hole. We also define a net antikick velocity (Vak − Vk ). In
Fig. 1 (Right) we plot the kick velocities Vk , Vak and their difference (Vak − Vk ) (net antikick)
as a function the symmetric mass parameter η = α/(1 + α)2 . The curves correspond to the
best fit of the points to Fitchett’s post-Newtonian law 4 V = Aη 2 (1 − 4η)1/2 (1 + Bη) × 103 km/s,
with all maxima at η ' 0.205, consistent with post-Newtonian and full numerical relativity
estimates of mergers of inspiral black hole binaries.5 The maximum of the net antikick (Vak − Vk )
is ' 103 km/s. For a larger initial infalling velocity, say for γ = 0.7, we obtain substantially
larger values (Vak − Vk ) ' 527 km/s also located at η ' 0.205.
Finally from the analysis of the gravitational wave recoil1 we obtain that the center-ofz
mass velocity of the merged system is given by vcm (u) = (MB (u0 )vin + IW
(u)) (1 − vf2 )1/2 /(Mrem ),
where vf is the final velocity of the remnant and vin is the ratio of the initial Bondi-Sachs
momentum P z (u0 ) to the initial Bondi mass MB (u0 ). By construction vcm (u0 ) ' vin and
vcm (uf ) = vf . For an inertial frame with velocity vin (relative to a rest frame at infinity) we
have that vcm (uf ) ' −(Vak − Vk ).
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COSMOLOGY MODELS AND GRAVITON COUNTING IN A DETECTOR
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Initial relic entropy growth is presented We talk of how to count it as gravitons per unit
phase space, and use it as an extension of gravitons interacting with a magnetic field of a GW
detector. We use it for obtaining values for choosing between cosmology models
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Introduction
(1)

We start off with perturbative electromagnetic power flux, i.e. what was called T uv in terms of
a nonzero graviton rest mass, in a detector, in an uniform magnetic field, i.e. what if we have
curved space time with say an energy momentum tensor of the electro magnetic fields in GW
fields as


1
1
(1)
· −Fαµ F να + · g µν Fαβ F αβ
T uv =
µ0
4
(0)
(1)
(1)
(0)
Li et al1 state that Fµν = Fµν + Feµν , with Feµν  Fµν will lead to
(0)

(1)

(2)

T uv = T uv + T uv + T uv .

(2)

The 1st term to the right hand side of Eq. (2) is the energy–momentum tensor of the back
ground electro magnetic field, and the 2nd term to the right hand side of Eq. (1) is the first
order perturbation of an electro magnetic field due to gravitational waves. The above Eq. (1)
√
and Eq. (2) lead to Maxwell equations as √1−g · ∂x∂ ν ·
−g · g µα g νβ Fαβ = µ0 J µ as well as
F[µv,α = 0.
2

Making Sense of the Following Current Term Behavior
(1)

Eventually, with GW affecting the above two equations, we have a way to isolate T uv . If one
looks at if a four-dimensional graviton with a very small rest mass included,2 we can write

∂ √
1
√
· ν ·
−g · g µα g νβ Fαβ = µ0 J µ + Jeffective ,
(3)
−g ∂x
where for ε+ 6= 0 but very small
F[µv,α ∼ ε+ .

(4)

The claim which A. Beckwith made is that
Jeffective ' ncount · m4-D Graviton .

(5)

As stated by Beckwith, in m4-D Graviton ∼ 10−65 g, ncount is the number of gravitons which are
in the detector. What Beckwith, and Li, intend to do is to try to isolate out an appropriate
(1)

(1)

T uv assuming nonzero graviton rest mass. From there, the energy density contributions of T uv ,
(1)

i.e. T 00 can be isolated and reviewed in order to obtain values of Eq. (5), which can be used to
(1)

interpret Eq. (3) T 00 . We then go to the following metric standard.
3

Taming Incommensurate Metrics, to Make Measurements
h20 ΩGW ∼ 10−6

(6)

Next, we will commence to note the difference and the variances from using h20 ΩGW ∼ 10−6
as a unified measurement which will be in the different models discussed. We will next give
several of our considerations as to early universe geometry which we think are appropriate as to
Maggiore’s3 treatment of both wavelength, strain, and ΩGW . To begin with, look at Maggiores
ΩGW formulation, strain, which ties in with the 10 to the 14 power increase as to wavelength
from pre-Planckian physics to 1–10 GHz inflationary GW frequencies. We proceed to look at
how the conclusions factor in with information exchange between different universes. We begin
with the following, with hc a critical sensitivity value.
Table 1: Managing GW generation from pre-Planckian physics.

hc ≤ 2.82 × 10−33
hc ≤ 2.82 × 10−29
hc ≤ 2.82 × 10−25

4

fGW ∼ 1012 Hz
fGW ∼ 108 Hz
fGW ∼ 104 Hz

λGW ∼ 10−4 m
λGW ∼ 100 m
λGW ∼ 101 km

Conclusion

Table 2 table has rich sources of information we will develop further in relic GW astronomy.
Table 2: Variance of the ΩGW parameters as given by the following models.

Relic pre-Big Bang
ΩGW ∼ 6.9 × 10−6
when f ≥ 10−1 Hz
ΩGW  10−6
when f < 10−1 Hz

QIM
ΩGW ∼ 10−6
1 GHz < f < 10 GHz

Cosmic String Model
ΩGW ∼ 4 × 10−6
f ∼ 10−6 Hz
ΩGW ∼ 0
otherwise

Ekpyrotic
ΩGW ∼ 10−15
7
10 GHz < f < 108 GHz
ΩGW ∼ 0
otherwise
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Transverse, traceless, plane fronted, monochromatic plane waves in conformal
gravity have zero-energy
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Plane fronted, monochromatic gravitational waves on a Minkowski background are considered
in conformal gravity. Assuming the conformal gauge condition Det [g µν ] = −1 and the conformal generalization of the harmonic gauge condition |g|−1/4 ∂τ (|g|1/4 g στ ) = 0 implies that the
waves are both transverse and traceless. We show, without any perturbative approximation
that the metric is reducible to the metric of Minkowski space-time via additional coordinate
transformations that preserve the gauge conditions. This implies that the waves are simply
coordinate/conformal artifacts. As a consequence, they carry no energy.

1

Conformal gravity plane waves

Conformal gravity with matter is defined by the Lagrange density
L = Cαµσρ C αµσρ + kLmatter

(1)

where Cαµσρ (x) is the Weyl conformal tensor, which gives rise to the field equations
k matter
Wµν = − Tµν
4

(2)

where Wµν is the Bach conformal tensor
1
1
1
2
1
Wµν = ∇2 Rµν − ∇µ ∇ν R − gµν ∇2 R + 2Rαβ (Rβναµ − gµν Rαβ ) − R(Rµν − gµν R) (3)
3
6
4
3
4
matter is the energy-momentum
and k is a constant related to the gravitational constant and Tµν
tensor of the matter fields.

1.1

Transverse, traceless, plane fronted, monochromatic plane waves

We consider fluctuations of the form
g µν = η µν + µν F (k · x)

(4)

where k · x ≡ kµ xµ = ω(t − x), ω a constant frequency, and where the propagation vector is to
be light-like (see for example 1 ).

We must impose two gauge conditions,
−

1

∂ (|g|
1/4 µ

1/4 µρ

g ) = 0.

|g|

(5)

to fix coordinate transformations 2 and
g = −1

(6)

which fixes the possibility to perform any conformal transformations. We find this requires





[g µν ] = [η µν ] + [µν ] F = [η µν ] + 



b
c



b
c

b
b
0
0

c
c
0
0




 F.


(7)

This result is valid exactly, no perturbative assumption was made. The further coordinate
transformation, and this is our new contribution,
x0µ = xµ + µ Φ(kx)
with



1

[µ ] = − 
2



2b
2c

(8)







(9)

respects the two gauge conditions and the form of the metric ansatz, if Φ(y) = y dzF (z), the
indefinite integral of F , and brings the metric given in Eq. (4) to ηµν , the flat Minkowski metric.
The energy-momentum tensor for our waves, is identically zero:
R

gravity
linear − ∇2 R ) − 1 (∂ ∂ Rlinear − ∇ ∇ R) − 1 (η ∂ 2 Rlinear − g ∇2 R) −
Tµν
= (∂ 2 Rµν
µν
µ ν
µν
3 µ ν
6 µν

−2Rαβ (Rβναµ − 41 gµν Rαβ ) + 23 R(Rµν − 41 gµν R) = 0
2

(10)

Conclusions

We cannot conclude from the analysis here that the full Weyl gravity does not contain gravitational waves. Waves of the form
g µν = η µν + B µν n · xF (k · x)

(11)

do carry energy and momentum. Surprisingly, standard transverse, traceless monochromatic
gravitational waves do not exist in conformal gravity. For full details please see the article 4 .
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Gravitational wave recoil in nonsymmetric Robinson-Trautman spacetimes
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We present some preliminary results on the gravitational recoil due to gravitational wave
emission in the context of nonsymmetric Robinson-Trautman spacetimes. As in the axisymmetric case, regular initial data evolve generically into a final configuration corresponding to
a Schwarzschild black-hole moving with constant speed. If the initial data is symmetric under
reflection by a given plan, the remnant black-hole velocity must be parallel to this plan. In
particular, for the case of completely reflection-symmetric initial configurations, the remnant
black-hole velocity vanishes and the final configuration can be determined exactly from the
initial data as in the axisymmetric case.

1

Introduction

We have recently 1 presented an analysis of the recoil due to gravitational wave emission 2 in
the context of axisymmetric Robinson-Trautman (RT) spacetimes. Several physically relevant
situations can be described by axisymmetric spacetimes. We mention, in particular, the cases
corresponding to the evolution of the Brill-Lindquist initial data 3 , which can be interpreted
as the frontal collision of two black-holes 4,5 . Clearly, however, realistic physical applications
demand the analysis of nonsymmetric situations.
We are now extending our previous analysis 1 to nonsymmetric RT spacetimes. We are
particulary interested in approximated or “empirical” formulas relating the recoil velocity and
the initial data 6 , which could have potential application to the problem of the merging process
of binary black-holes, where asymmetrical gravitational wave emission is known to make the
merger remnant to recoil with velocities up to several thousands of km/s 7 . Our idea is to
introduce an efficient full numerical approach based in the Galerkin spectral method to analyze
the non-linear regime of the nonsymmetric Robinson-Trautman equations, and we expect to
show that the direction and modulus of the recoil velocity can indeed be estimated with good
accuracy from the initial data with fairly modest computational resources.
The Robinson-Trautman partial differential equation has been analyzed numerically in the
recent literature 8,9,10,11 . The axisymmetric approach presented in 1 includes some improvements
on the Galerkin method implementation of Oliveira and Soares 10,11 which has allowed us to
get simpler equations and a better overall accuracy. Nevertheless, as we will see, computational
complexity issues prevent us of applying the Galerkin method of 1 directly to the nonsymmetric case. A full-numerical approach with some intermediate projections is mandatory for the
nonsymmetric case.

2

Nonsymmetric Robinson-Trautman spacetimes

The standard form of the RT metric in the usual spherical radiation coordinates (u, r, θ, φ) reads
12



ds2 = − K − 2

m0
r2
− r(ln Q2 )u du2 − 2dudr + 2 dΩ2 ,
r
Q


(1)

= ∇2Ω K.

(2)

where Q = Q(u, θ, φ), m0 is a constant mass parameter, and dΩ2 and K stand for, respectively,
the metric of the unit sphere and the gaussian curvature
of the surface
corresponding to r = 1


1 2
2
2
and u = u0 constant, which is given by K = Q 1 + 2 ∇Ω ln Q , with ∇2Ω corresponding to
the Laplacian on the unit sphere. Vacuum Einstein’s equations for the metric (1) implies the
Robinson-Trautman non-linear partial differential equation 12
∂
6m0
∂u



1
Q2



The stationary solution of (2) are such that ∇2Ω K = 0, which implies, since we are restricted
to a compact surface spanned by the coordinates (θ, φ), that K is constant. In our case, this
implies that the surface corresponding to r = 1 and u → ∞ is the unity sphere. In particular,
we have the following asymptotic solution for Q = Q(u, θ, φ)
Q∞ (θ, φ) =

1 + vx sin θ cos φ + vy sin θ sin φ + vz cos θ
√
,
1 − v2

(3)

with v 2 = vx2 + vy2 + vz2 being the speed of the remanent Schwarzschild black hole.
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Modification of atomic states in a vertical optical trap near a surface
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The problem of the modification of the atomic states in a vertical optical trap near a surface
is discussed. The surface acts as a boundary condition modifying the shape of the ordinary
Wannier-Stark states. Moreover, the Casimir-Polder interaction between atom and surface
must be taken into account, resulting in a shift of atomic energy levels. This is done by introducing an effective model describing the finite size of the atom. The experimental observability
of Casimir-Polder corrections is finally briefly discussed.

1

Introduction and physical system

Several theories aiming at unifying gravity and quantum mechanics predict the existence of
deviations from Newton’s law of gravity at different length scales. Two experiments have been
recently proposed to study non-Newtonian gravitation in the micron and submicron range 1,2 ,
based on interferometric measurements on atoms trapped in a vertical optical lattice in proximity
of a surface. Their main idea is to combine the refined control of position typical of atomic
traps with the high precision of interferometric frequency measurements. Before discussing the
observability of non-Newtonian gravitation (see the companion paper, S. Pelisson et al., in these
proceedings), a precise knowledge of the atomic states in this configuration is mandatory. In
particular, it is important to know how the energy levels and states of the trap are influenced by
the presence of the surface. This problem is addressed in this paper, where the influence of the
surface acting as a boundary condition and of the Casimir-Polder interaction is investigated.
To this aim we consider a two level atom (with |gi and |ei representing its ground and excited
states respectively) in presence of earth’s linear gravitational potential and of the electromagnetic
field. Moreover, the atomic position is controlled by means of an optical trap produced by
reflection of a laser on the surface z = 0. Our complete Hamiltonian reads
H = H0 + Hint = Hf + Hat + HWS + Hint

Hf =

XZ
p

Hat = h̄ω0 |eihe|

HWS =

p2
2m

+ mgz +

0

Z

+∞

dkz


U
1 − cos(2kl z)
2

d2 k h̄ω a†p (k, kz )ap (k, kz )
Hint = −µ · E(r).
(1)

where the free term H0 includes the Hamiltonian of the electromagnetic field in standard second
quantization, the atomic two-level term Hat as well as the external atomic Hamiltonian, sum
of kinetic energy and external gravitational and optical potentials. Finally, the Hamiltonian
includes an atom-field interaction term Hint , written here in multipolar coupling 3 . The analytic

expression of the quantized electric field in presence of a perfectly conducting surface in z = 0
can be found in 4 . For an atom in absence of external potentials, the atom-field interaction term
is usually treated using time-independent perturbation theory with respect to Hat + Hf (the
atomic position z is only an external parameter). This calculation leads to a position-dependent
atom-surface potential usually known as Casimir-Polder (CP) potential 3 : this interaction energy
is purely quantum, and it behaves as z −3 (z −4 ) for atom-surface distances much smaller (larger)
than the typical atomic transition wavelength (generally of the order of 100 nm). In our case,
because of the presence of external potentials, the coordinate z as well must be treated as a
quantum operator. As a consequence, before tackling the perturbative calculation, we need a
description of the unperturbed eigenstates of the free Hamiltonian H0 .
2

Modified Wannier-Stark states

The eigenstates of a particle in a potential sum of a periodic and a linear term are the socalled Wannier-Stark states 5 . It is well known that the addition of a linear potential breaking
the periodicity of the system produces a localization on the Bloch states: in particular the
band structure is still defined, but for each band a discrete ladder of states is introduced.
Two successive states of the ladder are separated by a constant energy gap (the gravitationalenergy difference between the centers of the wells) and their wavefunctions are connected by
a translation of the optical period λl /2 (in this sense, each state is said to be centered on a
given well of the optical trap). A generic eigenstate will be noted with |n, bi, b and n being the
indices associated to Bloch band and well respectively. Nevertheless, whereas in the standard
Wannier-Stark problem the coordinate z is defined over the whole real axis, in our case we must
take into account the impenetrability of the surface: this is done here by means of the boundary
condition ψ(z = 0) = 0. We will define the new class of states obtained in this context as modified
Wannier-Stark states 6 . We show in figure 1 the shape of the first three modified wavefunctions of
the first band. All the numerical applications correspond to the experiment FORCA-G 6 , where
U = 3Er , being Er = h̄2 kl2 /2m, evaluated for a 87 Rb atom and with λl = 532 nm. Moreover,
the atomic coordinate z is expressed in units of period λl /2. The figure shows that increasing
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Figure 1: Density probability of modified Wannier-Stark states ψn,1 (z) for n = 1, 2, 3 and U = 3. The last
function (solid line) is compared to the corresponding standard Wannier-Stark state (dashed line).

the well index n makes the modified wavefunctions approach the ordinary one, i.e. far from
the surface the quasi-periodicity of the system is reestablished. The gap between successive
eigenvalues tends as well to the expected one (mgλl /2 ' 0.070068Er ) by increasing the value of
n 6 : the energy difference E2 − E1 is 0.12302Er , while we already have E9 − E8 ' 0.070070Er .
3

Generalized perturbative approach to CP corrections

The presence of the surface also modifies the mode structure of the electromagnetic field, resulting in a force on the atom. This effect can be calculated using static perturbation theory. Our
unperturbed state will be the eigenstate |ψi = |0p (k, kz )i|gi|n, 1i of H0 appearing in (1), where

the field is in its vacuum state. Second-order perturbation theory is needed: Hint can connect
|ψi to any intermediate state having one photon in a given mode, while the atom can occupy
any well of any band being nevertheless necessarily in its excited internal state. We then obtain
Z
2
+∞ X
+∞
X Z +∞
X
hn, 1|hg|h0p (k, kz )|Hint |1p (k, kz )i|ei|s, bi
2
dkz d k
∆En,1 = −
(2)
(0)
(0)
0
Es,b − En,1 + h̄(ω + ω0 )
p
s=1 b=1
(0)

where Es,b is the unperturbed external atomic energy associated to the s-th well of the b-th Bloch
band. It can be shown 6 that for our physical system the correction (2) approximately equals the
average on the state |n, 1i of the standard CP potential. This interaction energy is theoretically
known for a neutral atom having dynamical polarizability α(ω), at an arbitrary temperature
T > 0 and for a surface having arbitrary dielectric properties 3 . Since each wavefunction of
interest ψn,1 (z) tends to zero linearly in z for z → 0 and the CP potential behaves as z −3
near the origin, each correction ∆En,1 is indeed divergent. Nevertheless, the z −3 behaviour is
a consequence of treating the atom as pointlike and can be corrected by replacing it with a
probability distribution ρ(r) different from zero over a spherical volume 7 . In this case, for any
atomic effective radius R and choice of the probability distribution, the potential energy shows,
a z −1 behaviour near the origin. This property regularizes our energy correction. The new CP
potential (to be averaged on the |n, 1i state in order to obtain the energy shift) is itself obtained
from the average over ρ(r) of the standard potential VCP (z). The energy corrections to each
well can now be evaluated, after choosing an effective radius and a probability distribution. We
present in table 1 the results (in the case of a perfectly conducting surface) for the first twelve
wells for a uniform distribution over a sphere having the effective radius R = 235 pm 8 . From the
Table 1: Absolute value (in units of Hertz) of the CP energy corrections (they are all changed in sign) to the first
12 modified Wannier-Stark states for U = 3. The notation a[b] corresponds to a × 10b .

n
1
2

∆En,1
1.88[5]
1.38[5]

n
3
4

∆En,1
9.37[4]
5.31[4]

n
5
6

∆En,1
2.26[4]
6.80[3]

n
7
8

∆En,1
1.51[3]
2.79[2]

n
9
10

∆En,1
5.34[1]
1.47[1]

n
11
12

∆En,1
6.76
4.14

table we see that, in virtue of the absolute precision of approximately 10−4 Hz in the frequency
measurement, the energy shift due to the CP interaction is detectable up to at least the twelfth
well. Two measurement schemes can be imagined. A first one is at short distances (say less than
5 µm) where the validity of the model can be tested: this would at the same time allow to give an
estimation of the effective radius. A second one is at larger distances, for example between 5 and
10 µm, where the influence of regularization is below the experimental sensitivity: in this case,
since the CP correction is still experimentally detectable (at 10 µm we have VCP ' 0.06 Hz), we
would obtain a measurement of the electrodynamical effect.
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TORSION PENDULUM WITH 2 DOF FOR THE STUDY OF RESIDUAL
COUPLINGS BETWEEN THE TM AND THE GRS: APPROACHING
THERMAL NOISE LIMITED SENSITIVITY
L. MARCONI, R. STANGA, C. GRIMANI, M. BASSAN, L. DI FIORE, R. DE ROSA and F. GARUFI
Università degli Studi di Firenze and INFN Firenze, Italy
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The LISA test-mass (TM) is sensitive to weak forces along all 6 Degrees of Freedom (DoFs).
Extensive ground testing is required in order to evaluate the influence of cross-talks of readouts and actuators operating on different DoFs. To best represent the flight conditions, we
developed in Firenze a facility with 2 soft DoFs. Using this facility we measure the forces and
stiffnesses acting simultaneously along the 2 soft DoFs and, more specifically, we will measure
actuation cross talks with closed feedback loop. The facility is now completed with a replica
of the GRS (Gravitational Reference Sensor) and the flight model of the electronics boards.

1

Introduction

In Firenze we developed a facility to verify the residual acceleration on 2 DoFs between the TM
of LISA ? and the GRS ? . Following the previous experience from Trento ? and Washington ? in
order to have a TM in free fall condition on 2 DoFs (1 translation and 1 rotation) we have built
a double torsion pendulum ? . With our choices (of materials and geometry) we will achieve a
sensitivity in acceleration for the 2 DoFs comparable with the sensitivity of LISA PF ? :
√
Sa1/2 = 3 · 10−14 ms−2 / Hz @ 1mHz,
(1)
2

Commissioning

After some tests with a preliminary copy of the TM-GRS ? we are using now a flight model
replica of the TM, GRS and the electronics. We started working with only the rotation DoF of
the TM. In Fig. ?? we show the results of the feedback control. In the control loop we have also
integrated the movement of the motorized stages, necessary to center the TM in the GRS. In
Fig. ?? we show the result of the first measurement of the noise on ϕ. In (a) panel the square
root of the power spectral density of the angular displacement is presented, considering an arm
length of 0.02m, equal to the sensing electrodes separation and a mass for the TM equal to the
mass of the TM of LISA PF, we derive the square root of the power spectral density of the
linear acceleration, shown in the (b) panel. As it can be seen, in the high frequency band we are

Figure 1: Electrostatics actuation.

limited from the electronics noise and in the low frequency band we are ∼ 2 order of magnitude
higher than the thermal noise of the suspension fiber. We are presently investigating the origin
of the excess noise. After that, we will set free the translational DoF, in order to measure forces
and stiffnesses that may act simultaneously on the 2 DoFs.

(a)

(b)

Figure 2: Angular (a) and acceleration (b) noise spectrum (the instrument limit in red). The acceleration has
been obtained for an arm length 0.02m and for an equivalent TM of 2kg.
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