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The participants in the first meeting were mainly french physicists interested in electromagnetic interactions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote effective collaboration between experimentalists and theorists in the field of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.
The 52nd Rencontres de Moriond in 2017 comprised four physics sessions:
• March 18 - 25: “Electroweak Interactions and Unified Theories”
• March 18 - 25: “Very High Energy Phenomena in the Universe”
• March 25 - April 01: “QCD and High Energy Hadronic Interactions”
• March 25 - April 01: “Gravitation”

We thank the organizers of the 52nd Rencontres de Moriond:
• A. Abada, E. Armengaud, J. Conrad, P. Fayet, J.-M. Frère, P. Hernandez, L. Iconomidou-Fayard,
P. Janot, M. Knecht, J. P. Lees, S. Loucatos, F. Montanet, J. Orloff, A. Pich, S. Pokorski, V.
Tisserand, D. Wood for the “Electroweak Interactions and Unified Theories” session,
• F. Cavalier, A. de Angelis, M. de Naurois, J. Dumarchez, Y. Giraud-Héraud, J.-M. Le Goff, G.
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Franck Pereira

179
185
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1.
Gravitational Waves

COMPACT BINARY COALESCENCE SEARCHES PERFORMED DURING
ADVANCED LIGO’s FIRST OBSERVATIONAL RUN
D. BUSKULIC on behalf of the LIGO and Virgo collaborations
Laboratoire d’Annecy-le-Vieux de Physique des Particules / Université Savoie Mont Blanc,
B.P. 110, Annecy-le-Vieux, F-74941 Annecy Cedex, France

We provide in this article an overview of the compact binary coalescence search results in
the first observational run -O1- of the LIGO detectors. This includes the direct detection of
gravitational wave signals from two binary black hole mergers -GW150914 and GW151226-.
We present the properties of the sources and the implications in terms of astrophysics and
fundamental physics.

1

Introduction

A century after gravitational waves (GW) were predicted by A. Einstein as part of his theory
of general relativity (GR), the Laser Interferometer Gravitational-wave Observatory (LIGO)
performed its first observational run (O1) from September 12, 2015 to January 19, 2016. During this run, two signals from a binary black hole merger were detected, the first of which 1 ,
GW150914 was recorded by the two LIGO detectors at Hanford (H1), WA, and Livingston (L1),
LA, on September 14, 2015, at 09:50:45 UTC, with a signal-to-noise ratio (SNR) of 23.7 and a
significance greater than 5.1σ.
2

Searches for compact binary coalescences

Dedicated searches for compact binary coalescence (CBC) signals rely on accurate models of the
expected waveforms to analyze the data with matched filtering. Those searches target signals
from binary neutron star, binary black hole or neutron star black-hole systems. The coalescence
of compact objects is composed of three phases. In the inspiral phase, the masses orbit around
each other, the system emits gravitational waves which in turn cause an increase of the orbital
frequency as well as the amplitude of the emitted waves. The inspiral waveform is characterized
by the so called “chirp mass” :
(m1 m2 )3/5
(1)
M=
(m1 + m2 )1/5

where m1 and m2 are the binary component masses, and to the lowest order in post-newtonian
expansion can be expressed as
3/5

c3 5 −8/3 −11/3 ˙
M=
π
f
f
G 96


(2)

where f and f˙ are the orbital frequency of the system and its first derivative. The second phase
of the coalescence is the merger of the two bodies, and one has to rely on numerical relativity
computation to calculate the corresponding waveform. Once the two bodies have merged, the
horizon of the resulting black hole undergoes a damped perturbation that appears as a ringdown
signal in the waveform which can be decomposed in quasi-normal modes.
The calculated waveforms are used as templates in a matched filtering process, which consists
in the cross correlation between the output signal of the detectors and the templates, weighted
by the inverse of the power spectral density of the detectors. A threshold is put on the resulting
time series, giving a set of candidate events or triggers. The parameters that drive the evolution
of the waveform can be split in two categories. The intrinsic parameters, which are the masses
and spins of the components, drive the system dynamics and the waveform evolution. Since
the matched filtering process is very sensitive to the phase evolution of the waveform, one
needs to scan the 4D intrinsic parameter space with a very large number of templates, around
250 000 in our case 3 (figure 1). The extrinsic parameters, the initial phase of the signal or

Figure 1 – The four-dimensional search parameter
space covered by the template bank shown projected into the component-mass plane, using the
convention m1 > m2 . Symbols indicate the best
matching templates for GW150914, GW151226,
and LVT151012. For GW150914 and GW151226,
the templates were the same in the two independent searches named PyCBC and GstLAL, while
for LVT151012 they differed. The parameters of
the best matching templates are consistent, up to
the discreteness of the template bank, with the detector frame mass ranges provided by detailed parameter estimation.

parameters that determine the orientation of the binary, impact the arrival time of the signal
and its global amplitude and phase. These parameters can be maximized over without the need
for a computationally expensive matched filtering.
The triggers produced by the matched filtering process are subjected to a χ2 test checking
consistency of the signal with the expected waveform and to data quality vetoes excluding times
with known perturbations in the instruments or their environments 4 . Coincidences are then
identified as surviving triggers in the two detectors matching in time and parameters.
Triggers
q
2
2
are ranked according to the value of the combined reweighted SNR: ρ̂c = ρ̂H1 + ρ̂L1 , with
1/6

ρ̂ = ρ/ 1 + (χ2r )3 /2


3



and χr the outcome of the consistency test.

Observational run 1 and the observed events therein

During the first LIGO-Virgo observational run, two events - GW150914 1 and GW151226 5 were considered of high enough significance to be called detections. The third most significant
trigger - LVT151012 - was not significant enough to be a detection but interesting enough to be
studied in depth. The reconstructed waveforms from a coherent Bayesian analysis 6 of the three
aforementioned triggers is shown on fig. 2

p

Figure 2 – Left panel: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
S(f )
√
in units of strain per Hz, and the recovered signals of GW150914, GW151226, and LVT151012 plotted so that
the relative amplitudes can be related to the SNR of the signal. Right panel: Time evolution of the recovered
signals from when they enter the detectors sensitive band at 30 Hz. Both figures show the 90% credible regions of
the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a nonprecessing spin waveform
model 6 .

The detectors physical environment is monitored by an array of sensors : seismometers,
accelerometers, microphones, magnetometers, radio receivers, weather sensors, power line monitors and cosmic ray detectors. This array forms about 105 data channels for each detector, used
to veto transient disturbances. Special attention is paid to the correlated sources of noise like
global electromagnetic noise. In the case of the events GW150914 and GW151226, an environmental origin was ruled out because the excess power in the auxiliary channels was too small by
a factor >∼ 17 to explain the signal. Furthermore, the observed environmental disturbances do
not match the morphology of the signal events.
The signal significance is quantitatively assessed based on its false alarm rate (FAR), measured from the background estimated on the data themselves; in the case of GW150914, the
analysis is repeated ∼ 107 times on detector streams time-shifted by multiples of 0.1s, whereby
accumulating a background time of 608000 years. As shown in fig. 3, GW140914 is louder than
all background triggers, therefore bounding its false alarm rate after accounting for trial factors
to be < 6 × 10−7 yr−1 , corresponding to a significance > 5.3σ. The figure 3 also shows the

Figure 3 – Search results from one of the data analyses performed on the data. See the text for explanation.

search results from one of the two analyses performed on the data. The left-hand plot shows
the result for signals with chirp mass M > 1.74 M (the chirp mass of an m1 = m2 = 2 M
binary). GW150914 is the most significant event in the data, with a combined SNR of ρ̂c = 23.7,
and it is more significant than any background event in the data. Individual triggers in the L1
and H1 detectors, forming the event GW150914, have the highest SNR in each detector. As
GW150914 is so significant, the high significance background is dominated by its presence in the
data. Once it has been identified as a signal, we remove it from the background estimation to
evaluate the significance of the remaining events. The right plot shows results with GW150914
removed from both the foreground and background. GW151226 is then identified as the most
significant event remaining in the data, with an SNR ρ̂c = 13.0. GW151226 is more significant
than the remaining background in this analysis, with a significance of greater than 5.3σ. The
third most significant event in the search, LVT151012, is identified with a significance of 1.7σ in
one of the performed analyses. The significance obtained for LVT151012 is not greatly affected
by including or removing background contributions from GW150914 and GW151226. There
is no instrumental or environmental artefact around LVT151210 and the parameter estimation
results are consistent with an astrophysical Binary Black Hole source.

Figure 4 – GW150914 signal observed by the LIGO H1
(left) and L1 (right detectors, filtered with a 35-350 Hz
bandpass filter. Top: Strain data. Middle: GW strain
projected onto each detector, showing a numerical relativity waveform for a system with parameters consistent with those recovered from GW150914 (solid lines)
and 90% credible regions for two independent waveform reconstructions (shaded areas). Bottom: Residuals after subtracting the filtered numerical relativity
waveform from the filtered detector time series.

Figure 5 – GW151226 signal observed by the LIGO H1
(left) and L1 (right) detectors, filtered with a 30-600 Hz
bandpass filter and band-reject filters to remove strong
instrumental spectral lines . Top row: Strain data and
best-match template from a nonprecessing spin waveform
model reconstructed using a Bayesian analysis 6 . Middle row: Accumulated peak signal-to-noise ratio (SNRp )
when integrating from the start of the best-match template, corresponding to a gravitational-wave frequency of
30 Hz, up to its merger time. Bottom: Signal-to-noise ratio (SNR) time series produced by time shifting the bestmatch template waveform and computing the integrated
SNR at each point in time.

Figures 4 and 5 show the strain time series measured in the H1 and L1 detectors, and
compares them to various waveform reconstructions. The waveform reconstructed from the
coherent signal in both detectors agrees with the best-fit CBC waveform, with a numerical
relativity waveform computed for a system with parameters consistent with those recovered
from GW150914, and with the data.
4

Source properties

Eight instrinsic parameters are needed to describe the source (masses and spin vectors) and nine
extrinsic parameters: three for the location (luminosity distance, right ascension, declination),
two for the orientation (inclination and polarization), two for the time and phase of coalescence

and two for the eccentricity of the orbit. Assuming circular orbits, parameters are estimated
from a coherent analysis across the detector network, in a Bayesian framework. Stochastic
sampling methods are used to explore the full multidimensional parameter space, computing
the likelihood of the data according to the match between the data and the predicted waveform
given a set of parameters. Parameter estimation therefore relies on accurate waveform models
being available, which has made crucial progress over the past decade. There are now models
that combine perturbative theory and numerical relativity and accurately describe all the phases
of a BBH coalescence: inspiral, merger, and ringdown, considering aligned spins and an effective
spin precession parameter. Still missing are the eccentricity, higher order gravitational modes
and full spin generality.
The intrinsic parameters of the binary drive the system dynamics and are therefore encoded
in the GW signal. The inspiral phase is driven at leading order by the chirp mass. The mass
ratio and spin components parallel to the orbital angular momentum enter at next to leading
order, and other spin degrees of freedom at higher orders. In addition, if spins have components
in the orbital plane, this leads the latter to precess, causing amplitude and phase modulation
of the observed GW signal. The merger and ringdown phases are primarily governed by the
mass and spin of the final black hole, which are fully determined by the masses and spins of the
binary in GR.

Figure 6 – Posterior probability densities (50% and 90% credible regions contours) of the initial masses, final
masses and final spins to the three events GW150914, LVT151012, and GW151226. Left panel: Component
masses msource
and msource
for the three events. We use the convention that msource
≥ msource
. Right panel:
1
2
1
2
The mass and dimensionless spin magnitude of the final black holes.

Figure 6 shows the posterior probability density functions (PDF) for the source-frame component masses, mass and spin of the remnant BH of GW150914, GW151226 and LVT151012.
The measured values are shown in table 1.
Table 1: Source frame component masses, final BH mass and spin for the three events of interest in the O1 run.
The reported values are median values with 90% credible intervals that include statistical errors and systematic
errors from averaging the results of different waveform models.

msource
1

msource
2

Mfsource

af

GW150914

36.2+5.2
−3.8 M

29.1+3.7
−4.4 M

62.3+3.7
−3.1 M

0.68+0.05
−0.06

GW151226

14.2+8.3
−3.7 M

7.5+2.3
−2.3 M

20.8+6.1
−1.7 M

0.74+0.06
−0.06

LVT151012

23+18
−6 M

13+4
−5 M

35+14
−4 M

0.66+0.09
−0.10

2
In the case of GW150914, we estimate the system radiated in GW a total energy of 3.0+0.5
−0.4 M c
+0.5
2
and reached a peak luminosity of 3.6−0.4
× 1056 erg/s, equivalent to 200+30
−20 M c /s.
The estimation of extrinsic parameters is based both on measurements and statistical guesses.

The amplitude of the observed signal depends on the system intrinsic properties and its distance,
as well as some geometrical factors. There is for instance a degeneracy between the distance and
the inclination of the system with respect to the line of sight, with distant sources with favorable
orientations being more likely. The source luminosity distance is estimated to be, for GW150914,
+0.03
+180
+0.03
420+150
−180 Mpc (redshift z = 0.09−0.04 ), for GW151226, 440−190 Mpc (redshift z = 0.09−0.04 ) and
+0.09
for LVT151210, 1000+500
−500 Mpc (redshift z = 0.20−0.09 ). The sky location of the source is inferred
+0.5
primarily from the time delay (of 6.9−0.4 ms for GW150914) between the L1 and H1 detectors, as
well as amplitude and phase consistency constraints, with sky locations corresponding to good
detector response being preferred. The localization currently has limited accuracy, with a two
detector network, and forms part of an annulus whose area is about 230 deg2 for GW150914.
5

Infered rate of binary black hole mergers

Previous estimates of the BBH merger rate based on population modeling are reviewed in 9 . The
range of rates given there spans more than three orders of magnitude, from 0.1-300 Gpc−3 .yr−1 .
The inference of astrophysical rates is made by counting the signals in an experiment and
estimating the sensitivity to a population of sources, depending on the mass distribution which
is hardly known. Fig. 7 (left) shows the posterior probability density of mergers of the type of
each observed event, as well as the sum of these. The obtained 90% range of allowed rates is
R ∼ 9 − 240 Gpc−3 .yr−1 .
Other transient searches and activities inside the Compact Binary Coalescences group lead to
upper limits on the binary neutron star (BNS) and neutron star - black hole events from the O1
run 10 . Binary neutron star coalescences with neutron star masses in the range mN S ∈ [1, 3] M
were searched for and an upper limit on BNS merger rate was found, at 90% confidence,
to r(BNS merger) < 12600 Gpc−3 .yr−1 . NS-BH mergers were also searched for with the
same NS mass range and mBH ∈ [2, 99] M and the no-detection resulting upper limit was
r(NSBH merger) < 3600 Gpc−3 .yr−1 . An all-sky search for gravitational waves from merging
intermediate mass black hole binaries (IMBHBs) was performed 12 , leading to a most stringent
limit obtained for black holes of individual mass 100 M , with spins aligned with the binary
orbital angular momentum. For such systems, the merger rate is constrained to be less than
0.93 Gpc−3 .yr−1 in comoving units at the 90% confidence level.

Figure 7 – Left plot: posterior densities on the rate of GW150914-like BBH, LVT151012-like BBH, and GW151226like BBH mergers. The event-based rate is the sum of these. Right plot: probability of observing N > 2, N > 10,
and N > 40 highly significant events, as a function of surveyed space-time volume. The vertical line and bands
show, from left to right, the expected sensitive space-time volume for the second (O2) and third (O3) anticipated
advanced detector observing runs.

6

Electromagnetic follow-up searches

Preliminary estimates of the time, significance, and sky location of GW150914 were shared with
63 teams of astronomy partners covering radio, optical, near-infrared, X-ray, and gamma-ray
wavelengths with ground and space-based facilities. Follow-up observations were reported by 25
teams in the days and weeks that followed 8 , covering a fair fraction of the preliminary sky map,
as can be seen in fig. 8. As GW150914 turned out to be a binary black hole merger, there is
little expectation of a detectable electromagnetic signature. Nevertheless, this first broadband
campaign to search for a counterpart of a GW source represents a milestone and highlights the
broad capabilities of the transient astronomy community.

Figure 8 – Footprints of electromagnetic observations in comparison with the 50% and 90% credible levels of the
initially distributed GW localization maps for GW150914.

We can use the inferred rates to estimate the number of BBH mergers expected in future
observing runs 11 . The expected number of observed events scales linearly with the sensitive
space-time volume hV T i of a future search. We use a fiducial BBH system with total mass
60M and mass ratio q = 1, to estimate a range of sensitive space-time volumes for future
observing runs. The second observing run (O2) has begun in december 2016 and will last six
months, and the third run (O3) is set to start in 2018 and last nine months. The right plot of
fig. 7 shows the predictions for the probability of obtaining N or more high-significance events
as a function of hV T i (in units of the space-time volume surveyed during O1).

7

Testing consistency with general relativity

The recorded events allow for tests of GR in the strong field, non linear, high velocity regime
(v/c ∼ 0.5). Their relatively large SNR allows to perform some coarse consistency tests with the
predictions of GR 2 . It was checked that the residuals after subtraction of the best-fit waveform
are consistent with instrumental noise, and that early and late parts of the observed waveforms
are consistent with each other in the context of GR. By using waveform models that allow
for parameterized GR violations during the inspiral and merger phases, quantitative tests were
performed on the GW phase in the dynamical regime and the first empirical bounds were placed
on several high-order post-Newtonian coefficients (see fig. 9). Furthermore, assuming a modified
dispersion relation for gravitational waves, constraints were put on the Compton wavelength of
the graviton to be λg > 1013 km, which could be interpreted as a bound on the graviton mass
mg < 1.2 × 1022 eV/c2 .

Figure 9 – Posterior PDFs of parameters caracterizing deviations from GR in the observed signals recorded during
the O1 run. Each δ p̂ parameter represents the deviation from the p̂ parameter at each order in the post-Newtonian
expansion of the considered waveforms.

8

Some astrophysics implications

The detection and properties of the GW150914 and GW151226 demonstrate that relatively
heavy stellar mass black holes (> 25 M ) exist in nature, which implies the progenitor was
formed in a low metallicity environment, to allow for weak massive-star winds 2 . Also demonstrated is the fact that binary black holes can form, although the events do not currently allow
to identify the formation path, from an isolated binary or through dynamical capture in a dense
stellar cluster.
9

Outlook

The first observational run of LIGO led to the detection of two strong events, GW150914 and
GW151226, which were both interpreted as the coalescence of two black holes. Efforts are
underway to enhance significantly the global gravitational wave detector network, both in terms
of sensitivity and number of detectors, with Advanced Virgo expected to join Advanced LIGO
soon. The future observing runs will lead to detecting further signals, with improved position
reconstruction and parameter estimation of the sources, thus yielding a wealth of astrophysics
and fundamental physics insights.
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The Advanced LIGO detectors have commenced observations with Advanced Virgo joining in
the near future. Gravitational waves from the merger of binary black hole systems have been
observed. A major goal for LIGO and Virgo will be to detect or set limits on a stochastic
background of gravitational waves. A stochastic background of gravitational waves is expected
to arise from a superposition of a large number of unresolved cosmological and/or astrophysical sources. A cosmologically produced background would carry unique signatures from the
earliest epochs in the evolution of the Universe. Similarly, an astrophysical background would
provide information about the astrophysical sources that generated it. The observation of
gravitational waves from binary black holes implies that there will be a stochastic background
from these sources that could be observed by Advanced LIGO and Advanced Virgo in the
near future. The LIGO and Virgo search for a stochastic background should probe interesting
regions of the parameter space for numerous astrophysical and cosmological models. Presented here is an outline of LIGO and Virgo’s search strategies for a stochastic background of
gravitational waves, including the search for gravitational wave polarizations outside of what
is predicted from general relativity. Also discussed is how global electromagnetic noise (from
the Schumann resonances) could affect this search; possible strategies to monitor and subtract
this potential source of correlated noise in a the global detector network are explained. The
results from Advanced LIGO’s observing run O1 are presented, along with the implications of
the gravitational wave detections. The future goals for Advanced LIGO and Advanced Virgo
are explained.

1

Introduction

A consequence of Einstein’s general theory of relativity are gravitational waves, perturbations
to spacetime that travel away from their source at the speed of light. A stochastic gravitationalwave background (SGWB) signal is formed from the superposition of many events or processes
that are too weak and too numerous to be resolved individually, and which combine to produce
a SGWB. Cosmological sources, such as inflation, pre-Big Bang models, or cosmic strings, could
create a SGWB. Astrophysical sources can also create a SGWB; this background could be
produced over the history of the Universe from compact binary coalescences, supernovae, and

neutron stars. In fact, the recent observations by Advanced LIGO of gravitational waves from
binary black hole mergers 1,2,3 implies that a SGWB will be created from these events happening
throughout the history of the universe and it may be detectable by Advanced LIGO 4 and
Advanced Virgo 5 in the coming years 6 . As Advanced LIGO and Advanced Virgo conduct their
observations a major goal will be to measure the SGWB.
The spectrum of a SGWB is usually described by the dimensionless quantity Ωgw (f ) which
is the gravitational-wave energy density per unit logarithmic frequency, divided by the critical
energy density ρc (ρc = 3c2 H02 /8πG, where H0 is the present value of the Hubble constant) to
close the universe,
f dρgw
Ωgw (f ) =
.
(1)
ρc df
Theoretical models of the SGWB in the observation band of LIGO and Virgo are characterized
by a power-law spectrum which assumes that the fractional energy density in gravitational waves
has the form
!α
f
Ωgw (f ) = Ωα
,
(2)
fref
where α is the spectral index and fref is a reference frequency. Cosmologically produced SGWBs
are typically approximated by a power law in the LIGO frequency band, α = 0, while α = 3
is characteristic of many astrophysical models. A SGWB from binary black holes in Advanced
LIGO and Advanced Virgo’s most sensitive frequency band (10 Hz - 100 Hz) would have α = 2/3.
The method by which LIGO and Virgo have attempted to measure the SGWB is, in principle,
not difficult; optimally filtered correlations from the output strain data from two detectors are
calculated 7,8 Initial LIGO 9 and initial Virgo 10 have used this method on their data to set
upper limits on the energy density of the SGWB 11,12,13 . No signal was detected, but the results
constrain the energy density of the SGWB to be Ω0 < 5.6 × 10−6 at 95% confidence 13 in
the 41.5–169.25 Hz band. The advanced detectors will ultimately have about 10-times better
strain sensitivity than the initial detectors; the low frequency limit of the sensitive band is also
extended from 40 Hz down to 10 Hz. Furthermore, the number of detectors operating in a
worldwide network will increase, eventually including sites at LIGO-Hanford, LIGO-Livingston,
Virgo, GEO-HF (at high frequencies) 14 , KAGRA (Japan) 15 , and potentially LIGO-India 16 . The
significant strain sensitivity improvements and wider bandwidth will enable real breakthroughs
in the searches for the SGWB, with a potential sensitivity of Ω0 < 6 × 10−10 . The detection
of a cosmologically produced SGWB would be a landmark discovery of enormous importance
to the larger physics and astronomy community. The detection of an astrophysically produced
SGWB would also be of great interest; the loudest contribution to such an SGWB would likely
be stellar mass binary black hole systems, due to their large apparent abundance 6 .
Gravitational-wave signals that are too weak to be detected individually combine to form a
SGWB. The SGWB that LIGO and Virgo hope to observe could be created from two classes
of sources. A cosmologically produced SGWB would be created in the earliest moments of
the Universe. There are a host of cosmological processes that could contribute to the SGWB,
such as the amplification of vacuum fluctuations following inflation 17 , phase transitions in the
early universe 18,19 , cosmic strings 20,21,22,23 , and pre-Big Bang models 24,25 . An astrophysically
produced SGWB would arise from the ensemble of what would be considered to be standard
astrophysical events 26 . In total the astrophysical background would be the result of a broad
spectrum of events, including core collapses to neutron stars or black holes 27,28,29,30,6 , rotating
neutron stars 31,32 including magnetars 33,34,35,36 , phase transition 37,38 or initial instabilities in
young neutron stars 39,40,41,40 , compact binary mergers 42,43,44,45,46,47 and compact objects around
super-massive black holes 48,49 . As LIGO and Virgo observe in the advanced detector era, the
cosmologically produced SGWB and the astrophysically produced SGWB are both exciting
targets for observation.

2

Results from Advanced LIGO Observing Run O1

Advanced LIGO’s first observing run went from September 2015 to January 2016. The data
from the two Advanced LIGO detectors, LIGO Hanford and LIGO Livingston, were used for
the search for a SGWB. Data quality cuts removed problematic times and frequencies from the
analysis. In total, 29.85 days of coincident data were analyzed. No SGWB was detected.

2.1

O1 Isotropic Results

Assuming that the frequency dependence of the energy density of the SGWB is flat, namely
α = 0, the constraint on the energy density is Ω(f ) < 1.7 × 10−7 with 95% confidence within
the 20 Hz - 86 Hz frequency band 50 . This is a factor of 33 better than the upper limit set by
initial LIGO and initial Virgo 13 . Assuming a spectral index of α = 2/3 the constraint on the
energy density is Ω(f ) < 1.3 × 10−7 with 95% confidence within the 20 Hz - 98 Hz frequency
band, while for α = 3 it is Ω(f ) < 1.7 × 10−8 in the 20 Hz - 300 Hz band 50 (the reference
frequency is fref = 25 Hz when α 6= 0). Figure 1 provides the O1 SGWB results, as well
as constraints from from previous analyses, theoretical predictions, the expected sensitivity at
design sensitivity for Advanced LIGO and Advanced Virgo, and the projected sensitivity of the
proposed Laser Interferometer Space Antenna (LISA) 51 . The O1 results will be used to limit
cosmic string parameters, similar to what was done with initial LIGO and initial Virgo 11,52 .

Figure 1 – Constraints on the SGWB, as well as some representative models, across many decades in frequency.
Presented are the limits from ground-based interferometers from the final science run of Initial LIGO-Virgo, the
co-located detectors at Hanford (H1-H2), Advanced LIGO (aLIGO) O1, and the projected design sensitivity of
the advanced detector network assuming two years of coincident data, with constraints from other measurements:
CMB measurements at low multipole moments 53 , indirect limits from the Cosmic Microwave Background (CMB)
and Big-Bang Nucleosynthesis 54,55 , pulsar timing 55 , and from the ringing of Earth’s normal modes 56 . The
predicted SGWB from binary black holes (BBH) 6 and binary neutron stars (BNS) 57 are displayed. Also given
are the projected limits for the proposed space-based detector LISA 51 . Displayed in Figure 2 is the region in the
black box in more detail. Figure from 50 .

The dramatic improvement in the upper limit on the SGWB energy density was important,
but not the most important SGWB outcome of observing run O1. The observation of the
gravitational waves from stellar mass binary black hole mergers 1,2,3 implies that these events
are far more numerous in the universe than previously expected. In fact, it is likely that the
SGWB produced from these type of events will be at the level of ΩGW ∼ 10−9 in the observing
band of Advanced LIGO and Advanced Virgo 6 . See Figure 2.

Figure 2 – The range of potential spectra for a BBH background assuming the flat-log, power-law, and three-delta
mass distribution models described in 58,3 , and the local rate derived from the O1 detections 3 . Also displayed is
the O1 sensitivity and the projected ultimate design sensitivity for Advanced LIGO and Advanced Virgo. Figure
from 50 .

2.2

Anisotropic O1 Results

Within the LIGO-Virgo observational band it is expected that the SGWB will be essentially
isotropic. However, LIGO and Virgo have decided to look for a SGWB that would be anisotropic.
Such an anisotropic background could provide even more information about the early universe,
or the astrophysical environment in our region of the universe. Using the recent O1 data there
have been three different types of searches for an anisotropic background 59 . To look for extended
sources, LIGO and Virgo use what is known as the spherical harmonic decomposition 60 . In order
to search for point sources, a broadband radiometer analysis is used 61,62 . Finally, LIGO and
Virgo employed a narrowband radiometer search to look for gravitational waves in the direction
of interesting objects in the sky, such as the galactic center, Scorpius X-1 and SN 1987A.
An anisotropic SGWB was not observed with the Advanced LIGO O1 data, but important
upper limits were set 59 . For broadband point sources, the gravitational wave energy flux per
unit frequency was constrained to be Fα,Θ < (0.1 − 56) × 10−8 erg cm−2 s−1 Hz−1 (f /25 Hz)α−1
depending on the sky location Θ and the spectral power index α. For extended sources, the
upper limits on the fractional gravitational wave energy density required to close the Universe
are Ω(f, Θ) < (0.39 − 7.6) × 10−8 sr−1 (f /25 Hz)α , again depending on Θ and α. The directed
searches for narrowband gravitational waves from Scorpius X-1, Supernova 1987 A, and the
Galactic Center had median frequency-dependent limits on strain amplitude of h0 < (6.7, 5.5,
and 7.0) × 10−25 respectively, for the most sensitive detector frequencies 130 - 175 Hz. See 59 for
further details.

2.3

Tests of General Relativity with the Stochastic Gravitational-Wave Background

LIGO and Virgo have used the recent observation of gravitational waves from binary black hole
coalescences to test general relativity 63,3 . The LIGO-Virgo SGWB search will also be extended
in order to test general relativity. There is not necessarily a reason to expect extra polarizations
of gravitational waves, nor extra polarizations in the SGWB; however, LIGO and Virgo have
the ability to search for these modes, and will do so. With general relativity there are only
two possible polarizations for gravitational waves, namely the two tensor modes. Alternative
theories of gravity can also generate gravitational waves with scalar or vector polarizations 64 .
Since there are six possible polarization modes, Advanced LIGO (with only two detectors,
that are essentially co-aligned with respect to each other) cannot identify the polarization of short
duration gravitational wave signals 3,65,64 , such as those that have been recently observed 1,2,3 . A
minimum of six detectors would be necessary to resolve the polarization content (scalar, vector
and tensor) of a short duration gravitational wave 64 . A search for long duration gravitational
waves, such as those from rotating neutron stars or the SGWB by the two Advanced LIGO
detectors, can directly measure the polarizations of the gravitational waves 65,66,67,68 . A detection
of a SGWB by Advanced LIGO and Advanced Virgo would allow for a verification of general
relativity that is not possible with short duration gravitational wave searches.
The LIGO-Virgo search for a SGWB will now be expanded to a search for 6 polarizations:
two tensor modes, two vector modes, and two scalar modes 68 . This will soon be applied to
Advanced LIGO Observing Run O1 data. The addition of Advanced Virgo to the network does
not improve detection prospects (because of its longer distance displacement from the LIGO
detectors), however it will improve the ability to estimate the parameters of a SGWB of mixed
polarizations. The eventual inclusion of KAGRA 15 and LIGO-India 16 will further expand
the ability to resolve different polarizations of the SGWB, and further test general relativity.
Bayesian parameter estimation techniques have been developed in order to search for tensor,
vector and scalar polarizations in the LIGO-Virgo data 68 .
3

Correlated magnetic noise in global networks of gravitational-wave detectors

A search for the SGWB uses a cross-correlation between the data from two detectors. Inherent
in such an analysis is the assumption that the noise in one detector is statistically independent
from the noise in the other detector. Correlated noise would introduce an inherent bias in
the analysis. It is for this reason that the data from two separated detectors is used. At one
time initial LIGO had two co-located detectors at the LIGO Hanford site. An attempt was
made to measure the SGWB with these two detectors, but correlated noise at low frequencies
contaminated the measurement, and a clean analysis could only be made for frequencies above
460 Hz 12 .
The LIGO and Virgo detectors’ sites are thousands of kilometers from one another, and
the simple assumption is that the noise in the detectors at these sites is independent from one
another. However, this assumption has been demonstrated to be false for magnetic noise. The
Earth’s surface and the ionosphere act like mirrors and form a spherical cavity for extremely
low frequency electromagnetic waves. The Schumann resonances are a result of this spherical
cavity, and resonances are observed at 8, 14, 20, 26, ... Hz 69 . Most of these frequencies fall
in the important SGWB detection band (10 Hz to 100 Hz) for Advanced LIGO and Advanced
Virgo. The resonances are driven by the 100 or so lightning strikes per second around the world.
The resonances result in magnetic fields of order 0.5 - 1.0 pT Hz1/2 on the Earth’s surface 69 . In
the time domain, 10 pT bursts appear above a 1 pT background at a rate of ≈ 0.5 Hz 70 .
This magnetic field noise correlation has been observed between magnetometers at the LIGO
and Virgo sites 71 . Magnetic fields can couple into the gravitational wave detectors and create
noise in the detectors’ output strain channel. It has been determined that the correlated magnetic field noise did not affect the SGWB upper limits measured by initial LIGO and Virgo, but

it is possible that they could contaminate the future results of Advanced LIGO and Advanced
Virgo 72 . If that is the case, then methods must be taken to try and monitor the magnetic fields
and subtract their effects. This could be done, for example, via Wiener filtering 72,73 . Low noise
magnetometers are now installed at the LIGO and Virgo sites in order to monitor this correlated magnetic noise, and to be used if Wiener filtering is necessary for the SGWB searches. In
addition to long term magnetic noise correlations, short duration magnetic transients, produced
from lightning strikes around the world, are seen to be coincidently visible at the detector sites
and could affect the search for short duration gravitational wave events 74 .
4

Future Observing Runs for LIGO and Virgo

Advanced LIGO has completed its first observing run, and the results of the search for a SGWB
have been published 50,59 . At the time of this writing Advanced LIGO is in the middle of its second observing run, with Advanced Virgo to join soon. Over the next few years further observing
runs will happen as Advanced LIGO and Advanced Virgo approach their target sensitivities 75 .
At their target sensitivities LIGO and Virgo should be able to constrain the energy density of
the SGWB to approximately Ωgw ∼ 1 × 10−9 (in the 10 Hz to 100 Hz band) with a year of
coincident data, while 3 years of data will give a limit of Ωgw ∼ 6 × 10−10 . At this point it is
likely that LIGO and Virgo could observe a binary black hole produced SGWB 50,6 . Various
cosmological models 18,19,24,25 , or cosmic strings 20,21,22,23 might produce a detectable SGWB at
this level as well. Similar sensitivity advances will also be made with the directional searches
as Advanced LIGO and Advanced Virgo reach their target sensitivities. In fact, the addition of
Advanced Virgo to the network, with its long distance displacement from the LIGO sites, will
make a further important contribution to the directional searches and their ability to map the
sky 59 . One can expect to see many important results pertaining to the search for a SGWB from
LIGO and Virgo in the coming years.
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BLACK HOLES BINARIES FROM GLOBULAR CLUSTERS AS SOURCES OF
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Stellar mass binary black holes are the most important sources of gravitational waves for
ground based interferometric detectors. We analyze about a thousand globular cluster (GC)
models simulated using the MOCCA Monte Carlo code for star cluster evolution to study
black hole - black hole interactions in these dense stellar systems that can lead to gravitational wave emission. We extracted information for all coalescing binary black holes (BBHs)
that merge via gravitational radiation from these GC models and for those BHs that collide due to 2-body, 3-body and 4-body dynamical interactions. By obtaining results from a
substantial number of realistic star clusters evolution model, that cover different initial parameters (masses, metallicities, densities etc) we have an extremely large statistical sample of
two black holes which merge or collide within a Hubble time. We discuss the importance of
BBH originating from GC for gravitational waves observations.

1

Introduction

The direct detections of gravitational waves (GWs) from the merger of binary black holes (BBHs)
by the Advanced LIGO (aLIGO) detectors has ushered astrophysics into a new era of observing
highly energetic events that were previously invisible. Following the detection of GW150914 2 ,
two more confirmed BBH mergers, GW151226 3 and GW170104 4 were observed by aLIGO.
The detections confirm the existence of massive stellar black holes (BHs) in binary systems and
proves that such systems can merge via GW emission within a Hubble time. Masses inferred
from the GW signal of coalescing BBHs detected by aLIGO show that these BHs are typically
more massive than accreting stellar mass BHs in X-ray binaries. Existence of BHs with masses
higher than 20M may indicate that they were formed in low metallicity environments like GCs
9 but the formation scenario for massive BBHs and the origin of the detected coalescing binaries
remains debatable. Such systems may form in the field via isolated binary evolution 26,10,29 or
through dynamical interactions in dense stellar systems like GCs 28,7 or galactic nuclei 6,5 . It is
also possible that the detected events maybe coalescing primordial BHs 25 . In this contribution
we study the astrophysical properties of BHs which merge via GW emission in a binary system
or collide in GCs due to dynamical interactions. Binary black hole coalescence will lead to the
characteristic chirp signal (a signal with increasing frequency with time caused by shrinking a
BBH orbit due to gravitational radiation) while collisions in dynamical interactions may produce
a short, burst signal.

2

Method

We analyze about 1000 GC models generated by the mocca (MOnte Carlo Cluster simulAtor)
code 17,14 as part of the mocca-Survey Database I 7 . The initial conditions for these models
models cover a wide range of the parameter space (different initial masses, densities, primordial binary fraction, metallicity, central density and concentrations). The code follows most
of the important physical processes that occur during the dynamical evolution of star clusters.
Additionally to proper treatment of the relaxation process mocca includes:
1. Synthetic binary and stellar evolution using the prescriptions provided by Hurley, Pols &
Tout (2000) and Hurley, Tout & Pols (2000) (bse code) 18,19 ,
2. Direct integration procedures for small N sub-systems using the fewbody 13 code provided
by Fregau et al. (2004),
3. Realistic treatment of escape processes in tidally limited clusters based on Fukushige &
Heggie (2000) 12 .
mocca has been extensively tested by Giersz et al. (2013) 14 , Heggie (2014) 16 , Wang et al.
(2016) 30 , Mapelli (2016) 23 and Madrid (2017) 22 against the results of N -body simulations of
star cluster models comprising of thirty thousand to one million stars. The agreement between
these two types of simulations was excellent. In the MOCCA-SURVEY Database I cluster
models are more or less representative of the GC population in our Galaxy 7 . The code has been
recently used to determine properties of coalescing binary black holes originating from GC 7 .
The mass of each BH in a binary system was limited to M < 100M and BH natal kicks were
modified according to mass fallback prescriptions given by Belczynski et al. (2002) 8 . In this
contribution we consider all BH masses and take into account all BH-BH interactions which lead
to GW emission. For BBHs that were ejected from GC, we calculated the merger times using
the formulae derived by Peters (1964)24 and the time when the BBH escaped the GC model. For
coalescing BBHs retained in GC models, results from bse code incorporated within MOCCA
were used to obtain correct merger times. For BH collisions and mergers during binary-single
and binary-binary interactions, the results from the fewbody code used in MOCCA for strong
interactions were analyzed. Direct collisions between all single objects from MOCCA results
were also analyzed to look for direct collisions betwen BHs. For BH collisions we consider 2body, 3-body and 4-body interactions. This also included interactions with an Intermediate Mass
Black Hole (IMBH, which is defined as a BH with mass above 100 M ) that are dynamically
formed in 30 % GC models. 15 .
3

Merging BBHs and Colliding BHs From Globular Clusters

Globular cluster are spherical and dense group of 105 to 106 stars orbiting a host galaxy. Numerous dynamical interactions take place in these extremely dense stellar environments. Such
interactions can lead to the formation of binaries, affect the parameters of existing binary systems and radically change their evolution. This is particularly important for compact objects
binaries: change of orbital parameters due to gravitational interactions with nearby objects; exchange of an object in a binary system as a result of close interaction; formation of new binary
systems as a result of several-body interactions; the merger or the collision of two objects as
a result of dynamical interactions. The whole analysis involves BHs that merged in a binary
system or collided with each other within Hubble time T = TH = 13 × 109 yrs.
3.1

Characteristics of the BH-BH interactions

Analyzing the output of the mocca code we can distinguish five different interactions, which
can lead to the emission of chirp GW signal due to the coalescence of two BHs in a binary
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system or a burst GW signal due to the collision of two BHs. The number of mergers inside or
outside cluster models or collisions due to 2-body, 3-body and 4-body dynamical interactions as
a function of time are provided in Fig. 1.
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Figure 1 – Number of merging BBHs per unit time (1 Myr) as a function of merger time limited to Hubble
time TH . Orange and red dashed point-lines correspond to binary mergers with chirp GW signal (outer and inner
binary evolution respectively). Black, green and blue solid point-lines correspond to burst GW signal interactions,
which are 2-, 3- and 4-body interactions respectively.

1. Interactions leading to the chirp GW signal:
• EBE - Ejected Binary Evolution - a binary systems which, due to interactions in a
cluster, gained sufficient velocity to escape the gravitational potential of GC. Such
ejected BBH systems evolve in isolation outside GC. The coalescence time is determined by the orbital parameters set at the time of the escape which are taking into
account while integrating Peters (1964) equations. Over 50 % of the EBE merge
during the first two billion years of the cluster model evolution. This is the interaction that produces the largest number of GW chirp signal. By the TH , 15 236
BBH merged, and only 102 of them had the mass of one of the two BHs greater than
100 M .
• RBE - Retained Binary Evolution - the BBH merger due to binary evolution or
due to gravitational interaction inside the cluster. Most of these binaries, about
90% merge at early time of the cluster evolution (up to 5 × 108 years), when the
most massive stars evolve rapidly, there is ongoing mass segregation process and the
dynamical interactions are very common. There were 3 628 binary mergers found
in this interaction, more than 80% of them are binaries in which none of the BHs
exceed 100 M . As in the case of EBE interactions, the presence of IMBH results in
a greater number of coalescencing (over 2/3 of found binaries).

2. Dynamical interactions leading to the burst GW signal:
• 2-BI - 2-Body Interactions - a collision of two BHs, which is based on a physical
collision (the minimum distance is less than the sum of the Schwarzschild radius of
both BHs). Collisions occur only in the clusters where the IMBH was formed, and
the collision percentage in which it took part is 99.9%. Such objects have a significant
influence on the evolution of the entire cluster. In our analysis we found 32 122 these
interactions, and only 35 of them were with BHs with masses lower than 100 M .
More than 50% of 2-body collisions occur during the first billion years of globular
cluster model evolution.
• 3-BI - 3-Body Interactions - interactions involving three objects - a binary system and
a star. In this interaction, as in the case of 2-BI, a dynamical physical collision occurs.
To designate the relevant objects involved in a collision all possible permutations must
be taken into account. These collisions are very rare (1,064 found events) and, as in
the case of 2-BI interactions, the majority of the collisions occur during the first
billion years of the GC model evolution. Over 97% of them are collisions in clusters
with IMBH.
• 4-BI - 4-Body Interactions - interactions involving two binary systems, in which two
BHs are colliding. These interactions have properties very similar to 3-BI, but with
even less statistics (783 found events), although more collisions were reported, both
quantitatively and in percent, in clusters without IMBH. Just like other interactions,
4-BIs accumulate at the beginning of the cluster model evolution.
4

Local and Cosmological Merger and Collision Rate Density

In order to determine the merger and the collision rate density we used the same formalism
as Bulik et al. (2004). We used GC star formation rate model (GCSFR) from Katz & Ricotti
(2013). We found a local merger rate density for EBE and RBE in GCs of at least 5.6 Gpc−3 yr−1
up to 30 Gpc−3 yr−1 . It is comparable to the rate calculated by Rordriguez et al. (2016) and
consistent with the lower bound on the observed LIGO BBHs merger rate density of 12 −
213 Gpc−3 yr−1 4 . In Figure 2 one can see that rate of merging BBHs depends on cluster
metallicity. The obtained masses of BH are consistent with aLIGO observations. The uncertainty
in the metallicity composition of GCs in early galaxies and the uncertainties connected with
stellar initial mass function and the maximum stellar mass may introduce an additional increase
in the merger rate. This shows that BBHs from GC could contribute to the observed events by
aLIGO and other ground based detectors. The efficiency of BBH mergers is higher in GC than
in the field but the total amount of star formation in dense GCs could be about 1% of the mass
in the field. The local rate density for collisions due to 2-BI is at least of 1.1 Gpc−3 yr−1 .
We also determined the merger and collision rate density of two BHs as a function of redshift
z. In Figure 3 different types of interactions are marked with different colours. Dashed lines
correspond to the interactions leading to the chirp GW signal, while solid lines correspond to
interactions which lead to burst GW signal. In the local universe, the dominant interactions
are those of EBE, the binaries that escaped the cluster and evolve due to GW emission outside
GC. For higher value of z > 0.6 2-BI collisions dominate the rate. Aside from 2-BI, a large
coalescence ratio on high values of z has also EBE and RBE interactions. Collisions due to
3-body and 4-body interactions are less significant than others in full range of z.
5

Conclusion

In conclusion, the results presented in this contribution show that dynamical interactions within
dense stellar environments like GCs can lead to GW emission from merging and colliding BHs
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Figure 2 – Local merger rate density of two black holes with masses m1 and m2 in function of chirp mass
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Figure 3 – Merger and collision rate density in function of redshift for fixed GCSFR 20 for all types of interactions.
Orange and red dashed lines correspond to binary mergers (outer and inner binary evolution respectively) which
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that maybe detected by GW observatories. GCs are efficient factories for producing BBHs that
can coalesce within Hubble time producing a chirp GW signal. BH collisions during multiple
body interactions can also significantly contribute to the burst like GW events under assumption
that the IMBH is formed in some GC.
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ADVANCED VIRGO COMMISSIONING CHALLENGES
J. CASANUEVA FOR THE VIRGO COLLABORATION
LAL, Centre Scientifique d’Orsay,
91898 Orsay, France

The second generation of gravitational wave detectors has made the first detection of a gravitational wave on September 14th of 2015, opening the possibility to study new astrophysical
phenomena. The Advanced Virgo detector is currently under commissioning to join the data
taking. The main challenges encountered during this process will be presented in this document, together with the solutions implemented to bring the detector to its working point.

1

Introduction

The existence of Gravitational Waves (GW) was predicted by Albert Einstein’s General Relativity in 1915. They are perturbations of the metric (geometry of the space-time) that are
caused by a movement of mass and which propagate at the speed of light. The sources that emit
powerful GWs are compact objects like Black Holes and Neutron Stars and cataclysmic events
such as supernova explosions.
Gravitational Waves interact very weakly and so they carry direct information about their
sources that can not be accessed by the Electromagnetic spectrum. Moreover, their study will
provide a deeper understanding on General Relativity and gravitational interaction.
The first detection of a GW was done on September 14th of 2015 by the LIGO-Virgo collaboration. It was emitted by the merger of a Binary Black Hole, providing the first direct proof
of the existence of Black Holes. This event marks the beginning of a new way of observing the
Universe.
2

Gravitational wave detectors

The effect of the passage of a GW on Earth is a change on the distance between test masses,
i.e. masses experiencing only the gravitational interaction. Moreover this effect is differential
so when the distance is reduced in one direction it is expanded in the perpendicular one. This
distance variation is proportional to the amplitude of the GW, called h:
δL ' h · L

(1)

where L is the distance between the test masses, δL is the distance variation induced by the
passage of a GW.
Taking this into account, a Michelson interferometer is the ideal instrument to detect GWs
since it measures differential distances. The particularity of GW detectors is that their mirrors
are suspended to behave as test masses. Their working principle is to keep the Michelson
interferometer on a Dark Fringe, where there is no light arriving to the Detection photodiode
but all the light is reflected back towards the laser.

Figure 1 – Scheme of a GW detector.

In this configuration, the passage of a GW will cause a δL that will spoil the interference
condition, allowing some light to leak to the Detection photodiode. However, a simple Michelson
interferometer does not provide enough sensitivity for detecting GW. In order to improve the
detector performance two upgrades were added to the 1st generation of GW detectors:
• Fabry-Perot cavities in the arms: two Fabry-Perot cavities of 3 km each were added
in order to increase the optical path, increasing as well the Signal-to-Noise ratio (SNR).
They are marked in blue in Figure 1.
• Power Recycling cavity: an additional mirror was added between the Beam Splitter
(BS) and the laser, as it can be seen in Figure 1. Its target is to recirculate the power
that comes back towards the laser when the Michelson is in Dark Fringe. This allows to
increase the effective input power and so the SNR.
√
With these upgrades, a sensitivity of 10−19 m/ Hz was reached but the 1st generation instruments did not make any detection during their Scientific Runs. For this reason it was decided
to increase the sensitivity in one order of magnitude by upgrading the detector’s design.
The Advanced Virgo detector is the result of this effort. There were many changes in
order to reach this goal, but the main emphasis was put in reducing the fundamental noises
and in reducing the stray light. The most challenging upgrades from the point of view of the
commissioning will be presented here.
The first challenging upgrade was the increase of the finesse of the arm cavities from 150
to 450. The aim was to increase further the optical path and so the SNR. However this adds
complexity to the length control that keeps the cavities on resonance, as it will be explained in
detail in Section 3.
Regarding the thermal noise reduction it was decided to change the geometry of the FabryPerot cavities of the arms in order to increase the beam size on the mirrors. As a consequence
the geometry of the Power Recycling Cavity (PRC) needed to be adapted. These changes had
an impact on its stability, increasing the difficulty of the global control of the interferometer.
The solution implemented in order to deal with this feature will be described in Section 4.

3

Arm cavities: longitudinal control acquisition

Due to the seismic noise the cavities’ length is continuously changing and so a longitudinal
control is needed to keep the mirrors at their working point: on resonance. The technique used
for this purpose is called PDH, and provides an error signal that contains information about the
cavity length and the working point. It is produced by modulating in phase the laser beam using
a Radio Frequency (Ω), which in practice will add two sidebands around the laser frequency, or
carrier, at ±Ω. The frequency is chosen to be anti-resonant on the Fabry-Perot cavities, acting
as a phase reference for the carrier which is resonant instead. The beat note between the carrier
and the sidebands is used as an error signal of a feedback loop that acts on the mirror positions
to keep the cavity on resonance.
However, as the mirrors are moving, when the laser beam impinges on them there is an
exchange of energy and a Doppler effect is produced. This effect is negligible if it is punctual
but it accumulates each round-trip and for high finesse cavities it can become of the same order
of magnitude as the linewidth of the cavity. In this case dynamical effects appear distorting the
electric fields of the cavity including the error signal so that it can not be used anymore.
For the arm cavities of Advanced Virgo the critical cavity velocity above which dynamical
effects start to spoil the error signals is vcr = 0.14µm/s. Knowing that the cavity velocity in
free-swinging is 1 µm/s rms, the control strategy needs to be adapted to overcome this problem.
For this purpose a technique called Guided Lock was developed in Caltech 1 . Its target is to
estimate the cavity velocity online and apply in consequence a single extended impulse with the
maximum force available in order to bring the cavity back to the resonance but with a lower
velocity. This way the second time that the resonance is crossed there are no more dynamical
effects and the control can be engaged normally.
The challenging part is the velocity estimation, which is calculated using the slope of the
error signal weighted by a calibration factor and a power law correction. However this is very
demanding in the early stages of commissioning. For this reason an alternative method was
developed to obtain the velocity already in physical units. The idea is to use the deformation of
the transmitted power due to dynamical effects. In particular, the velocity is calculated with the
time that the cavity takes from transmitting 10% of the power when in resonance to transmit
40% of it. Simulations proved that it exists a linear relationship between both parameters that
provides the velocity online with 1% of accuracy, and the method has been implemented in
Advanced Virgo arm cavities successfully. An example is shown in Figure 2.

Figure 2 – Transmitted power and corrections sent to the mirror.

The advantages of this method is that it provides the velocity in physical units and that it is
calculated before the resonance is crossed, increasing the success rate. The main disadvantage
is that it is valid only while the velocity is slow enough that the cavity build-up reaches 40%.
In the case of Advanced Virgo it is valid up to 1.4µm/s, which was enough for our needs.

4

Power Recycling Cavity stability: impact on the lock acquisition

An optical cavity is stable when it exists a Gaussian beam that can resonate inside it. The
stability condition is the following:
0 < g1 · g2 < 1
(2)
where g1 , g2 are defined as gi = 1 − RLi where L is the cavity length and Ri is the radius of
curvature of the mirrors. Notice that it depends on geometrical considerations only.
The PRC of Advanced Virgo is very close to instability (1-g1 g2 ∼ 0.19·10−5 ). This translates
into Higher Order Modes (HOM) resonating very close to the fundamental mode, which means
that they will couple strongly to the PRC modifying its optical configuration. These HOMs
are produced by misalignments of the optical elements or by a bad matching of the beam to
the cavity geometry. In particular, simulations showed that for a misalignment of 0.15µrad the
optical gain of the sidebands inside the PRC cavity decreases an 80%, which can not be handled
by a control loop.
The solution proposed to deal with this problem was to add a higher modulation frequency,
which would experiment a lower finesse inside the PRC due to the presence of higher losses. In
this case, the extra losses on the fundamental mode due to the coupling of HOMs would have
a lower impact. This means that an error signal produced with a higher modulation frequency
will be less sensitive to misalignment or mismatch and so the control will be more stable.
Using this new modulation frequency we have been able to reach the working point of the
Advanced Virgo detector, and, in spite of the fluctuations of the optical gain, keep a stable
control during long periods of time. An example of this is shown on Figure 3.

Figure 3 – Power at the Detection port and power of the sidebands inside the PRC at the working point.

5

Conclusion

The upgrades implemented to improve the sensitivity of the Advanced Virgo detector have arisen
new challenges to the commissioning. Simulation work has been useful to anticipate and solve
these problems. A new method for calculating the cavity velocity online has been presented
as well as an alternative to deal with cavities very close to instability. The addition of an
extra modulation frequency which experiences a lower finesse allows to keep a stable lock in the
presence of HOMs. This work has allowed to bring the Advanced Virgo to its working point in
a reliable way, and keep a stable control. In this conditions it is possible to work on reducing
the presence of HOMs and then come back to the designed control strategy.
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All-sky search for long duration gravitational wave transients.
V.FREY
Laboratoire de L’Accélerateur Linéaire, ORSAY, FRANCE
The birth of gravitational wave astronomy carried out by the recent detection of Gravitational Waves (GWs) will allow a better understanding and characterization of astrophysical
phenomena. For now, only signals from coalescence of two stellar-mass black holes were detected. Nevertheless it demonstrates that Advanced LIGO detectors reach a sensitivity good
enough to catch interesting new sources. Among these new sources, some of them are expecting to produce long duration GWs. Between 10s up to several minutes duration, these
signals are predicted to be generated by astrophysical compact sources experiencing complex
dynamics, accretion and hydrodynamic instabilities. We explain the main steps of an all-sky
un-modelled search dedicated to long duration GWs sources and give the most recent results
obtained with LIGO data.

1

Introduction

Historically, in the LIGO/Virgo collaboration, searches for GWs fall into 4 categories depending
on the knowledge we have on the signals and their duration. When the expected signal waveforms
is precisely known like for compact binary coalescence, searches are based on matched filtering
techniques. For poorly modelled signals we use time frequency decomposition methods. In
the last few years, new searches targeting GW signals falling in between the categories have
been developed. This is the case for the long duration search which bridge the burst/stochastic
background/continuous waves parameters space.
Long duration transient gravitational waves signals are expected to be generated by promising sources. For example, fallback accretion onto a newborn neutron star can lead to a nonaxisymmetric deformation which emits GWs until the neutron star collapses to a black hole 6,7,1 .
Non-axisymmetric accretion disk instabilities can lead to material spiralling into the central
stellar-mass black hole, emitting GWs 2,3 . Long-duration GWs may also be emitted by nonaxisymmetric deformations in magnetars, which are possible progenitors of long and short
GRBs 5 . The parameters space spanned by these sources was unexplored so far (see Section 2).
To deal with the large parameter space and to ensure an all-sky un-modelled search, we build
an analysis the cross correlation between data from a pair of detector. Including a set of possible
sky position we build coherent time-frequency maps where we extract significant triggers. The
analysis details will be addresses in Section 3.
We have analysed all the LIGO observation runs since 2005. More precisely this concerns
S5 and S6 runs where LIGO detectors reached their nominal sensitivity and advanced LIGO
detectors data (O1) that recorded the first stellar mass black hole mergers. Virgo data was not
included in the analyses. Even if no significant results were found, we set the first upper limit
on the rate of events emitting long duration GW. We present the results of the full analysis in
Section 4.

2

Sources

When evolving in extreme environment, compact objects, neutron stars and black holes, are
expected to emit weak and long duration GWs. Waveforms prediction is rather inaccurate as it
requires to take into account complex dynamic and hydrodynamic instabilities.
Accretion disk instability (ADIs): Massive accretion disk enclosed a stellar-mass black
hole are susceptible to various non-axisymmetric instabilities that lead to fragmentation falling
into the central black hole. This accretion disk instabilities (ADIs) dissipate energy via long
duration GW. The resulting anti-chirp like signals last from 10s up to few hundred of seconds.
The corresponding model depends on the mass of the central black hole M , the Kerr spin
parameter a∗ , and the fraction  of the disk mass that forms clumps 2,3 .
Fallback accretion disk (FA): Newly born spinning neutron stars can emit long duration
GW in some unstable configurations where non-axisymmetric deformation appears. The signal
lasts from ∼ 10 s up to ∼ a few 100 s and its frequency evolution is almost linear. We used a
model of fallback accretion disk models described in 1 .
Magnetar: Magnetic deformation of a rapidly rotating neutron star can generate longlasting GWs that can live up to one hour with a slowly frequency and amplitude decreasing
behaviour (anti-chirp). We used the model described in 4 , which includes two parameters: the
magnetic ellipticity b and the spin frequency f0 of the neutron star, that entirely describe the
frequency and amplitude variations.
For all these models, waveforms are known to a mild degree of precision which renders match
filtering techniques untrustable. Furthermore the multi dimensional physical parameters space
of all models is huge. To cope with this, we consider the generic features, frequency and time
evolution, of the waveforms. In order to completely span the parameters space, we also consider
adhoc waveforms. Monochromatic waveforms (MONO) and waveforms with a linear (LINE)
and quadratic (QUAD) frequency evolution, as well as white noise band-limited (WNB) and
sine-Gaussian bursts (SG) 8 . All these waveforms have duration from ∼ 10 s up to a few ∼ 100
s and frequencies spanning the whole analysis range.
3

Pipeline

As already mentioned we are searching a weak signal in the data of LIGO-Virgo detectors
without any assumption of its exact waveform, time of arrival or sky position of the source.
For each second of coincident data, the pipeline cross-correlates the data in the Fourrier
domain and, considering a set of sky positions, compute coherent 1s × 1Hz pixels of SNR. The
SNR is computed for each second of data by estimating the mean noise over the neighbouring
seconds on each side. Pixels in frequency bins corresponding to known instrumental lines are
suppressed. Because of computing resources limitation we don’t test all sky positions. As a
consequence, coherent GW signals can have negative SNR (anti-coherent). To recover these
signals we apply a threshold on the absolute value of the pixels SNR. These selected pixels
are then grouped to form triggers. The triggers SNR is the quadratic sum of the pixels SNR
and is used as ranking statistic. Some veto are developed to get rid of triggers coming from
instrumental and environmental noise. To estimate how significant is a trigger, we need to know
the background trigger rate or false alarm rate (FAR) as a function of the ranking statistic.
Because the detector noise is non Gaussian we use the data themselves to estimate the
background trigger rate. More precisely the background is estimated by time-shifting the data
of one detector in steps of 250s.
Waveforms generated in the frame of the source, have been added coherently to the detectors’
data at randomly chosen times over the full run period to estimate the search sensitivity. Sources
are uniformly distributed over the sky. The signal amplitude is also varied in order to estimate
the dependency of the efficiency on the strength of the signal at a given FAR. Efficiency is simply

the fraction of signals that are detected with a ranking statistic equal or larger than a value
corresponding to the given FAR.
4

Results

Long duration GW signals have been searched in LIGO data recorded since 2005. In total ∼
1 year of coincident data at nominal initial detector sensitivity (S5/S6), 48 days of the first
advanced observation run (O1) and we are currently analysing the O2 dataset since November
2016.
4.1

S5/S6 results

Two vetoes against noise transients have been considered for the S5/S6 analysis. One, named
DQFlags, is a selection of vetoes based on auxiliary channels that monitor the environment of
the instrument. The other one, SNRfrac, is based on the shape of the triggers and designed to
remove short (<1s) noise transients. Once the vetoes are applied, the distribution of background
triggers is close to a Gaussian distribution, which is not usual in a GW transient search. Figure 1
shows the distributions of the cumulative rate of coincident data triggers and background triggers
for the S5/S6 run.

Figure 1 – Cumulative trigger rate as function of the ranking statistic for S5 and the S6 run. The search results
are consistent with the expectation of accidental Gaussian noise coincidences.

The sensitivity was estimated using only adhoc and ADI waveforms. In table 1, we give the
distance at which we detect 50% of the sources and the energy emitted by a source located at
10kpc and detected at 50% of efficiency using the quadripolar approximation. We are sensitive
to the local Universe for ADI sources.
Table 1: S5/S6 search sensitivity for ADI waveforms for the initial generation run (S5/S6). The upper limit at
90% confidence level combines S5 and S6 dataset.

run
Waveforms
ADI A
ADI B
ADI C
ADI E

S5
distance50% [Mpc]
5.4
16.3
8.9
11.5

S6
E50%
GW

c2 ]

[M
1.5 × 10−7
1.9 × 10−7
9.9 × 10−7
3.3 × 10−7

distance50% [Mpc]
6.8
18.6
11.3
13.4

E50%
GW

c2 ]

[M
9.4 × 10−8
1.5 × 10−7
6.3 × 10−7
2.4 × 10−7

S5 + S6
R90% [Mpc−3 yr−1 ]
9.4 × 10−4
3.4 × 10−5
2.2 × 10−4
1.1 × 10−4

No significant triggers were detected during S5/S6 run. So we set upper limits on the rate
at 90% confidence level by combining the two runs (see Figure 2). The short distance upper
limit is dominated by the observation time and the far distance by the detectors’ sensitivity.

Figure 2 – Upper limits at 90% confidence level on the rate of GW events from accretion disk instability GW
sources as a function of the distance of the source obtained with the S5/S6 dataset.

4.2

O1 results

The search frequency range was extended up to 2000Hz. Magnetar and FA waveforms (see
section 2) were added to comple our cataclogie of GW signals.
With respect to S5/S6, the data was noisier urging us to develop two new vetoes. One to
remove non stable specific lines during specific periods. These lines have instrumental origin and
were exited at the beginning of some interferometer relocks. The other veto is based on the SNR
ratio in each detector in order to remove the dramatic coincidence between loud instrumental
triggers in one detector and a small noise fluctuation in the other. Once all vetoes are applied
we expect a quasi normal distribution for the background triggers.
Concerning the sensitivity, we expect a factor 3 with respect to the first generation of detectors. Figure 3 shows the GW energy emitted by a source at 10kpc detected with an efficiency
of 50%.

Figure 3 – GW energy emitted by a source located at 10kpc and detected with an efficiency of 50%. The S5 curve
is obtained using the S5/S6 results. The O1 and design are extrapolated from the S5 curve considering the O1
and design LIGO sensitivity curves.

5

conclusion

The long duration gravitational waves transient search, if is a recent one, has gain a certain
maturity mitigating the lack of models with a robust analysis. Gateway between burst, stochastic
background, and continuous waves searches, the long duration search has gained its letter of
nobless for the LIGO/Virgo collaboration. The search becomes more an more interesting along
the sensitivity increase.
The current Observing run O2 which started on November 2016 is promising : the LIGO
sensitivity has now increased a bit and Virgo should join before the end of the run.
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In this work we report briefly on the gravitational wave (GW) signal computed in the context
of a self-consistent, three-dimensional (3D) simulation of a core-collapse supernova (CCSN)
explosion of a 15 M progenitor star. We present a short overview of the GW signal, including
signal amplitude, frequency distribution, and the energy emitted in the form of GWs for each
phase of explosion, along with neutrino luminosities, and discuss correlations between them.

1

Introduction

The era of gravitational wave (GW) astronomy began with the first direct detections of GW
signals from binary-black-hole mergers 1,2 . Among the sources of Earth-detectable GWs we can
include core-collapse supernovae (CCSNe), which are physics rich. They result from the rapid
collapse and violent explosion of a massive star (M >8M ), and are one of the most energetic
burst phenomena in the Universe. An enormous amount of energy (∼ 1053 erg) is released
in the form of neutrinos, synthesized matter, and electromagnetic and gravitational radiation.
Simultaneous detection of these signals will help us reveal details of the physical processes taking
place under the extreme conditions as a massive star explodes [for a comprehensive review, see,
e.g., Ott (2009) 4 ]. Thus, any advanced study of CCSN requires detailed simulation of the
processes in the supernova core, and physical fidelity of CCSN simulations is crucial. However,
self-consistent CCSN simulations that include the physics necessary for production of realistic
GW templates (e.g., neutrino transport with a complete set of weak interactions and effects

of general relativity) are extremely compute intensive, and demand computing at the extreme
scale. For instance, the number of processors required to perform the 3D simulation presented
here was on the order of 105 , and the full simulation, until the onset of explosion (350–400 ms)
required ∼ 108 CPU hours. In spite of recent advances in simulation codes and computational
resources, few groups 5,9,10 have performed 3D simulations that include the necessary physics for
realistic GW templates. Since CCSNe are one of the most promising sources for multimessenger
astronomy due to their strong combined neutrino and GW signals, these 3D models are able to
produce the most reliable GW and neutrino signals, and deduce potential correlations between
them, and could help not only detect GW signals from CCSN, but also help resolve a number
of open questions concerning the physics of the CCSN explosion mechanism. To contribute to
these efforts, we present here a short overview of GW and neutrino signals from a 3D simulation
carried out with the Chimera code.

2

Model Description

Our analysis is based on the 3D CCSN simulation of the 15M progenitor of Woosley &
Heger 11 , performed by Lentz et al. 5 (Fig. 1).
The simulation is performed with the neutrino
radiation hydrodynamics code Chimera that
includes neutrino transport with a modern set
of weak interactions through the ”ray-by-rayplus” approach, a nuclear equation of state,
and an effective relativistic gravitational potential. The effective gravitational potential
for self-gravitating fluids is build from a Newtonian potential by replacing the leading term
in its spherical harmonic expansion with the Figure 1 – Volume rendering of the specific entropy from
TOV potential. The effective potential mim- a CCSN explosion simulation with the Chimera code.
The large rising plumes drive the expansion of the shock,
ics the deeper potential well obtained in full while active accretion onto the PNS surface sustains neuGR 6 . Gravitational redshift of the neutrino trino emission, and contributes to the GW signal.
spectrum is also included in the transport
scheme. The 3D computational grid consist of 540(r)×180(θ)×180(φ). The θ-resolution varies
from 2/3◦ near the equator to 8.5◦ near the poles. The φ-resolution is uniform and equal to
2◦ . The radial resolution varied according to the structure of the collapsed core in our adaptive
mesh, and reached ∼0.1 km inside the proto-neutron star (PNS).

3

Results

A CCSN passes through several phases before the onset of explosion. The massive star’s iron core
collapses, with inner core densities ultimately exceeding nuclear densities. At these extremes,
the inner core rebounds due to the stiffening of the EoS and launches an outgoing shock wave.
Within a ∼ 100 ms after bounce, the shock stalls due to energy loss by neutrino emission and
dissociation of iron falling through the shock. It is revived by neutrino energy deposition behind
the shock, but aided by hydrodynamical instabilities 3 . Instabilities operating inside the PNS,
large scale convection in the neutrino heated, post-shock region, and the standing accretion
shock instability (SASI), contribute to produce a strong GW burst signal that can be detected
by GW observatories (cf. Fig. 1).

3.1

GW signal

The typical GW signal from axisymmetric (2D) explosion models, carried out to about two
seconds after bounce, consists of four main phases 7 . The structure of our 3D waveform is similar
to what was obtained in the 2D case. The early GW signal is produced by prompt convection
inside the PNS that develops behind the quickly expanding, newly formed shock. It lasts for
70–80 ms after bounce. The GW energy emitted during the early phase is ∼ 4 × 10−11 M c2
(Fig. 2 bottom right). Note that the GW energy of the early signal is much higher in 3D
than in 2D. This can be explained by the inverse turbulent cascade in 2D: turbulent energy
accumulates artificially in large scale eddies, decreasing the emitted GW energy. The quiescent
phase (80–120 ms) is the result of shock stagnation and ceasing of the initial prompt convection.
Other fluid instabilities have not yet developed. The strongest phase of the GW signal starts at
around 120 ms. It is the result of a non-linear interaction between different types of instabilities.
Active accretion on the PNS surface induces the density disturbances inside the PNS (g-modes)
that produce the most energetic GW signal. In turn, active accretion is formed due to the
superposition of neutrino-driven convection and the SASI. The GW energy emitted during the
strong signal phase is ∼ 2 × 10−9 M c2 , which is almost two orders of magnitude higher than
the GW energy emitted in the early phase. In contrast with the early phase, more GW energy
is emitted in the 2D model than in the 3D model during the strong phase. Here, the additional
dimension allows development of global, low frequency modes (e.g., spiral SASI modes and large
scale convection) that are suppressed in the 2D models. The spectrogram of the GW signal
confirms the presence of stronger low-frequency (50–200 Hz) activity in the signal (Fig. 2; top
right). The fourth phase – DC offset (“tail”) in the signal observed in the 2D models due to
shock expansion 7 is not yet present in the 3D model. The onset of explosion in the 3D model is
delayed by about 100 ms relative to the 2D model 5 . Consequently, during the 450 ms considered
here, we do not observe the low-frequency tail in the GW signal. It may appear later, but will
probably be less pronounced due to the different explosion morphologies in 2D and 3D. In the
2D models, the heating region is divided into 2–3 large volumes due to the presence of 1–2
accretion downflows. When these volumes acquire enough energy from neutrinos they begin to
expand at the same time. The picture is different in the 3D model. There are multiple down
flows splitting the heating region into multiple volumes of relatively small sizes. When one of
these volumes becomes sufficiently large it starts to expand while others do not 5 (Fig. 1).
3.2

Neutrino signal

Neutrinos play a fundamental role in CCSNe. They carry most (99%) of the gravitational
binding energy liberated during iron core collapse. As such, neutrinos are the major source
of energy for the supernova explosion in the delayed neutrino-driven mechanism. 3 . Moreover,
the observation of supernova neutrinos from a CCSN will provide not only important insights
into the dynamics inside the exploding star, but will also significantly increase the chances for
detection of the GW signal from the supernova event.
Neutrino luminosities from the 3D model are plotted in the bottom left panel in Fig. 2. The
first prominent feature is the well-known electron neutrino, or neutronization, burst that occurs
when the post-shock matter becomes transparent to neutrinos shortly after bounce. During
the later phase, the electron neutrino and antineutrino luminosities are largely regulated by the
mass accretion onto the PNS. (The neutrino luminosities are also sensitive to PNS parameters;
e.g., compactness, surface temperature.) As the accretion rate drops, the relative contribution of
the electron neutrino and antineutrino flux decreases. The significant variations in the neutrino
luminosity for t > 150 is due to variations in mass accretion (in response to fluid instabilities
operating). The variations in the ν-luminosity in 2D are larger than in 3D because multiple
accretion down flows in the 3D model are less massive than the 1–2 down flows present in the
2D model. The heavy flavor neutrinos (νµ , ντ ; emanating deeper in the PNS) show a steady

Figure 2 – Two polarizations of the GW signal as they are seen by observer at the equator (top left), characteristic
spectral strain hchar of 2D and 3D models at a distance of 10 kpc compared with the design noise levels of the
current and future GW detectors (top right), neutrino luminosities for each type of neutrino included in the
simulation (bottom left), and energy emitted in the form of GWs for C15-2D and C15-3D models (bottom right).

decline after about 150 ms, and are not as sensitive to sudden variations in accretion. It is worth
noting that the fluctuations of the ν-luminosities are a consequence of oscillations in mean shock
radius. Thus, the SASI activity is imprinted on neutrino signal. When comparing the top and
bottom left panels of Fig. 2, a correlation between the neutrino and GW signals can be inferred.
Immediately after the neutronization burst, there are no significant variations in the neutrino
luminosities. This phase coincides with the quiescent phase of the GW signal. The strongest
variations in the neutrino signal coincide with the large amplitude spikes in the GW signal. This
is to be expected since both features are due to variations in accretion onto the PNS, and a
response to explosion dynamics.
4

Outlook

Despite the complexity of supernova physics, several groups are now able to simulate CCSN
explosions with high physical fidelity, and compute GW and neutrino signals from 3D models 8,9,10 . However, only a handful of models exist today. The 3D simulations of Lentz et al. 5
and Andresen et al. 9 have similar physics input: spectral neutrino transport with full set of
weak interactions and effective GR potential. The fully relativistic simulation of Kuroda et

al. 10 includes energy-integrated (grey) neutrino transport and a reduced set of weak interactions. Each of these groups still employs approximations to be able to complete simulations,
but work on improvements are underway; e.g., better resolution, better algorithms well suited
to modern computer architectures, and improved physical fidelity in both the gravity and the
neutrino transport sectors. There are robust features of the GW signals that are common across
simulations, but there are differences in the waveforms too 8,9 . These differences motivate us
to establish closer collaborations between supernova modeling efforts and to look deeper at the
problem. By continuing the work to model CCSN, with independent codes, we will obtain a
larger catalog and more robust waveforms to aid in GW searches.
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The recent detection of gravitational waves from the merger of binary black holes marked
the birth of gravitational wave astronomy and opened a new chapter in the multi-messenger
study of the Universe. Among gravitational wave sources, mergers of binary neutron stars
and black holes are thought to be associated with electromagnetic transient phenomena, such
as short Gamma Ray Bursts. Simultaneous observations with gravitational interferometers
and ground-based or space telescopes will thus provide an unique opportunity to find the
electromagnetic counterparts of these gravitational wave sources. In this paper I review the
astrophysical sources expected to emit transient multi-messenger signals, discuss the results on
the electromagnetic follow-up campaign performed during the first observing run of Advanced
LIGO, and highlight the perspectives and challenges for future science runs.

1

Introduction

The detection of gravitational waves (GWs) by the two interferometers of the Advanced Laser
Interferometer Gravitational-Wave Observatory (LIGO 1 ) opened the era of GW astronomy. The
two detected events, labeled GW150914 and GW151226, are both consistent with the coalescence
of two black holes (BBH) at a distance of ∼400 Mpc (see Abbott et al. 2016a,b 2,3 ).
Detailed analysis of the GW signals allowed to measure several of the source physical parameters. For example, the masses of the two BHs have been estimated to be (in the source
+3.7
+8.3
+2.3
frame) 36.2+5.2
−3.8 M and 29.1−4.4 M for GW150914, 14.2−3.7 M and 7.5−2.3 M for GW151226
(Abbott et al. 2016c 4 ). The measured BH masses in GW150914 are higher than any of the
BH masses dynamically measured reliably from X-ray binaries (see, e.g., Özel et al. 2010 9 ) and
represent a clear evidence that relatively “heavy” BHs (M > 25 M ) can form in nature. Such
heavy BHs require massive progenitors and weak star winds. Given our current understanding
of massive-star winds and their dependence on metallicity, the binary systems of heavy BHs

form in an environment with a metallicity lower than about half of the solar value. The BBH
formation in a dense star cluster or from an isolated binary are both consistent with GW150914
(see Abbott et al. 2016d 10 ) and GW151226 (see Abbott et al. 2016c 4 ).
To obtain a more complete knowledge of the environment of GW sources, as well as of the
source nature, multi-messenger astronomy is needed. In fact, the detection of an EM counterpart
would give a precise localization and potentially lead to the identification of the host galaxy of
the source, thus also determining its redshift; furthermore, it would considerably increase the
confidence in the astrophysical origin of the GW signal.
Joint EM and GW observations can be performed through the EM follow-up or the externally
triggered GW searches. In the EM follow-up a GW event is detected by online data analysis
pipelines and a GW alert is promptly issued to a network of EM observatories, that start
observing the sky region consistent with the GW signal (see, e.g., Abadiet et al. 2012 5 , Evans
et al. 2012 6 , Aasi et al. 2014a 7 ). In the externally triggered GW searches a EM transient is
detected, and then GW data are analyzed in detail to find a possible GW signal in temporal
and spatial coincidence with the observed EM signal (see, e.g., Aasi et al. 2014b 8 ).
The EM follow-up of GW transient events is challenging for several reasons. First of all,
the sky localization of GW events can be very poor. In fact, GW sources are mainly localized
via triangulation methods, based on the observed time delays, phase differences, and relative
amplitude of the GW signal at different detectors. For this reason, the larger is the number of
GW detectors in the network, the smaller is the GW error box in the sky localization; with only
two detectors (i.e., the two Advanced LIGO interferometers), the GW sky localization areas
are of the oder of 100-1000 square degrees. Another challenge is represented by the need of a
low-latency program to detect GW candidates and send alerts to the astronomical community
in nearly real-time, to allow astronomers to start EM observations as promptly as possible.
This review describes the transient sources expected to have a multi-messenger emission
and summarize the results of the EM follow-up campaign associated to the first GW detections.
The work is organized as follows. In section 2 we describe the GW transient sources and their
expected EM and neutrino counterparts; in section 3 we explain how low-latency GW searches
are performed; in section 4 we present the results obtained from multi-messenger searches during
the first observing run of Advanced LIGO, while in section 5 we discuss the future observational
scenario. Finally, in section 6 we present our conclusions.
2

Multi-messenger emission from transient sources

In the universe there are many transient sources expected to emit both GWs and radiation
in different electromagnetic bands. In the following we will describe these sources and their
expected multi-messenger emission.
2.1

GW transient sources

Besides BBHs, the most promising transient sources that emit GWs at the frequencies at which
ground-based interferometers (such as Advanced LIGO) are sensitive (10 Hz - 10 kHz) are the
coalescences of binary systems of compact objects (CBC) composed by two neutron stars (NSNS) or a neutron star and a stellar mass black hole (NS-BH). These events are among the most
energetic: for instance, the energy emitted in GWs from the inspiral of a NS-NS system is of
the order of 10−2 M c2 (see Peters 1964 11 ). For CBC systems the GW waveform is accurately
modeled by post-Newtonian approximation and numerical simulations, therefore the GW signals
can be searched with the matched filter modeled search (see, e.g., Wainstein & Zubakov 1962 12 ,
Cannon et al. 2012 13 , Messick et al. 2017 14 , Adams et al. 2016 15 , Veitch et al. 2015 16 , Dal
Canton et al. 2014 17 , Usman et al. 2016 18 , Nitz et al. 2017 19 ).
Another class of transient GW sources that may be observed by ground-based interferometers
are the core-collapsing massive stars (see Ott 2009 20 and Kotake et al. 2006 21 for an overview).

These sources are expected to emit GWs if there is some asymmetry in the stellar envelope
ejection phase. However, the large uncertainties affecting our knowledge on the collapsing phase
of these objects makes highly uncertain the GW released energy (it is expected to be in the range
10−8 M c2 to 10−5 M c2 ) and, as a consequence, there is large uncertainty also in maximum
distance at which these sources can be detected. Furthermore, the modeling of the GW signal
is quite complicated, so the GW signals are searched with the so called “unmodeled searches”,
with minimal assumptions about the GW waveform.
The last class of transient GW sources is represented by rotating NSs with very intense
magnetic fields, of the order of 1015 G (magnetars). Theoretical studies predict that when such
stars undergo starquakes, asymmetric strains can temporally alterate the geometry of the star
and GWs are expected to be emitted (see, e.g., Corsi & Owen 2011 22 ). Also in this case, the
expected amount of GW energy emitted is highly uncertain (it might be in the range 10−16 10−6 M c2 ), and the GW waveform is uncertain as well, so the GW signals are searched with
the unmodeled searches.

2.2

The EM and neutrino counterparts

The GW transient sources described in section 2.1 are expected to have also an associated EM
emission. For instance, NS-NS and NS-BH mergers are thought to be the progenitors of short
Gamma Ray Bursts (GRB): intense and highly variable flashes of γ-rays whose duration is <
2 s (the prompt emission), sometimes followed by a long lasting afterglow emission at lower
energies (X-rays, optical, radio). Coalescing NS-NS systems are also theoretically predicted
to isotropically eject a quantity of neutron rich matter; the radioactive decay of heavy nuclei
synthesized in this ejecta through r-processes produces a thermal optical/NIR emission: the
“kilonova”. Finally, a radio blast wave emission can also be observed, due to the interaction of
the merger ejecta with the interstellar medium. For a review see Metzger & Berger 2012 23 .
The core-collapse of massive stars are accompanied by supernova (SN) emission at optical
and radio frequencies, generally observed starting from days to weeks after the collapse and
lasting from weeks to years. The SN emission can be preceded by a bright flash of radiation
created as the shock wave generated by the collapsing core reaches the surface of the star: this
is the so called “shock break-out” (SBO) emission, that has been observed in X-rays and optical
(see, e.g., Soderberg et al. 2008 24 and Garnavich et al. 2016 25 ). Another EM emission expected
from the core-collapse of massive stars is represented by long GRBsa , that sometimes have been
observed in association with SN emission (see, e.g., Modjaz et al. 2006 26 ).
Soft Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars (AXP) are sources which
sporadically emit short bursts of gamma-rays and X-rays at irregular intervals (see Mereghetti
2008 27 for a review). Both objects are largely believed to be associated to magnetars experiencing
starquakes and consequent crust disruption. GW emission associated to starquakes can also be
accompanied by a radio/X-ray pulsar glitch: a sudden increase in the rotational frequency of a
highly magnetized, rotating NS (pulsar) followed by exponential decays, which bring back the
pulsar to the initial value (see e.g. Espinoza et al. 2011 28 ).
The above described EM sources, in particular GRBs and SNe, are expected to produce
relativistic outflows in which particles (protons and nuclei) can be accelerated and produce highenergy neutrinos by interacting with the surrounding medium and radiation. For instance, MeV
neutrinos have bee detected from SN 1987A in the Large Magellanic Cloud (at a distance of D∼50
kpc) by the Kamiokande-II (Hirata et al. 1987 29 ) and the Irvine-Michigan- Brookhaven (Bionta
et al. 1987 30 ) neutrino detectors, a few hours before its optical counterpart was discovered.
a
Long GRBs are characterized by a longer duration (> 2 s) of the prompt emission and a softer spectrum with
respect to short GRBs.

3

Low-latency GW data analysis

As mentioned in the Introduction, one of the challenges of successfully obtaining prompt EM
observations is to identify the GW candidates quickly: the data from the interferometers must
be transferred and analyzed in near-real time. The LIGO Scientific Collaboration and the
Virgo Collaboration (the LVC collaboration) developed a low-latency follow-up program, that
is schematized in figure 1.

Figure 1 – Schematization of the low-latency follow-up program.

Several automatic low-latency GW data analysis pipelines have been built to continuously
monitor the GW data, to search for transient GW signals that are coincident in the two detectors
within the 10 ms light travel time separating them (see, e.g., Klimenko et al. 2016 31 , Lynch et
al. 2015 32 , Cannon et al. 2012 13 , Messick et al. 2016 14 , Adams et al. 2015 15 , Usman et al.
2016 18 ). These pipelines report GW candidates within a few minutes of data acquisition, and
estimate the potential sky position of the source. Once the candidates are identified, there is a
manual “event validation”: a team of experts evaluate the detector performances at the time of
the trigger and the quality of the data. If the event candidate passes all the checks, a GW alert
is sent to the astronomers, and the EM follow-up of the GW event can start.
Event candidate triggers as well as their skymaps are shared with astronomers through the
Gamma ray Coordinates Network (GCN) protocol, consisting of machine-readable Notices plus
short bulletins (Circulars) with human descriptions of the eventsb . These GCNs are currently
restricted, until the GW event has been published, to astronomers who signed a Memorandum
of Understanding (MoU)c with the LVC collaboration.
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The EM follow-up campaign during O1 and O2

The first Advanced LIGO observational run (O1) took place from September 2015 up to January 2016. During O1, three GW alerts have been shared with the astronomers who signed a
MoU. Although binary BH mergers are not expected to emit detectable EM emission nor neutrinos, the GW detections were followed by an impressive multi-messenger campaign, involving
tens of instruments (satellites and ground-based telescopes) covering the whole electromagnetic
spectrum, from radio to very high energy γ-rays (see Abbott et al. 2016e 33 ).
On September 14, 2015, there was the first GW detection (Abbott et al. 2016 2 ): GW150914,
with a statistical significance of more than 5.3 σ and a False Alarm Rate (FAR) < 6×10−7 yr−1 .
An initial announcement (via email) on September 16, and a GCN Circular (GCN 18330) on
September 20, were sent to the 63 teams of astronomers who signed the MoU, together with
two skymaps obtained by two different data analysis pipelines: Coherent Wave Burst (cWB,
b
c

https://gcn.gsfc.nasa.gov/lvc.html
https://gw-astronomy.org/wiki/LVEM/PublicParticipatingGroups

Klimenko et al. 2016 31 ) and Omicron+LALInference Burst (oLIB, Lynch et al. 2015 32 ). The
most accurate skymap by LALInference (Veitch et al. 2015 16 ) showed a 90% probability area
of 630 deg2 (Abbott et al. 2016f 34 ). Despite this very huge GW error box, there was a good
sky coverage at all wavelengths, with a contained probability of 100% in gamma-rays, 85 %
in X-rays, 86 % in radio and ∼ 50 % in optical (see Abbott et al. 2016e 33 ). Several optical
candidate counterparts have been found, but all of them have been identified to be normal
population type Ia and type II SN, with a few dwarf novae and active galactic nuclei (AGNs)
that are all very likely unrelated to GW150914 (see, e.g., Smartt et al. 2016a 35 , Kasliwal et al.
2016 36 , Copperwheat et al. 2016 37 ). A weak transient signal was found in Fermi GBM data
0.4 s after the time of GW150914 (Connaughton et al. 2016 38 ), but no corresponding signal was
found in the INTEGRAL SPI-ACS instrument (Savchenko et al. 2016 39 ) or AGILE (Tavani
et al. 2016 40 ). The IceCube and ANTARES collaborations performed a high-energy-neutrino
follow-up of the GW event, but they found no neutrino candidates in both temporal and spatial
coincidence with GW150914 (Adrián Martı́nez et al. 2016 41 ).
On October 22, 2015 a second GW candidate was observed and a GW alert was released to
the astronomical community (GCN 18442). However, off-line GW data analysis found it not to
be an event of interest and a retraction was submitted with a new GCN about one month later
(GCN 18626).
On December 26, 2015, a third GW candidate was detected. Off-line refined analysis of the
GW data confirmed this event, labeled GW151226, to be a real event, with a significance of more
than 5.3 σ and a FAR < 6×10−7 yr−1 (Abbott et al. 2016 3 ). The GW alert was sent to partner
astronomers nearly two days after the GW event occurred with a GCN (GCN 18728), together
with a skymap. As for GW150914, many optical candidate counterparts have been found, but
all of them have been identified to be normal population type Ia and type II SN, dwarf novae
and AGNs, all unrelated to GW151226 (see, e.g., Copperwheat et al. 2016 37 , Smartt et al.
2016b 42 , Cowperthwaite et al. 2016 43 ). The IceCube and ANTARES collaborations performed
a high-energy-neutrino follow-up of the GW event, but they found no neutrino candidates in
both temporal and spatial coincidence with GW151226 (Adrián Martı́nez et al. 2017 44 ).
The second scientific run of Advanced LIGO (O2) started on November 30, 2016 and is
currently in progress. Up to now, 92 teams of astronomers have signed a MoU with LVC (this
number includes ANTARES and IceCube for the neutrino follow-up). Among these groups, 84
have observational capabilities for O2 and receive alerts. As of April 23, 2017 6 triggers have
been identified by the online analysis, using a loose FAR threshold of one per month, and shared
with astronomers who have signed MoUs with LIGO and Virgo for electromagnetic follow-up.
A thorough investigation of the data and offline analysis are in progress; results will be shared
when availabled .
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Future perspectives: observing and localizing GWs in the next LIGO and Virgo
scientific runs

Advanced Virgo 45 is expected to joint Advanced LIGO in the data taking before the end of
O2. In the next years, both Advanced LIGO and Advanced Virgo will be upgraded, and will
progressively increase their sensitivity up to a factor of ten with respect to the initial LIGO and
Virgo: this will also increase the volume of the explorable universe, enhancing the probability
to detect GW sources.
From the observations of BBH mergers during O1, it has been possible to infer the stellarmass BBH merger rate in the local Universe, that is in the range 9-240 Gpc−3 yr−1 . Given
this merger rate, it has been possible to estimate the expected number of detections during O2
and the third scientific run (O3), considering the space-time volume that will be surveyed. In
particular, during O2 the probability to observe more than two (ten) BBHs is higher than ∼
d

http://ligo.org/news/index.php#O2Apr2017update

80% (∼15%); during O3, the probability to observe more than ten (forty) BBHs is higher than
∼ 90% (∼ 20%; see Abbott et al. 2016c 4 ).
The non detection of NS-NS and NS-BH systems during O1 allowed to put upper limits on
their merger rate: RNS−NS < 12600 Gpc−3 yr−1 and RNS−BH < 4600 Gpc−3 yr−1 ; these rates
are consistent with the expectations from many theoretical models. The no detection of these
systems during O2 and O3, with higher sensitivities and longer operation time, would imply
stronger upper limits on these merger rates (see Abbott et al. 2016g 46 ), possibly ruling out
several theoretical models (e.g., Vangioni et al. 2016 47 ).
The sky localization of GW events is expected to significantly improve when three (or more)
interferometers will be operative as a network. For instance, the presence of a third GW detector
such as Virgo would have improved the sky localization of GW150914 to a few tens of square
degrees both for the unmodeled and CBC searches (see Abbott et al. 2016e 33 ). During O3, the
percentage of NS-NS mergers expected to be localized within 5 deg2 for the network composed by
the two LIGO interferometers and Advanced Virgo is > 1-2 % (Abbott et al. 2016h 49 ). Within
the next six years, other GW detectors are expected to join Advanced LIGO and Advanced
Virgo: KAGRA in Japan 48 and another LIGO detector in Indiae : this will further improve the
sky localization of the GW events. For instance, with a network composed by the three LIGO
interferometers and Advanced Virgo, the percentage of NS-NS mergers expected to be localized
within 5 deg2 is > 20% (Abbott et al. 2016h 49 ). This will enhance the probability to find the
EM counterparts, further expanding the frontiers of GW astronomy and the multi-messenger
investigation of cosmic sources.
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Conclusions

In this paper we have discussed the GW transient sources and their expected EM counterparts;
furthermore, we have summarized the main results of the EM follow-up campaign performed
during the first science run of Advanced LIGO. This campaign clearly demonstrated the capability of ground-based telescopes and satellites to provide a very good sky and energy coverage,
as well as an optimal coordination among many astronomical facilities (ground-based telescopes
and satellites). Advanced Virgo is expected to start operations soon and, within the next few
years, also KAGRA and LIGO-India will become operative. With a 4 GW detector network, the
sky localization of GW events is expected to significantly improve: this will enhance the probability to find the EM counterparts. The detection of an EM signal associated to a GW event is
an important milestone for the future: GWs and photons provide complementary information
about the sources and their environment, and a joint GW and EM detection will allow to better
understand the physics underlying the most extreme objects in the Universe.
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STATUS OF THE CONTINUOUS GRAVITATIONAL WAVE SEARCHES IN
THE ADVANCED DETECTOR ERA
M. Bejger (for the LIGO-Virgo Collaboration)
Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, ul. Bartycka 18,
00-716, Warsaw, Poland
Periodic (almost monochromatic) gravitational waves emitted by rotating, asymmetric neutron stars are intriguing potential signals in the sensitivity band of Advanced LIGO and
Advanced Virgo detectors. These signals are related to elastic and magnetic stresses in the
neutron-star interior, as well as to various possible instabilities, and thus are interesting from
the point of view of the largely-unknown neutron star structure. I will describe the main
challenges related to these searches, the current state of the data-analysis methods and plans
for the future.

1

Introduction

Recent first direct detections of gravitational waves with the two LIGO detectors 1,2 create an
unprecedented opportunity for studying the Universe through a novel, never before explored
channel of spacetime fluctuations. Advanced LIGO 3 and Advanced Virgo 4 , few-kilometer long
arm laser interferometric detectors are sensitive in the range of frequencies between 10 Hz and a
few kHz. They registers a coherent signal emitted by a bulk movement of large, rapidly-moving
masses. Once emitted, gravitational waves are weakly coupled to the surrounding matter and
propagate freely without scattering. This has to be contrasted with the electromagnetic emission
which originates at the microscopic level, is strongly coupled to the surroundings and often
reprocessed; it carries a reliable information from the last scattering surface only. Gravitational
wave observations are therefore the perfect counterpart to the electromagnetic observations as
they may provide us with information impossible to obtain by other means.
In addition to inspiralling and merging binary systems, among promising sources of gravitational radiation are all asymmetric collapses and explosions e.g., supernovæ. wide binary
systems, rotating deformed stars (gravitational-wave ‘pulsars’ of continuous and transient nature), as well as stochastic background waves produced by whole populations of sources.
In the following we will briefly describe astrophysical motivation behind continuous gravitational waves produced by rotating deformed neutron stars (Sect. 2), data-analysis methods and
computational challenges related to them (Sect. 3), Advanced LIGO O1 run results (Sect. 4),
and plans for the future (Sect. 5).
2

Astrophysical motivation

Neutron stars are the most relativistic, dense and compact material objects in the Universe.
Their compactness i.e., mass-to-radius ratio 2GM/Rc2 reaches 0.5 (G being the Newton’s constant, c the speed of light); for comparison, the compactness of the most compact objects, black
holes, equals 1. Their average density surpasses the nuclear saturation density i.e., the density

of atomic nuclei. At these densities matter exists most probably in an ‘exotic’ phase, e.g., as
de-confined quarks. Neutron stars are self-gravitating objects stabilized by strong force interactions, gigantic nuclei of masses up to 2 M , radii about 10 − 15 km with surface magnetic fields
of 108 − 1015 Gauss, that can spin several hundred times per second. Comparison of realistic
models of neutron stars with a variety of astrophysical observations - including the gravitational
waves they emit - is the only way to peek into a realm of dense matter strong interactions much
above the nuclear saturation density.
Neutron stars provide truly unique conditions to study matter at the most extreme densities, pressures, and in the presence of powerful magnetic fields. These conditions cannot be
reproduced (or even approximated) in terrestrial laboratories. At present, about 2500 neutron
stars are known, and an estimated number of 108 − 109 exists in every galaxy similar to ours.
Neutron stars play an important role in many astrophysical phenomena: they are observed in all
the EM spectrum as radio-, X- and γ-pulsars, magnetars, are present in supernovæ remnants, in
many accreting systems and in relativistic double neutron star binaries, yet very little is known
about their internal composition. What is conventionally accepted is that at least some part
of neutron-star interior - the outer part about 1 km thick called the crust, corresponding to
densities below the nuclear saturation density - is in the crystalline state.
In the following we will focus on rotating, non-axisymmetric neutron stars as sources of
continuous periodic gravitational wave emission. Continuous gravitational wave is by definition
a long-lived phenomenon, T > Tobs , and its frequency fGW is somehow proportional to the
spin frequency of the star f , fGW ∝ f . There are several proposed astrophysical mechanisms
providing the necessary asymmetry, which in the case of a rotating star is the source of timevarying quadrupole required for the gravitational-wave emission. Mechanisms include neutronstar ”mountains”, supported by elastic and/or magnetic stresses (fGW = 2f ), oscillations (e.g.,
r-modes 5 , fGW = 4/3f ), free precession (fGW ∝ f + fprec ) and accretion that drives the
deformation from r-modes, thermal gradients and magnetic fields (fGW ' f ). For a recent
review see 6 .
The most-commonly used and the simplest model of the non-axisymmetric rotating neutron
star radiating purely quadrupolar waves consists of a triaxial ellipsoid (with moments of inertia
along the axes I1 , I2 , I3 ), rotating about one of the principal directions of its moment of inertia
tensor (I3 , say). Such a body radiates GWs at the frequency twice the rotational frequency of
the star, 2πfGW = ΩGW = 2Ω. The strain signal at the detector changes in time as



1
2
h(t) = h0
F+ (t, α, δ, ψ) 1 + cos ι cos(φ(t) + φ0 ) + F× (t, α, δ, ψ) cos ι cos(φ(t) + φ0 ) , (1)
2
where h0 is the gravitational-wave strain amplitude, α and δ are right ascension and declination
of the source in the sky, ψ is the polarization angle, and ι the inclination of the rotation axis
to the line of sight. Phase of the signal φ(t) + φ0 incorporates the possible evolution of the
spin frequency. F+ and F× are the antenna responses of the detector, corresponding to two
gravitational-wave polarizations + and ×.
From the quadrupole formula 7 , amplitude h0 is estimated as follows:
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where I ≡ I3 , f = Ω/2π,  = (I1 − I2 )/I is is the fiducial equatorial ellipticity of the star
(a ”deformation”), and d is typical distance in the Galaxy. According to theoretical studies
of the dense matter equation of state 8,9,10 , nucleonic matter may sustain deformations up to
 ' 10−6 − 10−7 , whereas for quark matter  can reach 10−4 − 10−5 .
Observations of the majority of known pulsars show that their spin frequency slowly decreases, f˙ < 0 (exceptions are pulsars in binary systems which can be spun-up by the angular
momentum transfer from the accretion disk). A useful quantity related to the amount of kinetic

(rotational) energy of the star is the so-called spin-down limit. It is derived by assuming that
the gravitational-wave emission alone is responsible for the change in the rotational energy, Ėrot .
For Erot = 2π 2 If 2 , Ėrot ∝ If f˙ is equated with the GW emission, ĖGW ∝ 2 I 2 f 6 to obtain the
spin-down limit amplitude
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A star with sd would spin-down solely by gravitational-wave radiation. In reality, the
ellipticity is smaller, so the results ‘beating the spin-down limit’ probe the physically interesting
range of ellipticities and set the upper limit for the ellipticity given object has. We will come
back to the spin-down limit in Sect. 4.

0
1

0.8
0.6

2

0.4

3

0.2

40

200

400

time

600

800

1000

0.00.0

0.5

1.0

1.5
2.0
Frequency bins

2.5

3.0

Figure 1 – Periodic signal hidden in white Gaussian noise (left), and the Fourier transform of this time series
(right).

3

Data-analysis methods and computational challenges

Searching for long-lived, weak gravitational wave signals is a particularly cumbersome task,
especially when nothing is known about its parameters. Eq. 2 shows that their strain amplitude
is much smaller than than e.g., the characteristic strain amplitude of O1 detections, h ' 10−21 .
Fortunately, one may search for weak signals hidden deeply in the noise provided a waveform
of the signal is known. The idea of such a search would be to compute the cross correlation
between the data and a parametrised template waveform in order to find parameters of the
best match. Techniques of this sort are called the matched filtering methods 11,12,13 . Matched
filtering provide an optimal detection statistic (it maximizes the signal-to-noise ratio) if noise is
Gaussian.
3.1

Example: signal-to-noise ratio for a periodic signal

An instance of a strictly periodic signal ”buried” in the stationary white Gaussian noise is
presented in Fig. 1. We will estimate the signal-to-noise ratio ρ by approximating the output of
the matched filter, which in the case of a periodic signal is simply the Fourier transform. The
scalar product (x|y) is defined using the Fourier transform as
Z ∞
x̃(f )ỹ ∗ (f ) 2πif t
(x|y) = 4<
e
df,
(5)
Sn (f )
0

where ∗ denotes complex conjugation, < is the real part of the integral, and x̃(f ) and ỹ(f ) are
the Fourier transform of the time-domain data series:
Z ∞
Z ∞
x̃(f ) =
x(t)e−2πif t dt, with the inverse transform x(t) =
x̃(f )e2πif t df.
(6)
−∞

−∞

Sn (f ) is the one-sided power spectral density of the detector’s noise. For a stable detector we
may assume the that Sn (f ) ≈ S0 = const. over the data span. From the Parseval theorem,
Z T
2
x(t)y(t)dt.
(7)
(x|y) ≈
S0 0
For the additive noise process, the data s(t) is defined as the sum of the signal and the noise:
s(t) = h(t) + n(t). The matched filter output of the data stream s(t) with a filter template
htempl. (t) (correlation of the data containing a possible signal with its model) is
Z
4<
0

∞

s̃(f )h̃∗templ. (f )
Sn (f )

e2πif t df.

(8)

p
The optimal signal-to-noise ratio is defined as ρ :=
(h|h). For a periodic signal h(t) =
h0 cos(φ(t) + φ0 ), we will assume that the data span T0 is much longer than the period of the
wave, P0 = 1/f0 , and that the phase can be expanded in the series φ(t) = Σk ak tk+1 . Also
Z T0
Z T0
1
1
cos(nφ(t))dt ≈
sin(nφ(t))dt ≈ 0
(9)
T0 0
T0 0
for integers n > 0. Integrating the ρ2 for h(t) = h0 cos(φ(t) + φ0 ) gives the estimate for the
optimal signal-to-noise ratio for a periodic signal of the amplitude h0
 Z T0
1/2  Z T0
1/2
 1/2
2
2
T0
2
2
2
ρ=
(h(t)) dt
h0 cos (φ(t) + φ0 )dt
≈ h0
.
(10)
S0 0
S0 0
S0
It is clear that even for a small h0 one can reach a satisfactory signal-to-noise ratio with a
sufficiently long stretch of data.
In practice, on top of the secular spin-down modulation mentioned before (to describe this
feature, one says that the signal is almost monochromatic), the signal is modulated by the
movement of the detector with respect to the source. Since the Advanced LIGO and Advanced
Virgo detectors are placed on Earth, the presence of other planets and Earth’s rotation influences signal’s amplitude and phase. Demodulation to a frame connected with the Solar System
Barycenter (the place in the Solar System that moves the least with respect to the source), precise ephemerides of the movement of planets are used. The fact that the detectors are moving
with respect to the source isn’t necessary a bad thing, though: detector movement distinguishes
a real signal from local spectral artifacts, called the ”stationary lines”.
3.2

Example: the F-statistic

A conceptually relatively simple method to develop a detection statistic using the time-domain
data s(t) is the F-statistic 14 . For a triaxial rotating neutron star model (Eq. 1, the statistic is
obtained by maximizing the likelihood ratio function with respect to the four unknown parameters: h0 , φ0 , ι, and ψ. This leaves, in case when only first derivative of f is taken into account,
a function of four parameters: f , f˙, α and δ. These four parameters form a parameter space
in which the signal’s best match will be searched for. Assuming that the observation time T0
is the integer multiple of sidereal days, and that the bandwidth is narrow (so that the spectral
density of the noise S0 is constant), the F-statistic is evaluated 15 as


2
|Fa |2 |Fb |2
F=
+ 2
,
(11)
S0 T0 ha2 i
hb i

with
Z
Fa =

T0

s(t)a(t) exp(−iφ(t))dt,

Fb = . . . ,

Z

2

ha i =

T0

a(t)2 dt,

hb2 i = . . . ,

(12)

0

0

Fa and Fb being the generalizations of the Fourier transforms from the previous section. Amplitude modulation functions a(t) and b(t) are related to detector’s antenna response (F+ =
a(t) cos 2ψ + b(t) sin 2ψ, F× = −a(t) sin 2ψ + b(t) cos 2ψ) and depend on the sources’ sky position
α and δ, and the phase modulation function φ(t) depends also on the frequency
p f and spin-down
˙
of the source, f . The signal-to-noise ratio ρ is related to F as follows: ρ = 2(F − 2).
3.3

Taxonomy of search methods

Continuous gravitational-wave searches can by divided according to the amount of information
one has about the sources.
The targeted searches are most often based on matched filtering (data of length T0 correlated
with signal templates). Position, f and f˙, sometimes also the
p source’s orientation are known.
In this case the expected strain amplitude scales like h0 ∝ S/T0 , where S is the amplitude
spectral density at the expected gravitational-wave frequency.
Directed searches cover the intermediate cases when only some parameters are known, e.g.,
the position of the source. Astrophysically, they may be relevant to supernovæ remnants, the
Galactic center, globular clusters, accreting neutron stars in binary systems (e.g., the brightest
X-ray source in the sky, Sco X-1).
All-sky searches are the most demanding types of searches. Source parameters and positions
are not known, which makes the parameter space large and the problem becomes very quickly
computationally bound. In order to mediate this, hierarchical approaches are being used. Instead
of analyzing the whole T0 data span at once, the data is divided into N data segments of length
Ts , which are analyzed coherently, and thep
resulting information is combined incoherently. The
expected strain amplitude scales like h0 ∝ S/Ts /N 1/4 . The most sophisticated example of the
hierarchical approach is the volunteer-driven Einstein@Home project a .
3.4

Example: computational cost for an all-sky search

In order to optimally cover the (f, f˙, α, δ) parameter space of an all-sky search at all possible frequencies, a grid of parameters is obtained as a solution to the covering problem with constraints
(a constraint being e.g., a condition that the optimal (f˙, α, δ) lattice coincides with points in f
corresponding to the Fourier frequencies bins of the Fast Fourier Transform algorithm). Typically, the number of points in f˙, α, δ scales with some positive power of T0 , so, depending on
the details of the implementation 16 , the computational demand scales like
[0−3]

[3−6]

T02 × T0
× T0 log(T0 ) = T0
|{z}
| {z } | {z }
f˙

α,δ

log(T0 ),

(13)

f by FFT

which is very prohibitive for large T0 . A coherent search of T0 ' 1 yr of data (comparable with
ongoing and planned Advanced LIGO/Virgo runs) in the broad sensitivity band of the detectors
(10 - 2000 Hz) requires zettaFLOPS (1021 FLOPS) scale supercomputers. The solution is a
hierarchical scheme: divide the data T0 into a number N shorter length Ts , Ts ' days, data
segments and perform a coherent search in each of them (search in narrow frequency bands of
bandwidth B, Nyquist sampling time δt = 1/2B, number of data points Np = Ts /δt = 2Ts B).
This is feasible on a typical petaFLOP scale supercomputer (cluster), yet still requires millions
of CPU-hours. Second incoherent stage consists of searching for coincidences between different
Ts segments. Surviving outliers present in sufficiently many segments (candidate signals with
a

https://einsteinathome.org

Figure 2 – Division of the time-frequency data into narrow frequency bands of bandwidth B, reference frequency
fi , and N time segments of length Ts (N Ts = T0 ). Each time-frequency segment is then analyzed separately,
allowing for effective parallelization.

relatively well-determined parameters) are subjected to a final scrutinizing follow-up (a ”targeted
search”).
4

Continuous gravitational waves in the Advanced LIGO O1 era

The first Advanced LIGO observing run (O1) started on September 11, 2015 and finished January 19, 2016. During that time the Hanford and Livingston detectors collected 78 days and 66
days of science data, respectively.
First published result pertains to a targeted search for gravitational waves from 200 known
pulsars 17 . In this list, 11 high-value target pulsars, for which the spin-down limit based on Eq. 3
could either be improved or closely approached, were identified. These selected pulsars were
analyzed by three, largely independent methods: two time-domain-based methods, Bayesian 18
and F/G-statistic 19 , and the frequency-domain-based 5n-vector method 20,21 . The remaining
189 targets were analyzed using the Bayesian method only. The analysis didn’t find significant
evidence for a gravitational-wave signal from any of these pulsars, but the most constraining
upper limits to date on their gravitational-wave amplitudes and ellipticities were obtained. For
eight of the high-value target pulsars, new upper limits give improved bounds over the indirect
spin-down limit values. For the Crab pulsar, the 95% confidence upper limit for the gravitationalwave radiation energy is 2×10−3 Ėrot , and in case of the Vela pulsar, the upper limit is 10−2 Ėrot .
The limits on ellipticity correspond to the relative deformation (the ”mountain”) no greater than
' 10cm and ' 50 cm for the Crab and Vela pulsars, respectively. For another 32, values within
a factor of 10 of the spin-down limit were found: it is likely that some of these will be reachable
in future runs of Advanced LIGO and Advanced Virgo. The smallest upper limit was obtained
for PSR J1918-0642: h0 = 1.6 × 10−26 . These new results improve on previous limits of Initial
LIGO/Virgo by more than a factor of two (see the summary Fig. 1 of 17 , where the comparison
with the sensitivity curve, initial detector results and the spin-down limits is presented).
Second publication (in the time of writing available as a preprint) is related to a directed
search for gravitational waves from a bright X-ray source Sco X-1 22 . Sco X-1 is the brightest Low
Mass X-ray Binary (LMXB, a binary system consisting of a neutron star or a black hole, and a
normal star with lower mass) in the Galaxy. The X-ray radiation is produced during accretion;
neutron stars in these systems are potential sources of continuous gravitational waves because
accretion provides a natural method of building a deformation on the star and powering the
gravitational-wave emission. There are however challenges in searching for gravitational waves
from this particular source. First, the spin frequency of the neutron star is unknown - the search
has to cover a broad range of frequencies, which means it requires much more computing power
than a directed search in case of a known pulsar. Most likely the spin frequency is not constant,
and not even behaving strictly monotonously, but ”wandering” i.e., it changes because of the
fluctuations in the amount of accreted matter; frequency is also modulated by the orbital motion
of the binary system (the signal power is distributed into sidebands i.e., frequencies higher or
lower than the gravitational-wave signal frequency). In order to perform an efficient search in
these circumstances, a hidden Markov model (a statistical model in which it is assumed that the
system is a Markov process with unobserved states, see 23 and references therein and tutorial 24 )
was implemented. The search covered a band of frequencies from 60 Hz to 650 Hz. No detection
was claimed from this search, but very sensitive upper limits on the gravitational-wave strain
were placed (to quote one example: 95% upper limits h0 = 3 × 10−25 at 100 Hz, assuming

1e−23

475 Hz

circular polarization).
We also report on an ongoing all-sky search for periodic gravitational waves using the Advanced LIGO’s O1 run, in the frequency band 20-475 Hz and a frequency time derivative range
of [−1.0, +0.1] × 10−8 Hz/s. Several different data-analysis pipelines took part in this study: the
PowerFlux (see 25 and references therein), the FrequencyHough 26 , the Skyhough 27 and the TimeDomain F-stat 28 . The pipelines employ a variety of algorithmic and parameter choices e.g., they
primarily use either the frequency or time domain data, adopt different coherence times used
in first-stage data processing (from 1800 s to 6 days), and treat differently the narrow spectral
artifacts (”lines”). Outliers that survive all stages of any of the four pipelines are examined man-
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Figure 3 – Preliminary O1 all-sky upper limits for continuous gravitational waves from the PowerFlux pipeline.
The upper (yellow) curve shows worst-case (linearly polarized) 95% CL upper limits. The lower (grey) curve
shows upper limits assuming a circularly polarized source.

ually for contamination from known, or possibly new, instrumental artifacts. Survivors of this
procedure are subjected to additional systematic follow-up used for Einstein@Home searches 29 .
Preliminary upper limit results are presented in Fig. 3. The lowest upper limits on worst-case
(linearly polarized) strain amplitude h0 are ' 4 × 10−25 near 170 Hz. For a circular polarization
(most favorable orientation of the source), the smallest upper limits obtained are ' 1.5 × 10−25 .
In addition, several studies from the Initial Detector Era (LIGO S6 and Virgo VSR2, VSR4
runs) were recently published. They include an all-sky Mock Data Challenge based on the LIGO
S6 data 30 , a directed search towards nine supernova remnants 31 , the Orion spur 32 , the globular
cluster NGC 6544 33 , as well as the deepest all-sky survey for continuous waves from the Initial
Detector Era, the S6 Einstein@Home search in the [50, 505] Hz range 34 . The reason we see
merit in publishing the ‘old’ results is to gather experience, test algorithmic improvements and
develop new methods using the well-understood data. These new tools are now being used in
the O1 (and soon, the O2) searches.
5

Plans for the future

The algorithmic and implementation-related improvements acquired during the Dark Ages (2011–
2015) will be used to expand the ‘standard’ targeted searches for high-value targets (Sco X-1, Cas
A, Vela Jr and G347 supernovæ remnants, Crab and Vela pulsars) and to speed up the massive
all-sky searches with relatively simple source models (aligned triaxial ellipsoid, Eq. 1). Additionally, we plan to search for signals with more complicated, realistic morphology. The models

include inclined rotating neutron stars, which emit gravitational waves at multiple frequencies
at once (e.g., at f and 2f ), transient continuous gravitational waves emitters (phenomena that
may last for weeks to months, and are caused by neutron-star instabilities e.g., the r-modes),
and search for non-tensorial gravitational waves. In order to capture the richness of physical
processes will are also improving the loosely-coherent methods taking into account the neutronstar frequency wandering, glitches, and a possible mismatch between the gravitational-wave spin
frequency parameters and the parameters inferred from the electromagnetic observations.
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Multi-band gravitational wave astronomy: science with joint space- and
ground-based observations of black hole binaries
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Soon after the observation of the first black hole binary (BHB) by advanced LIGO (aLIGO),
GW150914, it was realised that such a massive system would have been observable in the
milli-Hz (mHz) band few years prior to coalescence. Operating in the frequency range 0.1-100
mHz, the Laser Interferometer Space Antenna (LISA) can potentially detect up to thousands
inspiralling BHBs, based on the coalescence rates inferred from the aLIGO first observing
run (O1). The vast majority of them (those emitting at f < 10 mHz) will experience only
a minor frequency drift during LISA lifetime, resulting in signals similar to those emitted by
galactic white dwarf binaries. At f > 10 mHz however, several of them will sweep through
the LISA band, eventually producing loud coalescences in the audio-band probed by aLIGO.
This contribution reviews the scientific potential of these new class of LISA sources which,
in the past few months, has been investigated in several contexts, including multi-messenger
and multi-band gravitational wave astronomy, BHB astrophysics, tests of alternative theories
of gravity and cosmography.

1

Introduction

+4
The detection by advanced LIGO (aLIGO) of a 36+5
−4 M and 29 −4 M coalescing black hole
+0.03
binary (BHB) at z = 0.09−0.04 on September 14, 2015 (GW150914) marked the beginning of
the era of gravitational wave (GW) astronomy 1 . In the following few months, a second, lighter
system (GW151226, 2 ), plus a third candidate (LVT151012, 3 ) were also observed.
Among the plethora of scientific consequences, those detections made possible for the first
time to constrain observationally the coalescence rate of stellar BHBs in the Universe 4 . BHBs
can in fact originate from a variety of astrophysical channels, including: standard evolution of
field massive stellar binaries 5 , dynamical formation in dense stellar clusters 6 or in dense compact
remnant cusps surrounding nuclear massive black holes 7 , evolution of chemically mixed massive
binaries 8 , population III remnants 9 , primordial black holes 10 . Every channel, however, is
subject to considerable uncertainties. Just to cite the mainstream ones as examples, the number
of BHBs resulting from standard stellar evolution critically depends on the poorly understood
physics driving common envelope evolution, supernova explosions and their subsequent kicks;
similarly, the cluster dynamical formation channel is also affected by the unknown supernova
kick velocities and by the retention fraction of BHs in the cluster. The net results is that BHB
merger rate predictions vary wildly in the literature (see 11 for a review), including some models
suggesting rates up to several hundreds events yr−1 Gpc−3 12,13 . An extensive analysis of the
aLIGO events places the 90% confidence range between 6 and 200 yr−1 Gpc−3 (depending on the
assumed BHB mass distribution 3 ), close to the upper end of theoretical predictions. Moreover,
aLIGO demonstrated that coalescing BHBs can be in excess of 30M , whereas, based on mass

estimates of BHs in X-ray binaries 14 , it has been often customarily assumed those binaries would
have masses around 10M .
GW150914, in particular, prompted a burst of interest also within the low frequency GW
community. Because of its high mass, it was immediately realised that GW150914 would have
been visible by a spaceborne interferometer operating in the mHz band few years prior to coalescence 15 . Would the Laser Interferometer Space Antenna (LISA) be operating, we would have
known few years in advance GW150914 would have coalesced in the LIGO band on September
14, 2015. Because of the poor constrains on the rates and the standard assumption of 10M objects, BHBs have never been considered a particularly interesting LISA sources, and multi-band
GW observations have been only proposed in the context of seed 16 or intermediate mass 17 BHBs
. On the contrary, analysis of the BHB population as constrained by aLIGO demonstrated that
LISA might see up to thousands of these systems, with a variety of profound scientific consequences that are summarized in this contribution. The paper is organized as follows. Section 2
provides the recipe to construct the BHB population in the LISA band starting from the aLIGO
rates and presents detection rates and parameter estimation precision of the observed LISA
systems. Section 3 covers several scientific questions that can be tackled using those binaries,
and the most relevant points are briefly summarized in Section 4.
2
2.1

Merger rates, observable sources and their properties
Merger rates

aLIGO O1 results place the 90% confidence BHB merger rate within the range 6 – 200 yr−1 Gpc−3 ,
with most of the uncertainty coming from the unknown shape of the underlying BHB mass function. If the BH mass function is biased-high, then aLIGO observations are consistent with lower
intrinsic rates. In 4 therefore, rates’ probability distributions were computed for two different
mass functions: one in which both BH masses, M1 > M2 , are drawn from a log-flat mass distribution (model flat), and one in which the primary BH of a binary is drawn from a Salpeter
distribution and the secondary from a flat distribution (model salp). The flat model rate distribution peas at ≈ 35yr−1 Gpc−3 , whereas the salp model favours relatively light BHBs, with a
rate distribution peaking at (≈ 100yr−1 Gpc−3 ).
as detailed in 15 , having assumed a mass distribution, the differential merger rate density
d2 n/dMr dtr can be converted into the number of emitting sources per unit chirp mass, redshift
and frequency populating the sky at any time via
d3 N
d2 n dV dtr
=
,
dMr dzdfr
dMr dtr dz dfr

(1)

where M = (M1 M2 )3/5 /(M1 + M2 )1/5 is the chirp mass, dV /dz is the standard volume shell per
unit redshift in the fiducial ΛCDM cosmology (h = 0.679, ΩM = 0.306, ΩΛ = 0.694, 18 ), and
11/3
dtr /dfr ∝ fr
is given by the standard quadrupole GW emission formula. Subscripts r refer to
quantities evaluated in the source rest frame (as opposed to the detector frame): tr = t/(1 + z),
fr = (1 + z)f , Mr = M/(1 + z). Equation (1) can be used to generate Monte Carlo realizations
of the BHB cosmic population emitting in the LISA band.
2.2

LISA sensitivity

The LISA concept has significantly evolved in the past few years 20,21 . In 2014, the European
Space Agency (ESA) appointed a gravitational observatory advisory committee (GOAT) to issue
a recommendation for a space based GW observatory. During the study, different baselines for
a spaceborne interferometer were considered. Full details can be found in 19 . In the following,
six baselines featuring one, two or five million km arm-length (A1, A2, A5) and two possible low
frequency noises – namely the LISA Pathfinder goal (N1) and the original LISA requirement

Figure 1 – Visual representation of the multi-band GW astronomy concept. Violet dashed lines are, from top to
bottom, the total sensitivity curves of LISA configurations N2A1, N2A2, N2A5 (from 19 ). The thick solid purple
line is the LISA baseline proposed by the LISA Consortium to address ESA’s L3 call. Orange lines refer to current
(dashed) and design (solid) aLIGO sensitivity curves. Lines in different shades of blue represent amplitude tracks
of BHBs found in a selected Monte Carlo realization of the flat population model (see main text) seen with S/N> 1
in the new LISA configuration, integrated assuming a four year mission lifetime (baseline LISA4yr). Light and
dark blue curves starting around 0.01Hz and extending to ∼ 100Hz are BHBs coalescing within the LIGO band
during the LISA lifetime, and observable by LISA with S/N> 5 and S/N> 8 respectively; the dark blue ticks
in the upper left corner are further sources with S/N> 8 by LISA but not crossing to the aLIGO band within
the mission lifetime. Light turquoise lines clustering at the bottom are sources seen in LISA with S/N< 5 (for
clarity those were down-sampled by a factor of 20 and sources extending to the aLIGO band were removed). The
characteristic amplitude track completed by GW150914 is shown as a black solid line for comparison. The chart
at the top of the figure indicates the frequency progression of this particular source in the last 10 years before
coalescence. Adapted from 15 .

(N2) – are considered. Those configurations, labelled N1A1, N1A2, N1A5, N2A1, N2A2, N2A5,
all assume five years of observations with two equivalent Michelson interferometers (i.e. six
active laser links). Building on the GOAT recommendation, the LISA Consortium proposed
a somewhat different baseline 22 , with slightly different technical specifications, including an
armlength of 2.5M kilometres and a mission lifetime requirement of 4 years, and an extension
goal to 10 years. The low frequency noise has been set to the level successfully demonstrated by
the LISA Pathfinder 23 . We refer to these two latter designs as LISA4yr and LISA10yr. Numbers
of detected BHBs are presented below for each of the eight configurations just described.
2.3

Observed systems and their properties

Depending on the baseline, the number of sources that can be detected above the nominal signalto-noise ratio (S/N) threshold of eight varies by more than two orders of magnitudes, from just
a few in the N1A1 configuration to about a thousand in the N2A5 configuration. Perhaps
counter-intuitively, the armlength appear to have a strong impact on the number of detections.
This is because, besides shifting the low frequency sensitivity, armlength also severely affects the
depth of the bucket, where most of the resolvable BHBs live (see sensitivity curves in figure 1).
Therefore, even with equal high frequency noise (as it is the case for all NxAy configurations),
the number of detectable sources increases by about two orders of magnitude going from one
(A1) to five (A5) million km. LISA4yr performs rather similarly to N2A2, as expected from
the similar mission specifications. The sensitivity in the bucket of the two configurations is
essentially identical, resulting in a comparable number of total detections with S/N> 8 (upper

Figure 2 – Number of resolved BHBs for different LISA baselines (as labelled on the xaxis). Orange triangles and blue squares are
for models flat and salp respectively. Symbols
and error-bars are the median and 95% confidence interval from 200 realizations of the
BHB population. The top panel show the total number of sources with S/N> 8 across the
whole LISA band, whereas the lower panel is
restricted to sources that will eventually coalesce in the aLIGO band within 10 years from
the start of the LISA mission. Results for the
LISA configuration proposed to ESA, assuming a mission lifetime of either 4 or 10 years
(LISA4yr, LISA10yr) are shown with thicker
symbols.

panel). Numbers are actually slightly lower for the LISA4yr configuration, because the mission
lifetime was assumed to be 5 years in the N2A2 case, and S/N∝ T 1/2 . There is, however, a
noticeable difference in the number of sources crossing to the aLIGO band in less then 10 years
(lower panel). This is because those accumulate all their S/N at f > 10 mHz, where the LISA4yr
sensitivity becomes about 30-40% worse than the N2A2 one. Since the cumulative number of
sources is proportional to (S/N)3 , this results in a difference of a factor of more than two in
detected systems. LISA would definitely benefit from reaching the 10 year lifetime goal. The
number of observable sources is in fact boosted by almost a factor of four in the LISA10yr
case, with typical detection numbers of several hundreds. This is again because S/N∝ T 1/2 and
the the cumulative number of sources is proportional to (S/N)3 . In general the flat model, in
virtue of its biased-heavy mass function, results in a factor of ≈ 2 more detections in all cases.
Note that for each fixed baseline and BHB population, the 95% confidence region still spans
more than one order of magnitude, because of the intrinsic uncertainties on the aLIGO inferred
merger rates. In summary, the current proposed LISA baseline (in its LISA4yr and LISA10yr
incarnations) has the potential to observe between few tens to a thousand stellar BHBs with
S/N> 8, and about 10-to-20% of them will cross to the aLIGO band within 10 years of LISA
operation kick-off, realizing the promise of multi-band GW astronomy.
Early calculations by 15 also showed that LISA can achieve exquisite accuracy in the measurement of selected BHB parameters. This is shown in figure 3 for systems that cross to the
aLIGO band within the LISA lifetime. Time to coalescence can be typically established within
less than 10 seconds and sky location accuracy is generally better than a square degree. The
redshifted chirp mass and symmetric mass ratio can be determined to a 10−6 and 0.01 relative
accuracy respectively (which means that individual redshifted masses can be measured to better than 1%). Note that for these sources, LISA and aLIGO measurement can be combined
to reduce parameter estimation errors 26 . Considering mildly eccentric (up to 0.1) systems, 25
showed in a follow-up paper that eccentricities in excess of 10−3 can be confidently measured, as
shown in the right panel of figure 3, which can provide useful information on the BHB formation
channel (see below). Other parameters might not be determined with comparable precision.
For example, the distance to the source can only be determined to ∆Dl /Dl ≈ A/(S/N), where
in general A > 1; which gives rather poor results, since most BHBs have S/N< 20. Also spin
determination might be problematic in general, as the two BHs are separated by thousands
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Figure 3 – Left figure (from 15 ): parameter estimation precision from LISA observations of circular BHBs. Top
left: coalescence time; top right: sky localization; bottom left: relative error in the chirp mass M; bottom right:
relative error in the symmetric mass ratio η = M1 M2 /(M1 + M2 )2 . Histograms show normalized distributions
obtained from a Monte Carlo realization of 1000 sources observed with S/N> 8 in the N2A5 configuration,
assuming five years of mission operation (results for other configurations look similar). Estimates were obtained
via Fisher Matrix analysis using 3.5 Post Newtonian non spinning waveforms 24 and the full time-dependent LISA
response function. Right figure (from 25 ): errors on the eccentricity measurement at frequency f0 = 10−2 Hz using
eccentric non-spinning waveforms. From top to bottom, the three panels refer to systems with e0 = 0.1, 0.01 and
0.001. Linestyles refer to different LISA baselines: N2A5 and Tobs = 5 yrs (solid black), N2A1 and Tobs = 5 yrs
(dashed red), N2A5 and Tobs = 2 yrs (dotted green), N2A1 and Tobs = 2 yrs (dash-dotted blue).

of Schwarzschild radii in the LISA band and the spin-orbit and spin-spin coupling corrections
on the waveform are accordingly small. An extensive study on parameter estimation precision,
including precessing spinning waveforms is currently ongoing (Klein et al. in preparation).
3

Scientific potential

Because of the relatively large number of observable systems in the LISA band, the exquisite
precision to which some of the parameters will be measured, and the possibility of seeing few of
them sweeping through the aLIGO band within few years of the initial LISA detection, massive
stellar BHBs captured the interest of the wider GW community. This fairly ’unexpected’ (in
terms of typical mass and rates) class of sources can be exploited in several contexts, including
BHB astrophysics, fundamental physics and cosmology. This section focuses on some of the
main payouts, keeping in mind that this is relatively new investigation ground, and the list is
inevitably incomplete.
3.1

Multi-band and multimessenger astronomy

One of the obvious benefits of sources like GW150914 is the realization of multi-band GW
astronomy. Observations of the same signal in two different detectors provides an efficient
independent way to cross check and validate the instruments (which is particularly valuable
for a space-based detector). Moreover, the two instruments will observe at separate frequency
bands, therefore covering different evolutionary stages of BHBs; while LISA will be sensitive to
their adiabatic inspiral, most of the aLIGO S/N comes from the very late inspiral, merger and
ringdown. Each stage of the evolution carries information about different physical aspects of
the sources, that can be combined together to push the boundary of GW astronomy in several
directions, as highlighted below.

Another obvious advantage of observing BHBs several months before coalescence, is the
possibility of issuing early warnings for an upcoming coalescence. LISA will allow exquisite estimation of some key parameters of the BHBs crossing to the aLIGO band. In particular, the time
to coalescence can be predicted within less then ten seconds (but see 27 for potential complications) and the sky localization known within less than a square degree few weeks before merger.
Although it is not standard to associate electromagnetic (EM) counterparts to BHB mergers,
several (sometimes exotic) EM production scenarios have been proposed (see e.g.28,29,30 ), triggered by a tentative association of a gamma-ray signal detected by Fermi to GW150914 31 . The
claim is controversial, and the signal has not been confirmed, among others, by simultaneous
INTEGRAL observations 32 . In any case, since the Universe is certainly not short of surprises, it
is wise keep an open mind and continue to point our telescopes, and this can be done better if we
know in advance when and where to observe. Knowing the sky location will facilitate the early
pointing of large field of view instruments at all wavelengths. In particular, deep searches can
be performed in coincidence to the coalescence, testing any possible exotic scenario of emission
on the BHB merger dynamical timescale.
3.2

BHB astrophysics

Figure 4 – Cumulative distribution function (CDF)
of the confidence in a given model over 100 Monte
Carlo realizations of a specific number, Nobs , of observed BHBs (several Nobs are shown in each panel
as labelled on the right). The N2A2 configuration
is assumed, but results are weakly dependent on
the adopt LISA baseline. For each pair of curves,
the top one marks the CDF of confidence in model
A when model A is true, whereas the bottom one
marks the CDF of confidence in model A when
model B is true. For example, the upper panel
compares the field (massive binary evolution) and
cluster (dynamical capture) scenarios; observation
of 30 binaries are sufficient to distinguish among
them at a 95% confidence level in more than 90%
of the realizations. From 33 .

Combining high and low frequency GW detection, will also help in the identification of the
astrophysical channel responsible of BHB formation. Different scenarios in fact result in different
mass, mass ratio, spin and eccentricity distribution of the detected sources. Ground and space
based detectors are conveniently sensitive to different parameters, providing complementary
information. By measuring the last few inspiral cycles with high S/N, a network of second
generation ground based detectors will allow to measure individual masses within 10% precision.
Information about spin magnitude and direction can be extracted by observing the effect of spinorbit coupling induced precession, which is maximum in the late inspiral. However, because
of GW circularization, BHBs will generally have a non-measurable eccentricity < 0.01 in the
aLIGO band, regardless of their formation channel. LISA, on the other hand, by observing up to
millions GW cycles, will allow the measurement of individual (redshifted) masses to better than
1% (and often better than 0.1%). Individual spins can be measured in a fraction of cases (Klein
et al in preparation), but generally not to high precision. But perhaps most importantly, being
sensitive to lower frequencies, LISA will catch GW signals from BHBs that did not have enough
time to fully circularize, measuring any eccentricity in excess of e ≈ 10−3 . As independently

pointed out by 33 and 34 , this will allow to differentiate between competing formation scenario,
chiefly between dynamically formed systems and binary stellar evolution remnants. Figure 4,
shows an example of how competitive formation scenarios can be distinguished after a given
number of LISA detections, on the basis of eccentricity measurements only. The two lower
panels show that a handful of measurements are enough to recognize merger induced by Kozai
cycles triggered by the presence of a massive black hole in the proximity of the BHB (model
MBH from 35 ). Conversely, more than 30 detections are required to efficiently differentiate
between dynamical formation (model cluster from 36 ) and stellar evolution remnants (model
field from 37 ). The currently proposed LISA design will likely detect few hundred such systems.
Eccentricity information can also be combined with mass and spin measurements (from both
LISA and aLIGO) to optimize astrophysical inference.
3.3

Tests of alternative theories of gravity

Multi-band detections will also enhance the potential of gravity tests in the strong, dynamical
field regime of merging BHBs. Massive systems will be observed by ground based detectors
with high merger (and possibly ringdown) S/N, after being tracked for years by LISA in their
adiabatic inspiral. The two portions of signal can be combined to push the search for deviations
from General Relativity, due for example to dipolar radiation, as first discussed in 38 . Although
timing of binary pulsars excludes the emission of dipole gravitational radiation by binaries 39 ,
entire classes of theories predict this effect predominantly (or only) in binaries involving BHs
(see 40 for a review). Joint observations of GW150914-like systems by aLIGO and LISA can
potentially improve current bounds on dipole emission from BHBs by more than six orders of
magnitude, as shown in figure 5. The figure highlights that even if observed by LISA alone, BHBs
constrain these theories better than massive BHBs (MBHBs) and extreme mass ratio inspirals
(EMRIs). This is because the signal has to be phased for millions of cycles to be recovered, being
therefore sensitive to minuscule phasing deviations caused by dipole emission. When combined
to LIGO observations of the same system, typical bounds improve by an additional factor of
about five.
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Figure 5 – 1σ constraints on the BH dipole
flux parameter B as a function of the assumed
GW detector from different GW sources:
GW150914-like systems (stars and pluses),
massive BH binaries (filled circles) and EMRIs/IMRIs (filled triangles). Shown are the
NxAy designs proposed in the GOAT study
as well as Classic LISA; the prefix C- indicates
observations in combination with aLIGO ad
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Cosmography and cosmology

Stellar BHBs observed in the LISA band potentially provide a new class of standard candles. In
absence of a distinctive EM counterpart, 42 estimated the number of BHBs that can be localized
with enough precision that only one galaxy falls in the GW measurement error cube. They
concluded that LISA might measure H0 to a few% precision, based on the analytical scaling
of the average ∆Ω and ∆Dl /Dl and the average number density of possible host galaxies.

Although this is an useful result, it relies on average estimates of quantities (∆Ω and ∆Dl /Dl )
that vary by orders of magnitude from one source to another. Moreover, the outcome depends
severely on the uncertain BHB merger rate and on the LISA design. A systematic investigation
is currently ongoing (del Pozzo et al., in preparation). Preliminary results show in fact that
∆Dl /Dl errors in 42 are generally underestimated and association with an individual galaxy is
not possible. One has therefore to rely on building a likelihood function based on the redshift
distributions of plausible galaxy hosts in the GW measurement error cube. The technique has
been first applied by 43 to EMRIs and subsequently by 44 to MBHBs. Note that LISA will provide
excellent sky localization up to ∆Ω < 0.1deg2 precision, it will not, however, provide a very good
measurement of the luminosity distance, Dl , to the source. This latter might in fact be better
measured by ground based detectors, that might see those sources with S/N> 100 at design
sensitivity. Multi-band BHBs crossing between the two detectors’ windows, might therefore be
particularly valuable standard candles, combining LISA sky localization with aLIGO distance
determination.
3.5

Milky way BHBs

As first pointed out in 45 and then further elaborated in 46 , LISA might also detect few such
BHBs within the Milky Way. This specific prospect is particularly appealing for a number
of reasons. Considering the typical LISA error-cube, the location of those system within the
Milky Way will be rather accurate, shedding light on their formation mechanism. In case of few
detections, a consistent presence of star clusters or globular clusters within the sky localization
error would be a decisive element in support of the dynamical formation scenario (viceversa,
the lack thereof would not discard this model, since BHBs can be efficiently ejected from their
parent clusters, and the clusters themselves can evaporate by the time the BHBs merge). A
frequent localization towards the Galactic centre might provide evidence of the role of dense BH
cusps surrounding massive black holes in the formation of these systems, as predicted by some
formation channels (see e.g. 47 ). Their proximity will also allow to perform deep searches for
associated EM signals. If BHBs are surrounded by debris disks left behind by partially failed
supernovae, even a small amount of accretion leads to an observable photon flux within galactic
distances. In the unlikely event that many such BHBs are detected, then their mass function
can be linked to the metallicity content of the MW, to gather further clues about the physics
driving their formation.
4

Conclusions

The first aLIGO detections showed that stellar BHBs with chirp masses in excess of ≈ 20M
are more abundant than previously thought, and the proposed LISA has the potential to see
up to about a thousand of them, depending on the adopted mission design. About 10% of
these systems, those caught emitting at f > 10 mHz, will sweep through the LISA window,
eventually coalescing in the audio band probed by aLIGO. Multi-band and multi instrument
observations of these sources will open a number of new possibilities for GW astronomy. Eccentricity measurement of BHB in the LISA band will allow to disentangle between different
formation channels, and their exquisite sky localization will provide an independent local measurement of the Hubble constant. The phasing of millions of waveform cycles will constrain
theories of gravity allowing dynamical scalarization with unprecedented precision, especially if
combined with aLIGO observations of the merger phase. In general, joint and complementary
LISA-aLIGO observations of the same source will enhance the scientific potential by combining
measurements of the early inspiral (LISA) to observations of merger and ringdown (aLIGO).
Moreover, S/N accumulated over years of observations in the LISA band will allow to issue early
warnings (with few weeks notice) about when and where the BHB will coalesce in the LIGO
band. Ground and space based probes across the EM spectrum can therefore be pre-pointed in

the direction of the system, performing a deep search for possible EM precursors or for bursts
coincident with the final coalescence. Multi-band GW observations of BHBs add a new exciting
goal to the already rich LISA science case, opening new avenues in multi-messenger astronomy.
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DETECTING ADDITIONAL POLARIZATION MODES WITH LISA
L. PHILIPPOZ, P. JETZER
Physik-Institut, Universität Zürich,
Winterthurerstrasse 190, 8057 Zürich, Switzerland
Within the frame of General Relativity, gravitational waves possess two tensorial polarizations
(h+ and h× ), whereas more general metric theories of gravity predict the existence of additional modes: up to 2 vector and 2 scalar modes. An arbitrary signal such a stochastic GW
background is thus expected to contain a mixture of up to 6 polarizations with no dominant
mode, and the analysis of its content could give us constraints on GR or its extensions. We
addresse the question of whether a given LISA configuration can provide a sufficient sensitivity
to detect additional polarization modes and then allow the extraction of the latter in order to
determine the GW spectrum for each mode.

1

Introduction

The recent detections of gravitational waves (GW) announced by the LIGO Collaboration 1,2
mark the beginning of a new chapter in GW research. Furthermore, the future ESA L3 mission,
the space-borne detector “Laser Interferometer Space Antenna” (LISA) 3 , is expected to open
new perspectives in the low-frequency domain from 0.1 mHz to 1Hz, giving access to the observation of e.g. supermassive black holes at cosmological distances or binary systems of close
white dwarves, or even a stochastic GW background (SGWB).
The dynamics of those mergers can be affected by alterations of GR. The proposed design of
the LISA mission 4 makes it possible to reach an unprecedented signal sensitivity and therefore
measure the inprints of alternative theories, such as f (R) or scalar-tensor theories. We consider
the detection of a SGWB which would in general contain a mixture of all polarization modes.
Depending if additional modes are effectively detected or not, this will allow in any case to put
constraints and discriminate between alternative gravitation theories.
2

Mode sensitivity and mode extraction

Within the frame of GR, GW possess two tensorial polarizations, the so-called h+ and h× modes,
but one can expect additional modes when considering more general metric theories of gravity:
up to 2 vector and 2 scalar modes. The perturbed metric of a propagating GW can be expressed
as:
hij (ωt − k · x) =

X

hA (ωt − k · x)eA
ij

(1)

A

with A = +, ×, x, y, b, l the six possible polarization modes, hA the GW amplitude of the mode
A, and eA
ij the following polarization tensors (tensor (+, ×), vector (x, y) and scalar (b, l)
modes):
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From now on, we will not assume a particular gravitation theory, which means that a GW
is in general expected to contain a mixture of up to 6 polarizations. We will focus on the determination of the detection threshold for each polarization modes present in a SGWB signal and
look for a way of extracting this polarization content.
2.1

Network of detectors

The determination of the sensitivity to additional polarization modes was discussed for an earlier
version of the LISA mission 5,6,7,8,9,10 . It is therefore necessary to investigate this question for the
new design beforehand and establish the sensitivity curves for several time-delay interferometric
(TDI) combinations (i.e. different combinations of the signals depending on the number of laser
links between the satellites). We already found that the noise spectrum of the future detector
presents large similarities with the older project, especially in the frequency range f ∈ [10−2 , 1]
Hz, and thus expect the sensitivity spectrum to be quite similar in that frequency domain where,
in particular, the sensitivity to the vector and longitudinal-scalar modes is higher.
In its current proposed design (3 satellites with 3 arms, i.e. 3 times 2 laser links between the
satellites), LISA is actually equivalent to two single detectors; we will describe this arrangement
of three satellites as a cluster. The SGWB signal measured by a single detector can be written
as
Z
Z
h(t, x) =

∞

X
A

dΩ̂
S2

−∞

df h̃A (f, Ω̂)e2πif (t−Ω̂x/c) FA (Ω̂),

(2)

with FA the antenna pattern function of that single detector (which describes its geometry),
and hA the GW amplitude of the mode A. In a single detector, the vectors û and v̂ give the
direction of each arm and one can define the detector tensor D as
1
Dij = (ûi ûj − v̂i v̂j ),
2

(3)

which describe the response of that detector to a signal.
If one now considers a network of several identical clusters 11,12,13 , the first step consists in
determining the so-called overlap reduction functions (ORFs), defined for a pair of detectors I
and J separated by ∆x as
M
γIJ
(f ) =


1
kj ˆ ˆ
J
i
ρM (α)DIij Dij
+ ρM
2 (α)DI,k DJ di dj
sin (χ) 1

+ρM (α)Dij Dkl dˆi dˆj dˆk dˆl ,
2

3

I

J

(4)

with M denoting the tensor (T), vector (V) or scalar (S) polarization modes, sin2 (χ) = 1−(û·v̂)2
a geometry factor (which is 34 for triangular cluster like LISA), ρM
i = f (j0 (α), j2 (α), j4 (α)) a
ij
linear combination of spherical Bessel functions, DI the detector tensor of the interferometer I,
∆x
2πf |∆x|
dˆi =
,α=
. An ORF tells how much degree of correlation is preserved when one
|∆x|
c
correlates the output of two detectors, according to their relative orientation.

Note that, schematically, the signal h(t) + n(t) measured by a detector is composed of the
GW signal h(t) as well as the noise n(t). Next, we can consider the one-sided power spectral
density ShA :
1
1
hh̃∗A (f, Ω̂)h̃A0 (f 0 , Ω̂0 )i = δ(f − f 0 ) δ 2 (Ω̂, Ω̂0 )δAA0 · ShA (|f |),
(5)
4π
2
as well as the noise spectrum PI (f ):
1
hñI (f )ñJ (f 0 )i = δ(f − f 0 )δIJ · PI (|f |),
2

(6)

and the GW background energy density
3 A
ΩM
gw (f ) ∝ f Sh (f ),

(7)

×
with e.g. ΩTgw = Ω+
gw + Ωgw (and similarly for M = V, S). It is then possible to find the optimal
signal-to-noise ratio (SNR) necessary to separately detect the modes:
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where F is a (3 × 3)-matrix whose elements are given by
0

Z Tobs

X

FM M 0 =

dt
0

det. pairs(I,J)

M (t, f )γ M (t, f )
γIJ
IJ
,
PI (f )PJ (f )

(9)

(Tobs is the mission duration) and FM (f ) is the determinant of the matrix obtained by removing
all the M -elements from the matrix F.
The separation of the modes can then be achieved as follows 11 : we first define the statistics
ZIJ

∝
=

f 3 s̃∗I (f )s̃J (f )
X

M
ΩM
GW γIJ (f ) + noise .

(10)

M

By averaging it, one gets the matrix equation
hZIJ i =

X

M
ΩM
GW γIJ (f )

(11)

M

or shortly Z = Π Ω. By inverting so-called correlation matrix Π containing the ORF (as long
as det(Π) =
6 0), one can finally find the mode densities Ω.
This method thus gives the detection threshold for each mode and is valid for a network
of independant detectors in space, i.e. several clusters (for instance 2 independant LISA-like
clusters, or 4 clusters such as in the DECIGO project 15 ), in the low frequency limit and for a
full polarized GW background. Moreover, it allows to extract from a signal the energy density
of each mode.
2.2

Single detector

A study of the sensitivity of LISA (i.e. a cluster with 3 arms) to additional polarization modes
has been performed 9 for an earlier version of the project, and the sensitivity curves for each
mode as well as various TDI simply need to be updated according to the new proposed design.
However, it is worth investigating a minimal version consisting of a cluster with only 2 arms
(this situation could arise in case of a technical problem). Such an alternative solution requires
the use of the so-called autocorrelation method 14 . As previously, we can write the output data

of the detector as h(t) + n(t), with n(t) the noise and h(t) the GW signal. In that case, the
autocorrelation of the signal reads
1
hh̃(f )h̃∗ (f 0 )i = δ(f − f 0 )Sh (|f |),
2

(12)

and similarly for the noise density Pn :
1
hñ(f )ñ∗ (f 0 )i = δ(f − f 0 )Pn (|f |),
2

(13)

and in that case, it is possible to find the optimal SNR to detect a signal as
SN R =

Tobs
2

Sh (|f |)2
df
[Sh (|f |) + Pn (|f |)]2
−∞

Z ∞

!1/2

.

(14)

This method applies to a single-detector and is valid in the high-frequency limit. Since this
analysis did not assume a particular polarization content, it only gives a detection threshold
for a GW signal, but it will be necessary to generalize it in order to take into account all the
possible modes, similarly to the network analysis.
3

Conclusion

So far, the current analysis method for a network of space-borne detectors requires the use of
multiple LISA-like clusters and presents the advantage of considering a general polarization of
the signal. A study was already performed for the use of a 3-arm detector and simply needs to
be adapated to the most recent LISA design. One can also focus on a single 2-arm detector, but
this method does not yet address the polarization of the signal and needs to be generalized in
order to fully treat the polarization content; one especially needs to take the correlation of the
noise into account.
With the proposed LISA design as well as future possible projects of space-borne inteferometers, it is therefore necessary to investigate both methods in order to set limits on the
detectability of each polarization mode potentially present in a SGWB.
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2.
Tests of the Equivalence Principle

Progress on testing Lorentz symmetry with MICROSCOPE
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The Weak Equivalence Principle (WEP) and the local Lorentz invariance (LLI) are two major
assumptions of General Relativity (GR). The MICROSCOPE mission, currently operating,
will perform a test of the WEP with a precision of 10−15 . The data will also be analysed
at SYRTE for the purposes of a LLI test realised in collaboration with J. Tasson (Carleton
College, Minnesota) and Q. Bailey (Embry-Riddle Aeronautical University, Arizona). This
study will be performed in a general framework, called the Standard Model Extension (SME),
describing Lorentz violations that could appear at Planck scale (1019 GeV). The SME allows
us to derive a Lorentz violating observable designed for the MICROSCOPE experiment and
to search for possible deviations from LLI in the differential acceleration of the test masses 1 .

1
1.1

Lorentz violation in SME framework
Generalities

The LLI can describe the invariance under coordinate changes, called observer invariance, as well
as the invariance under orientation and boost changes in a given observer frame - the particle
invariance. In case of a space-time anisotropy and in the context of the SME framework, the
observer invariance is preserved, but the particle invariance can possibly be violated.
The SME is a general framework built to address the issue of low-energy effects of new
physics that could appear at Planck scale in both GR and Standard Model (SM), and particularly spontaneous Lorentz symmetry breaking 2 . It is an effective theory built from the
combination of Standard Model (SM) fields and considering a curved spacetime. The resulting additional Lorentz violating terms appearing in the Lagrangian are parametrized by SME
background coefficients (scalars, vectors or tensors) quantifying the amplitude of the deviation
to the symmetry in a large variety of sectors (e.g. photon, matter, gravity). Most of these
coefficients are composition-dependent, meaning that they lead to different deviations to known
physics depending on the considered body or particle.
1
1
Lphoton = Fµν F µν − (kF )κλµν F κλ F µν
4
4

(1)

The Eq. 1 illustrates an SME modification to the pure-photon sector Lagrangian 2 . The first
term is the usual Lagrangian for Maxwell’s equation in absence of sources, and the second term
is an SME violating term constructed from the standard Maxwell tensor and parametrized by
the SME coefficient (kF ) which is a rank-4 tensor. All these coefficients are free parameters of
this effective theory and need to be constrained experimentally.

1.2

SME observables

The SME intends to be independent of any given theory leading to such Lorentz violation, which
enables the derivation of general observables for a large range of experiments that cannot be
easily done in such theories. However the lack of assumptions on the underlying mechanism for
the symmetry breaking makes the SME unable to predict the amplitude of the Lorentz violation
signals arising from the coupling between dynamics and SME background coefficients.
Moreover, SME coefficients are coordinate-dependent, but are supposed to be constant in a
cosmological frame as well as in any frame having a rectilinear motion with respect to it, e.g. the
Sun Centered Frame (SCF) which is the conventional frame used to report the results of SME
analyses. For a ground or a space based experiment, the transformation between the moving
lab frame and the SCF leads to a time-dependent observable whose amplitude is a function of
constant SCF SME coefficients, in contrast to the lab frame observable which is function of
time-varying lab frame coefficients. This SCF observable can be composed of several harmonics,
each having its proper amplitude and dependence on SME coefficients, and whose frequencies
are related to the orbital motion of the lab frame with respect to the SCF (see Fig. 1).

ting s
d
iola
z-v d el
n
ent
Lor kgrou
bac
Lab orientation

Figure 1 – Schematic view of the trajectory of a Earth based lab frame with respect to the SCF. The vector
field āµ is an arbitrary SME background coefficient. The Earth’s orbital and sidereal frequencies are respectively
denoted Ω and ω.

2

Application to MICROSCOPE experiment

Several configurations that can be encountered in the WEP and SME LLI tests are described
on Fig. 2. Cases (a) and (b) illustrate two typical scenarii of the WEP test: one where a
violation signal could be measured (a) and one where no signal is expected (b). Configuration
(a) could as well involve a violation signal in the LLI test, despite another signature, but a SME
violation could also be expected when the gravitational acceleration ~g is perpendicular to the
sensitive axis, as shown with case (c). This is due to the coupling between SME background
coefficients and dynamics, such signal is specific to the SME LLI test. The performance of the
SME test can easily be compared with the WEP test thanks to an analytical matching between
the Eötvös parameter η and a component of a Geocentric Celestial Reference Frame (GCRF)
SME coefficient, (āeff )t .
The nature of the Lorentz violation occurring in the SME leads to harmonics that are not
expected in the WEP test, which can only involve a violation signal at frequencies ωo ± ωs with
ωo the satellite orbital frequency and ωs the satellite spinning frequency. In the SME case, a
violation could be expected at frequencies {ωs , ωo , ωs ± ωo , ωs ± 2ωo , 2ωs ± 2ωo , ωs ± ωo ± Ω} 1 ,
with Ω the Earth’s orbital frequency.

(a) Signal 6= 0

(b) No signal

(c) Signal 6= 0

Figure 2 – Schematic view of the test masses: the blue one is in platinum and red one is the titanium mass. The
1
acceleration of the titanium and platinum test masses in the instrument frame are respectively denoted ~γinst
and
2
~γinst
. Cases (a) and (b) illustrate two scenarii of the WEP test: in (a) the sensitive axis X is parallel to the
gravitational acceleration ~g and in (b) it is perpendicular to ~g . Case (c) shows the SME equivalent to (b), where
a violation signal can be expected.

The main systematics that could overlap with SME violation signals will be due to offcenterings, which are mainly expected to contribute at frequency 2ωo . However, even if some SME
harmonics are strongly correlated with offcenterings, SME coefficients could still be decorrelated
from each other and from offcenterings as the SME test involves many frequency components
with amplitudes ruled by a particular combination of SME coefficients for each of them. During
our analysis, we will investigate this correlation between SME coefficients and offcenterings.
As we are measuring a differential acceleration, only composition-dependent coefficients can
be constrained with the MICROSCOPE observable: the rank-2 tensor c̄µν and the vector (āeff )µ ,
with coordinates denoted by xµ = (t, x, y, z). They both lead to different trajectories for the
platinum and the titanium mass. Based on the attempted performance of the mission, it has
been estimated that we could improve by up to 3 orders of magnitude the limits on some of these
coefficients 1 , but it will depend on the noise and systematics encountered during the flight.
3
3.1

Status
SME observable for MICROSCOPE

We chose a semi-analytical approach to obtain the MICROSCOPE instrument observable, i.e.
the instrument frame acceleration depending on SCF SME coefficients: first through an analytical derivation of the differential acceleration in the instrument frame in terms of GCRF
coefficients, and then a numerical instantaneous transformation from GCRF to SCF coefficients.
The first step is based on the Lagrangian introduced in 1 and expressed in the GCRF.
In order to determine the instrument differential acceleration, one needs to change the GCRF
acceleration - obtained from Euler-Lagrange equations - into the instrument acceleration through
a coordinate transformation. After this process, the instrument acceleration is still a function of
GCRF coefficients, which enables comparisons with WEP test, keeping only the (āeff )t coefficient
in the SME observable.
The instantaneous transformation from GCRF to SCF coefficients will be performed numerically
using INPOP ephemerides provided by IMCCE. This last operation is needed to express the
observable in terms of SCF coefficients, which is conventional in SME tests and introduces new
violation frequencies in the model, as explained in Sec. 1.2.
The first expression for the LLI violating observables in Microscope was given in terms

of Keplerian elements 1 . Here we designed our model according to simulated data provided by
ONERA/OCA in order to include as far as possible the in-flight parameters. This in combination
with the semi-analytical approach makes our model flexible and convenient for the comparison
with the WEP test.
3.2

Data analysis

For now, we worked on a first set of simulated data provided by ONERA/OCA. This enabled us
to familiarise ourselves with the data and to perform some least-squares fitting on toy-models.
Among other things, we identified that the contribution of the Earth’s Newtonian gravitational
potential, initially taken in the approximation of a uniform spherical source 1 , needs to take into
account higher order harmonics in order to allow direct comparison with results obtained in the
standard WEP analysis. We also gradually including the contributions from angular velocity
matrix, gravity gradient matrix, and so on.
The first toy-models adjustments were consistent with the parameters used in the simulations, however it has been done using unrealistic data, without noise. We are currently working
on the same kind of test with new sets of simulated data including a realistic noise. Obviously,
this requires the implementation of statistical methods to deal with this realistic coloured noise,
which prevents the use of a simple least-squares fitting. As a first step, we are planning to use
Monte-Carlo simulations based on a noise model provided by ONERA/OCA to perform the
statistical analysis.
4

Conclusion

The preparation of the SME analysis of MICROCOPE data is currently ongoing at SYRTE. We
are working on the derivation of an observable designed according to the in-flight parameters.
The implementation of statistical methods for the data analysis is also in progress, thanks to
simulated data provided by ONERA/OCA.
In the next few months, we will increase the complexity of the model and of the simulated
data in order to check the consistency of both the observable and the statistical analysis methods.
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ANTIMATTER AND GRAVITATION
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Three experiments et CERN are about to “weight” antihydrogen. We describe the objectives
of the experiments trying to measure the gravitation effect on antimatter, we review some of
the theoretical constraints on a possible different gravitational behavior between matter and
antimatter, and give an overview of the existing experimental limits and proposals.

1
1.1

Scientific aim
The Equivalence Principle

The main objective of the measurement of the action of gravity on antimatter is to perform a
direct test with antimatter of the Einstein Equivalence Principle which states that the trajectory
of a test particle is independant of its composition and internal structure when its is solely
subject to gravitational forces. This principle has been verified with many materials. A very high
precision of around 10−13 has been reached. A torsion pendulum experiment 1 with Beryllium
and Titanium test bodies led to the following difference between their gravitational acceleration:
(∆a/a)Be/Ti = (0.3 ± 1.8) × 10−13 .

(1)

A precise follow up of the relative motion of the Earth and the Moon (“Lunar Laser Ranging” 2 )
gave:
(∆a/a)Earth/Moon = (−1.0 ± 1.4) × 10−13 .
(2)
1.2

Antimatter

In the Standard Model of particle physics, every particle comes with its own antiparticle which
carries an opposite charge but, as stated by the CPT theorem, has exactly the same inertial mass
and the same lifetime. The most stringent limit on the inertial mass equality is 3 :
(MK 0 − MK¯0 )/Maverage < 6 × 10−19 (90 % CL).

(3)

As we will see, there is nos such comparison for the particle and its antiparticle gravitational
mass, a quantity which we define in the next section.

1.3

The measured ḡ parameter

We define the gravitational mass of an antimatter test body m̄g by the following equation:
F =G

ME m̄g
,
2
RE

(4)

where F is the force acting on the body, G is the Newton gravitational constant and ME and
RE are the mass and radius of the Earth. We define its inertial mass by:
F = m̄i a,

(5)

where a is its acceleration. The ḡ parameter is then defined by:
ḡ = a = G

m̄g
ME m̄g
=g
,
2
m̄i
RE m̄i

(6)

where g is the usual terrestrial acceleration.
Any difference between the measured ḡ parameter and g arises from a difference between the
gravitational and inertial mass of the test body and signs a violation of the Equivalence Principle
or the presence of additional unknown forces.
2
2.1

Theoretical constraints
The Morrison argument

It is well known that in the framework of General Relativity, the violation of the Equivalence
Principle by antimatter would lead to the violation of energy conservation 4 . Assuming that
antimatter undergoes antigravity, on can raise a particle-antiparticle pair at rest at the height H
without any energy cost (see fig. 1). Their annihilation gives two photons of energy E = mc2 ,
where m is the particle inertial mass. If one recombines them at the original height to form the
pair again, because of the variation of the gravitational potential, the two photons have gained
an energy EgH/c2 : the net balance is an energy increase of 2mgH!

Figure 1 – Illstration of the Morrison argument (see text).

It is straightforward to extend this argument to any difference between matter and antimatter
gravitational behaviour.
However, it has been shown in a seminal paper by J. Scherk 5 that antigravity may arise naturally in extensions of General Relativity, where additional fields can couple to baryon number.
The potential between two test masses can be written as 6 :
V = −G

mm0
(1 ∓ a exp(−r/v) + b exp(−r/s)).
r

(7)

The non-newtonian terms arise from the exchange of so-called gravi-vector and gravi-scalar
fields. G is the Newton constant, m and m0 are the masses of the interacting bodies and r their

distance, v and s are the range of the vector and scalar interactions, and a and b measure their
intensity. In the case of matter, the first term is repulsive and may be cancelled by the second
one, while both terms are attractive for one antimatter test body. As a consequence, tests of
the Equivalence Principle with matter only are mostly sensitive to |b − a| and do not exclude
measurable effects with antimatter.
2.2

Indirect theoretical constraints

The cancellation mentioned in the previous section between scalar and vector interactions cannot
be perfect since the latter has a 4-velocity dependence which is not present in the former. This
fact can been exploited 7 to put very stringent limits on |ḡ − g|/g. They are based on three
observations:
1. the radiative damping of binary pulsar systems depends on the nature of the gravitational
interaction;
2. the vector field couples to the baryon number which is not exactly proportional to the
nucleus mass;
3. the mean velocity of the nucleons within the nucleus depends on the element.
These effects are constrained by the tests of the Equivalence Principle with matter which thus
lead to limits ranging from 10−4 to 10−7 .
In the same paper 7 , a second class of limits is derived from an argument originally formulated
by L.I. Schiff 8 : in quantum field theory, vacuum polarization effects arise from virtual particles
and antiparticles (figure 2). One can say that any matter object carries an antimatter content,

Figure 2 – Loop contribution to the self-energy of the nucleus.

the amount of which being of order of the correction on the binding energy of nuclei within
the nucleus or of electrons within atoms due to these virtual pairs. Assuming this reasoning
is correct, which is not obvious because of the needed renormalization of the indefinite loops
in quantum field theory, the tests of the Equivalence Principle with matter translate directly to
limits ranging from 10−2 to 10−9 by simply scaling them by the inverse relative energy correction.
2.3

Standard Model Extension

Models to analyze the experimental tests of CPT and Lorentz invariance have been developped.
In the Standard Model Extension 9,10,11 , CPT and Lorentz violating operators are introduced.
This gives a framework to quantify and compare the many existing experimental constraints.
Within this framework, all the previous limits can be evaded.
However, within the specific Isotropic Parachute Model 12 , other limits can be put, using
atomic interferometry experiments or using again the kinetic energy of the nuclei within the
nucleus, down to 10−6 to 10−8 .
All these limits are strongly model dependant 13 .
References to other models can be found in the presentations made at the 2015 Workshop
on Antimatter and Gravity 14 .

3

Cosmology

One of the fundamental questions in physics today is the origin of the matter-antimatter asymmetry of the Universe. Three minimal conditions were formulated by A. Sakharov in 1967 15 to
understand it: C and CP symmetry violation, baryon number violation, evolution out of thermal
equilibrium. All of them are met within the theoretical framework of the Standard Models of
particle physics and cosmology. However, the asymmetry which can be quantitatively derived is
too low by many orders of magnitude 16 .
The main ingredients of the today’s Standard Model of cosmology needed to explain the
observations are: General Relativity with a non zero cosmological constant, or equivalently dark
energy; a large cold dark matter content; inflation. This model fits experimental data extremely
well at large scales, but its ingredients have no observed counterpart in particle physics, and in
addition, tensions with observations exist at small scales 17,18 .
Motivated by these facts, some authors 19 have tried to build a cosmology without dark
matter and dark energy, with as much matter as antimatter, but with a repulsive interaction
between them, the origin of which is not addressed. Although this model cannot reproduce
all astrophysical observations, it is rather successful in reproducing some of them: the Hubble
diagram of SNIa; the abundance of 4 He; the order of magnitude of the baryonic acoustic scale.
In summary, whether or not one can build such a model, the question of the interplay between
matter, antimatter and gravitation appears as a very relevant question for cosmology.
4
4.1

Constraints from experiments
The K 0 − K̄ 0 system

The CPLEAR experiment at CERN was dedicated to the study of discrete symmetries with the
neutral kaon system 20 . K 0 − K̄ 0 pairs were produced by the annihilation of antiprotons at rest
in a hydrogen target.
A very high number of K decays were recorded, and this allowed a systematic study of the
K 0 − K̄ 0 oscillation parameters as a function of time and also as a function of the direction of
the flying neutral kaons 21 .
The CP violation parameters η ± and Φ± depend on the neutral kaon mass, and are sensitive
to an effective mass difference δmeff which would originate from a different apparent gravitational
potential energy, which can be written as:
δmeff = MK 0 (

g − ḡ GM
) 2 exp(−r/rI )f (I),
g
rc

(8)

where M is the mass of the gravitationally attracting body, r its distance to the neutral kaon
system, I the spin of the particle exchanged in the interaction, rI the range of the force, f (I) a
spin dependant factor.
The study of the time variation of η ± and Φ± or its dependence upon the flight direction of
the kaons allow to test the effect of the Earth (flight direction), the Moon (monthly modulation)
and the Sun (annual modulation) gravitational fields as a function of I and rI . Depending on
the assumptions made on I and rI , limits can be put on |g − ḡ|/g ranging from a few 10−5 to
few 10−9 .
In addition, the (absolute) potential from the Galaxy or the Supercluster changes the energy
(the inertial mass) of the K 0 and K̄ 0 . As a consequence, the measurement by CPLEAR of the
K 0 − K̄ 0 mass difference:
δm = (−2.6 ± 2.8) × 10−19 GeV
(9)
can be used to place limits on |g − ḡ|/g of a few 10−12 to a few 10−14 .

4.2

The antiproton cyclotron frequency

Gabrielse and collaborators have measured the cyclotron frequencies of simultaneously trapped
p̄ and H − ions 22 and get from this measurement the following relative difference between the
antiproton and the proton cyclotron frequencies:
|ω(p) − ω(p̄)|/ω(p) = (9 ± 9) × 10−11 .

(10)

In the framework of General Relativity, the cyclotron frequencies can be seen as local clocks, the
rates of which undergo a shift depending on the gravitational potential U 23 :
ω=

qB
(1 + (3α − 2)U/c2 ),
m

(11)

where B is the magnetic field, q and m the charge and mass of the (anti)particle, and α = 1 for
a particle and α = ḡ/g for an antiparticle.
The frequency measurement leads to a limit on |g − ḡ)|/g which depends on the range of an
anomalous gravitational interaction which would distinguish matter and antimatter and of the
potential source at stake. It is around 10−6 if one chooses the potential of the local Supercluster.
4.3

Neutrinos

The time arrival of photons and neutrinos produced by the explosion of the SN1987A supernova
has been recorded by several detectors 24 . The gravitationally induced time delay in arrival of
these particles is approximately given by 25 :
p
p
δt = M G[−R/ R2 + b2 + (1 + γ) ln[[R + R2 + b2 ]/b]],
(12)
where M is the mass of the galaxy, R is the distance from Earth to SN1987A, b the impact
parameter, and γ the post-Newtonian factor which is equal to 1 for all particles in General
Relativity. Paksava et al 26 argue that the “neutrino” events are an admixture of at least one
neutrino-electron scattering and 18 antineutrino-proton capture events with 90 % confidence
level; under this hypothesis, the observed times of the events yield:
γ(νe ) − γ(ν̄e ) < 10−6 .

(13)

While the other experimental constraints give limits on |g − ḡ)|/g which can be considered
as indirect because they are subject to theoretical assumptions to be translated into a test of the
Equivalence Principle with antimatter, (13), if its assumption is acknowledged, can be seen as a
direct test.
5

Past attempts and proposals

Positrons
The measurement of the gravitational acceleration of positrons has been proposed, but only
preliminary measurements with electrons have been performed 27 , the interpretation of which
was questioned. This experiment is indeed extremely difficult, since the Earth gravitational
acceleration on an electron is overwhelmed by a single charge closer than 5 m.
Antiprotons
A gravitation experiment with antiprotons has been proposed 28 to be performed at the Low Energy Antiproton Ring at CERN, but the latter was shutdown before the start of the experiment.

Antineutrons
The antineutron being neutral, it may be thought to be a better candidate. However, an experiment with antineutrons would be very difficult because they are produced at high energy 29 and
cannot be easily slowed down.
Positronium
Positronium (P s) is the bound e+ − e− system. It is neutral, and its composition is a real
admixture of a particle and an antiparticle, but it has a very short lifetime in its ground state
(τ = 125 ps for the para-positronium, 142 ns for the ortho-positronium). This can be easily
overcome if on excites it at a higher level n since the lifetime varies as:
τ ' (n/25)5.236 × 2.25 ms.

(14)

However, P s in a Rydberg state is highly polarisable and sensitive to stray electric fields. It is also
difficult to cool and can be easily ionised by thermal radiation. The feasibility of a gravitation
experiment with positronium is thoroughly discussed by Mills and Leventhal 30 and a project is
being contemplated by Cassidy 31 .
Muonium
An experiment with muonium (M ), the µ+ − e− bound system, is in an R&D stage 32 . A slow M
beam (6 km/s) of muonium is under development at the Paul Scherrer Institute in Switzerland.
The M beam is formed by stopping muons in a thin film of superfluid helium. M formed within
the film are ejected perpendicular to the film with a small energy spread at around 6 km/s
velocity. They will intercept a three grating atom interferometer. The aim is to measure the
gravitational deflection to better than a nanometer. It requires a very precise alignement and
caliration of the gratings, at the picometer level. As acknowledged by the authors, “the technical
challenges are significant”.
6

Experiments with antihydrogen

Antihydrogen is the next simplest system to perform a gravitation experiment. Antihydrogen
atoms are produced at CERN since 1995 33 . Antiprotons of 1.94 GeV/c momentum impinged on
a Xe cluster target. The production mechanism is dominated by the reaction (Z represents the
target nucleus):
p̄Z → p̄γγZ → p̄e+ e− Z → H̄e− Z,
(15)
which has a very low cross section and gives hot antihydrogen atoms, not suitable for precision
experiments. Nowadays, experiments use the 3 body reaction:
p̄P s → H̄e− ,

(16)

which allows the production of slower antihydrogen atoms.
It took many years to improve the production mechanism, and to cool, trap and control the
antiatoms to prepare for precise measurements. The confinement of antihydrogen for 1000 seconds by the ALPHA collaboration provided a major step forward 34 , as stressed in the abstract
of the article: “These advances open up a range of experimental possibilities, including precision
studies of charge-parity-time reversal symmetry and cooling to temperatures where gravitational
effects could become apparent”. And indeed, they were able two years later to put a direct limit
on ḡ 35 :
−65 < ḡ/g < 110 (95 % CL).
(17)

This result is derived from the distribution of the annihilation position in the ALPHA apparatus of 434 antihydrogen atoms after they were released from the magnetic trap. The ALPHA
Collaboration has a project to do a 10 % measurement of ḡ using the same technique but with a
vertical detector, and a longer term project for a precise measurement using the method of atom
interferometry 36 .
Two other experiments are under preparation at the CERN/AD (Antiproton Decelerator):
AEḡIS 37 and GBAR 38 . Their status is described in these proceedings respectively by Pierre
Lansonneur and P. Indelicato. Both experiments will eventually take advantage of the Extremely
Low Energy Antipronton ring under construction in the AD hall 39 .
The AEḡIS experiment will measure the deflection of a slow (500 m/s) H̄ beam using a
Moiré deflectometer with a few µm precision. It has crossed important steps towards a few %
precision measurement.
GBAR will use a novel technique to produce antihydrogen atoms: they will first produce
H̄ + ions (an antiproton with two bound positrons, the antimatter counterpart of the H − ion)
with the successive reactions:
p̄P s → H̄e− followed by H̄P s → H̄ + e− .

(18)

H̄ + ions can be sympathetically cooled to around 10 µK. The excess positron is laser photodetached to perform the free fall of H̄ “at rest” (0.5 m/s).
Both experiments aim at an initial few % precision on ḡ. GBAR will improve this precision
to better than 10−3 by using quantum reflection of antihydrogen atoms 40,41,42 . The experiment
has just started installation at CERN.
7

Conclusion

We are convinced that the conclusions of the review by Nieto and Goldman 43 on gravity measurements on antimatter remain quite relevant and instructive in spite of its old publication date. One
can still state with them that “whether or not one now accepts the existence of non-Newtonian
gravitational forces, the possibility of new non-inverse-square and/or composition-dependent components of gravity must be thoroughly studied”.
However, we have shown that any anomalous effect is expected to be quite small. All the
experiments are extremely challenging. A 1 % measurement will be a major breakthrough, but
should be the first step towards a much higher precision.
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The AEGIS experiment 1 (Antimatter Experiment: Gravity, Interferometry, Spectroscopy)
is planned to perform the first measurement of the gravitational acceleration on antimatter
by observing the free fall of antihydrogen atoms. By combining techniques based on recent
developments in the production of positronium and its laser excitation to Rydberg states,
such a study seems indeed to be feasible for neutral antimatter. We present here some of the
experimental techniques involved in the experiment as well as the status of the detector test
envisioned for the gravity measurement.

1

Scientific goal and challenges

The weak equivalence principle states that the motion of a particle is independent of its composition and internal structure when submitted to gravity. Although several attempts were made
in the past to test this principle with antiprotons 2 or positrons 3 , they lead to large uncertainties
mainly due to difficulties to control coulombian e↵ects. For this reason, neutral antihydrogen
atoms, benefiting from the extensive experimental developments achieved in the 1990’s at CERN
appear thus to be good candidates. The goal of the AEGIS experiment is to test the weak equivalence principle for neutral antihydrogen (H in the following). The challenging idea is to produce
a beam of cold anti-atoms by charge-exchange reaction, involving antiprotons (p), provided by
the antiproton decelerator (AD) at CERN and positronium (Ps), a bound-state of electron and
positron:
p + Ps⇤ ! H⇤ + e

(1)

This reaction reveals several advantages. Indeed, the corresponding cross-section evolves as
n4 with n the principal quantum number of positronium, which represents 1 ⇠ 10 9 cm2 for
n = 25. Moreover, as the principal quantum number of the antihydrogen is linked with n, the
final state distribution can be controlled by correctly tuning the laser excitation 1 . But since the
measurement of the gravitational acceleration will rely on the vertical deflection of the beam
induced by gravity, the uncertainty on the velocity of the antihydrogen atoms represents one of
the largest systematic error of the measurement. The whole experiment is hence performed in
a cryogenic environment (liquid helium).
2

Positronium formation and excitation

In order to form a dense positronium cloud, positrons emitted by a radioactive 22 Na source, are
ejected onto a nanoporous silica target. Among the two possible spin configurations (aligned or
anti-aligned), the orhto-positronium, triplet state decaying into three gammas, has a particularly
long lifetime of 142 ns.
One important achievement of AEGIS in 2016 is the creation of positronium inside the main
apparatus. To detect its formation, the annihilation of the electron and the positron nearby the
target was observed by the mean of plastic scintillators surrounding the AEGIS apparatus. The
technique of Single Shot Positron Annihilation Lifetime Spectroscopy (SSPALS) enabled then
to extract from the spectrum of the annihilation counts as a function of the time, the lifetime
of positronium, in our case equal to 142.8 ± 1 ns.
To increase the cross-section of the charge-exchange reaction, the positronium is excited by
two lasers. A first ultra-violet laser ( = 205 nm) allows the transition from ground state to
n = 3 while an infrared laser ( = 1064 nm) excite the antihydrogen to n ⇠ 35. The SSPALS
spectrums of positronium with and without laser excitation, recorded outside from the main
apparatus, are displayed in figure 1 (left). The plot on the right is obtained by subtracting the
area below the two dark gray curves on th left as a function of the ultra-violet laser wavelength,
tuned by adjusting the temperature of an optical parametric generator crystal. The spread
of the curve, centered on the n = 1 to n = 3 transition wavelength, is directly linked to the

velocity distribution of the positronium cloud (Doppler broadening). A proper modeling allows
one to extract from this curve the spread in velocity of the positronium atoms 4 , of the order of
5
v = 10 m/s.

Figure 1 – (left) The SSPALS spectrum of positronium with and without laser excitation. As the positronium
is excited to a state with longer lifetime, it contributes less to the beginning of the spectrum (the curve with
laser ON is below the one with laser OFF). (right) The di↵erence of the two curves in dark gray on the left as
a function of the UV laser wavelength, corresponding to the n = 1 to n = 3 transition. The spread gives the
velocity spread of the positronium cloud (Doppler broadening).

3

Antiprotons manipulations

The confinement of the antiprotons in the AEGIS setup is ensured by a set of Penning-Malmberg
traps. In such traps, an axial magnetic field ensures the confinement of the particles radially
while the longitudinal motion is restricted by applying a potential well on a set of ring-shaped
electrodes. A view of the AEGIS trap system along with some of the main diagnostics is shown
in figure 2.
1m
catching & cooling trap
(5 T field)

MCP detector

Faraday cup

antihydrogen production trap
(1 T field)

PbF2 scintillator

Hydrogen detector

Figure 2 – Schematic view of the AEGIS traps as well as some of the detectors (blue). The cryogenic tanks
surrounding the superconducting magnets are not displayed. The antiprotons exiting the AD and passing through
a thin degrader from the left side are caught and cooled by electron sympathetic cooling within the trap placed in
a 5 T axial field (left). A microchannel plate (MCP) as well as a segmented Faraday cup are the main diagnostics
for this region of the apparatus. Once cold, the antiprotons are sent toward the 1 T trap, divided into two parts:
the o↵-axis trap, where the positrons are transmitted toward the positronium converter, and the on-axis trap
where the antihydrogen production occurs. A scintillator placed nearby the positronium converter allows one to
monitor the formation of positronium. The antiproton manipulations in the 1 T region are controlled by the mean
of the hydrogen detector, consisting of three ionizing electrodes stacked to a MCP.

Several steps are needed to prepare and transfer the antiprotons to the production region.
The procedure adopted in AEGIS is the following:
1. Approximately 108 electrons are loaded in the 5 T trap. Within a few milliseconds, they
cool down to the cryogenic temperature by radiative cooling;
2. A bunch of 3.107 antiprotons at 5.3 MeV are delivered every 110 seconds by the antiproton
decelerator. After passing through a thin degrader to reduce their energy, the fraction with
an energy below a few keV is caught in the 5 T trap;
3. By coulombian collisions, the antiprotons transfer their energy to electrons which in turns
radiate within a few ms (sympathetic cooling). The time needed for the antiproton temperature to stabilize is typically of the order of one minute;
4. The antiprotons are compressed by applying an oscillating potential on a an electrode
segmented azimuthally (“Rotating Wall” technique) and are finally sent toward the trap
where the production is planned to occur, located in the 1 T region. This step reaches
now 90 % of efficiency such that around 3.105 antiprotons are stored into the production
trap for each shot of the AD.
4

Gravity measurement

Once the antihydrogen produced, the value of the gravitational acceleration for antimatter is
proposed to be measured using a moiré deflectometer. It consist of three transmission gratings
having a pitch d and separated by a distance L. As shown in figure 3, under the e↵ect of
gravitation, massive particles experience an acceleration a in the vertical direction leading to a
parabolic trajectory while undeflected particles such as photons conserve straight trajectories
throughout the whole apparatus 7 . The shift y between the two impacts at the level of the
third grating is then given by:
y = a⌧ 2

(2)

uncollimated beam

undeflected
de
flec
ted

uncollimated beam

b)

a)

detector

where ⌧ = L/vz is the time of flight between two gratings. For an apparatus length of 1
meter and assuming a Maxwellian distribution of the particles velocity around a few Kelvins, it
leads to a typical spatial shift of 50 µm for a = 9.81 m.s 2 . Such a small shift can however be
problematic to measure with standard particle detectors. Adding a third grating with the same
pitch d but tilted by a small angle allows one to take advantage of the moiré e↵ect to reveal
macroscopic fringes orthogonal to the slits orientation. More details can be found in reference 6 .

Figure 3 – a) Two slits separated by a distance L restrict the path of a beam to a specific trajectory. b) Replacing
the slits by two gratings increases the flux of particles reaching the detector. A third grating (not shown here)
located at the level of the detector allows one to take advantage of the moiré e↵ect to reveal macroscopic fringes.

Several imaging detectors are envisioned for the gravity measurement. Two candidates are
currently being tested on a secondary beamline: the nuclear emulsions and a silicon detector.
The nuclear emulsions consist of plates of plastic covered with AgBr(I) crystals distributed
homogeneously in a gelatin substrate. When excited by a charged particle, the annihilation
products, such as pions, imprint on the emulsion plate a latent image. But in spite of their
impressive imaging capabilities (able to reconstruct the antiproton annihilation vertices with a
precision of 2 microns), the emulsions films require to open regularly the vacuum chamber and
need a large amount of time to be processed. For these reasons, the choice has been oriented
toward silicon detectors whose time capabilities of nanoseconds represent no issue. Among the
detectors being tested, the Timepix 8 , initially developed for medical imaging applications, is
able to determine with 25 microns resolution the position of an antiproton annihilation with
56 % tagging efficiency 9 .
5

Conclusion

The results of last antiproton runs have been numerous with the achievement of positronium
formation in the production region, its excitation to n = 3 outside from the main apparatus,
the transfer of around 105 antiprotons per shot in the production trap and the tests of possible
detectors envisioned for gravity measurement. Before the long shutdown of the LHC planned
from 2019 to 2021, the plan is now to produce antihydrogen in the AEGIS setup and to perform
a first gravity measurement.
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We present new constraints on Lorentz symmetry (LS) violations with lunar laser ranging
(LLR). Those constraints are derived in the standard-model extension (SME) framework aiming at parameterizing any LS deviations in all sectors of physics. We restrict ourself to two
sectors namely the pure gravitational sector of the minimal SME and the gravity-matter coupling. We describe the adopted method and compare our results to previous analysis based
on theoretical grounds. This work constitutes the first direct experimental determination of
the SME coefficients using LLR measurements.

1

Introduction

General relativity (GR) and the standard-model of particle physics provide a comprehensive
description of nature. On one hand, GR describes gravitational effects as the classical consequence of space-time curvature by its energy content. On the other hand, the standard-model
of particles describes all other non-gravitational forces by the quantum exchange of subatomic
particles. They both assume a unique symmetry of space-time known as the Lorentz-symmetry
(LS). A formulation of a quantum theory of gravity would be useful at the Planck era or for the
study of black hole’s singularities where quantum effects are supposed to become relevant. In
many scenarios such a new physics would be expected to break some fundamental symmetry of
space-time like the LS. An effective field theory built to consider all hypothetical LS violations
in all sectors of physics is an efficient tool 2 to classify and enumerate LS breaking. This effective
field theory is currently known as the standard-model extension (SME) framework and proposes
many parametrization of LS violations in many sectors 3 . In that work, we focused on two
sectors namely the pure gravitational sector 4 and the classical point-mass limit in the matter
sector 5 of the SME. The main idea is to constrain the SME coefficients by analyzing lunar laser
ranging (LLR) observations. In the literature, there already exist some evaluation of the SME
coefficients in the pure gravitational sector using LLR observations 6 , however, it is based on
theoretical grounds. Unfortunately, analysis based on theoretical grounds has been shown to
be not fully satisfactory 7,8 and to provide overoptimistic uncertainties. In order to provide real
constraints, we have determined SME coefficient estimates directly from experimental measurements by performing a global LLR data processing directly in the SME framework 8 . To account
for the effect of LS breaking upon the orbital motion of the Moon we have built a new lunar
ephemeris named éphéméride lunaire parisienne numérique (ELPN) computed directly in the

SME framework. It integrates numerically the differential equations describing the orbital and
the rotational motion of the Moon by taking into account all the theoretical effects producing a
signal larger than the millimeter over the Earth-Moon distance a .
In section 2 and 3, we describe respectively the solution obtained with ELPN in pure GR
and in the SME framework. Finally, in section 4 we discuss the method used to provide real
constraints on the SME coefficients and we present new results obtained in both the pure gravitational sector of the minimal SME and the classical point-mass limit in the matter sector.

2

Data analysis in pure general relativity

Analysis in the pure GR is a mandatory step which must be seen as a validation step to ensure
that our ELPN solution produces residuals with a dispersion similar to the one currently obtained
with other planetary and lunar ephemerides as DE430 9 or INPOP13 10 . To ensure that the
precision of ELPN is at the same level of accuracy than other ephemerides, we have implemented
the exact same equations of motion as in DE430 b . After integration, a direct comparison of
ELPN predicted Earth-Moon distance with the one predicted by DE430 shows a maximum
difference remaining below 4 cm during the time span of LLR observations. However, the true
precision of our solution can only be determined after a fitting process to true LLR data by
looking at the dispersion of the residuals. The residuals are obtained (i) by changing ELPN
orbital predictions into observables i.e. into a prediction of the round trip light time at the
date of each LLR normal points and (ii) by computing the difference between the observed light
time and the computed one. The step (i) is achieved thanks to the 2010 international Earth
rotation system conventions 11 . The basic procedure for building the ELPN solution in pure
GR can be described as follow. First, the physical parameters and the initial conditions are
taken from DE430 to perform the first numerical integration. Then, the independent solution
ELPN is built at the end of an iterative process consisting of adjusting 59 parameters c to the
LLR normal points and reintegrating the solution with the new set of constants. During this
process 24022 normal points are considered spanning 48 years of LLR observations from August
1969 to December 2016. Among these normal points, we have considered 1337 observations in
infrared wavelength obtained at Grasse LLR station in France. The final residuals obtained per
LLR stations are shown in Fig. 1. For the most recent observations (after 2006) the dispersion
of the residuals is found to be 2.8 cm for Apache-point observatory in New Mexico (United
states) with no offset on the mean, and respectively 2.4 cm and 2.2 cm for the Grasse station
respectively in green and infrared wavelength. For these two last ones the mean of the dispersion
is found to be respectively null and equals to -1.5 cm. This offset for the infrared wavelength has
not yet been fully investigated and may correspond to (i) a bad position of the Grasse station
in the international terrestrial reference frame for the LLR time span (non-constant tectonic
drift), or (ii) a bad modeling for the tropospheric time delay correction in infrared wavelength,
or (iii) a bad experimental calibration for that wavelength. The proposition (i) seems to be the
most likely, but a more rigorous investigation is mandatory. Nevertheless, a comparison of those
dispersions with the one obtained e.g. with INPOP13b 12 (see Tabs. 15 and 16) shows that
our residuals are typically of the same order of magnitude and even better for the most recent
observations. This lunar ephemeris obtained in pure GR will be used as a starting point for
considering violations of LS in order to provide real constraints on GR violations.
a

the current observational accuracy being subcentimetric.
the main difference between INPOP13 and DE430 being the inclusion of a fluid lunar core in DE430.
c
like the position of the LLR stations and retroreflectors at J2000, the orbital and rotational lunar initials
conditions at J2000, the masses of the Moon and the Earth-Moon barycenter, the Love’s numbers and the time
delays of degree 2 for solid body tides of both the Earth and the Moon, the total moment of inertia of the Moon,
and the damping term between the mantle and the fluid core of the Moon.
b

Figure 1 – Plot of the dispersion of the ELPN’s residuals as a function of time per LLR stations. ρc is the
computed time delay determined with ELPN’s predictions and ρo is the observed time delay (normal points).

3

Data analysis in the standard-model extension framework

The most important difference between ELPN and DE430 or INPOP13 are the Lorentz violating
contributions which are implemented in ELPN. The Lorentz violating terms are considered in
two different parts of the modeling: (i) the orbital part, (ii) the gravitational delay for the light
propagation. Each of these contributions can be split into two parts. The first one, which has
already been discussed in a previous paper 8 comes from the pure gravitational sector of the
minimal SME and is produced by LS violations at the level of the field equations. The second
one comes from the classical point-mass limit in the matter sector of the SME framework and
leads to violations at the level of the Einstein equivalence principle (EEP). The LS violations
on the orbital motion of the Moon is characterized by supplementary accelerations computed
in Eqs. (104) and (177) of respectively 4 and 5 . On the other hand, we have also considered
the impact of LS violations on the gravitational time delay for light propagation computed by
Eqs. (24) and (203) from respectively 13 and 5 . Starting from the ELPN solution computed in
pure GR (cf. Sec. 2), we have have produced a new ephemeris by fitting the SME coefficients
in addition to the same parameters as considered previously. Some correlations between SME
coefficients are very high meaning that the LLR data does not allow to estimate all the SME
coefficients independently but only some combinations of them. An iterative investigation of
partial derivatives let to assess the 6 most sensitive following independent linear combinations
s̄1 = s̄XY
2

(1a)

YZ

s̄ = s̄

(1b)

s̄3 = s̄XX − s̄Y Y ,
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,
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X
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−
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−
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(1e)
−

Z
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eff )

−

0.044α(āneff )Z .
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Interestingly, previous work based on theoretical grounds 14 has also shown that LLR is sensitive
to 6 linear combinations of the fundamental SME coefficients. Nevertheless, a look at Eqs. (1)
shows that the extension to the matter sector only change 2 linear combinations compared to
previous global LLR data analysis 8 in the pure gravitational sector of the minimal SME. On the
opposite, theoretical work 14 expects the modification of 4 linear combinations. This determination of the linear combinations that can be constrained by direct experimental measurements
highlights the limit of analyzes that rely on theoretical grounds and the need to consider a full
reduction of the raw data within the SME formalism.

4

Constraints on the SME coefficients

The SME coefficients which can be constrained with LLR data are given by Eqs. (1). An
adjustment of these coefficients together with the other global parameters provide an estimate
of the SME coefficients as well as their statistical marginalized uncertainties. Unlike constraints
derived from a postfit analysis, these uncertainties take into account the correlations with the
other global parameters. However, considering subsets of our dataset reveals that the estimates
of the SME coefficients depend highly on the LLR stations or retroreflectors. This is interpreted
as systematics effects in our analysis which have been quantified by using a jackknife resampling
method as discussed in 8 . The final estimates of SME coefficients including both statistical and
systematics uncertainties are shown in Tab. 1.
Table 1: Real constraints on SME coefficients derived from a global LLR data analysis. The quoted uncertainties
correspond to 1σ realistic uncertainties. The linear combinations are defined in Eqs. (1).

SME
s̄1
s̄2
s̄3
s̄4
s̄5
s̄6
5

constraints
(−0.5 ± 3.6) × 10−12
(+2.1 ± 3.0) × 10−12
(+0.2 ± 1.1) × 10−11
(+3.0 ± 3.1) × 10−12
(−1.4 ± 1.7) × 10−8
(−6.6 ± 9.4) × 10−9

Conclusion

Our results do not show any deviations from GR at the 68% confidence level. In addition, they
constitute the first real constraints from a direct experimental measurement with LLR data in
both the pure gravitational sector of the minimal SME and the classical point-mass limit in
the matter sector. LLR data should be analyzed with other measurements in order to provide
estimates for each individual SME coefficients 14 .
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Torsion pendulums are the best approximation, in the laboratory, to a body in free fall: the
extremely low restoring force exerted by the torsion fiber approaches the absence of interaction
with the surrounding, but only on a single degree of freedom (DOF), namely the rotation
around the fiber. We present a peculiar pendulum where we achieved, by cascading two torsion
fibers, almost-free motion on two DOFs: rotation around a vertical axis and translation along
one axis. The apparatus was developed to serve as a test facility for LISA Pathfinder(LPF) preflight investigations of cross talk between different degrees of freedom, and is presently being
upgraded to improve performances and reduce coupling of displacement noise to torsional
degrees of freedom. We shall describe the instrument, review the cross-talk measurements
performed on it for the electrostatic actuators of LPF and discuss how new experiments can
benefit of the peculiarity of two (and potentially more) soft DOFs

1

Introduction

Thanks to the ability to approach free fall condition in laboratory down to a few mHz, ground
testing with torsion pendulums played a crucial role in the development of the Gravitational
Reference Sensor (GRS) of the LPF mission 1 . Single stage pendulum facilities developed at
University of Trento, permitted to characterize the GRS for stray torque or force acting on
the suspended TM 2,3 . This was achieved by using single mass and 4 mass torsion pendulums
respectively, as illustrated schematically in figure 1. In this paper, we report on a two stage
torsion pendulum, named PETER a that allows approaching free-fall in two DOFs, permitting
simultaneous measurement of force and torque acting on the TM. A sketch of the two-fold
pendulum is also reported in figure 1. This pendulum was designed 4 as a facility for, preflight ground testing of the LISA-Pathfinder GRS. A detailed description of the facility and
measurement technique can be found in references 5,6,7,8 .
a

from Italian PEndolo Traslazionale E Rotazionale, namely Rotational and Translational Pendulum

Figure 1 – single mass (left), four mass (center) and two-fold (right) pendulums

2

GRS cross-talk measurement

In 2015, we performed a campaign of six runs devoted to the measurement of actuation CrossTalks (CT) of the Engineering Model of the LPF GRS. In table 1, we summarize the relevant
information for the various measurement runs; a detailed description of the measurement technique can be found in 5,6,7,8 .
Table 1: Relevant information for the six measurement runs. Run 3b was performed in constant stiffness conditions.

Run
Run start
Averaging time
Number
Step size
number
time
per step (hours)
of steps
(µm)
Force to Torque Cross Talk (actuation force at 14 mHz)
1a
Jun 9, 2015
3
5x5
100
2a
Jun 19, 2015
1.25
24 (spiral)
100
3a
Jun 26, 2015
2
25 (spiral)
100
Torque to Force Cross Talk (actuation torque at 18 mHz)
1b
May 25, 2015
3
8
150
2b
May 29, 2015
3
5x5
100
3b
Nov 24, 2015
2
8 (spiral)
100

Actuation
ampl. (V 2 )
50
20
20
20
20
20

In figure 2 we report a force to torque CT measurement (run 3a) compared with an analytical
model (see 8,9 and references therein for details). We also show the residuals (measured values
minus model predictions) vs. x displacement. The general agreement is good with a residual
small discrepancy, well represented by a linear trend along x. The results of the other force
to torque CT measurements (run a1 and a2), are quite similar; the maximum difference of the
three runs is below 0.05 % in CT In figure 3 we report a torque to force CT measurement (run
2b) compared wit an analytical model. We also show the residuals (measured values minus
model predictions) vs. x displacement. In this case, the agreement to the model is not as good
and we measure a CT much larger than expected (up to 4 %), still well represented by a linear
dependence on the x coordinate. Nevertheless, in the central part of the measurement range,
that is of interest for the scientific operation of LISA-Pathfinder, the measured CT is still very

1

run 3a
model

CT %

0.5
0
-0.5
-1
200
0

mean(y) (µm)

-200
-300

-200

100

0

-100

300

200

mean(x) (µm)

M-C

0.2
0
-0.2
-300

-200

-100

0

100

200

300

mean(x) (µm)

Figure 2 – Force to torque CT measurement for the run 3a, compared to the analytical model. In the lower part
of the figure the M-C residuals (Measured-Computed) are shown versus the x coordinate.

small (below 0.8% in the central 50 µm and less than 0.2 % at the GRS center). Also in this
case the measurement are quite repeatable and the maximum difference from run to run (run
b1 and b3), stays within the experimental error.
Summarizing, we performed several CT measurement runs. In all the cases, the CT measured
at the GRS electric center was always small enough to be compliant with the LPF requirements
and didn’t appear problematic for the on-flight GRS operation, as was then verified by the
excellent performance of the LPF mission 1

4

measure 2b
computed

CT %

2

0

-2
200
100
0
-100
M-C %

mean(x) (µm)

-200

-100

-200

100

0

200

mean(x) (µm)

5
0
-5
-250

-200

-150

-100

-50

0

50

100

150

200

250

mean(x) (µm)

Figure 3 – Torque to force CT measurement for the run 2b, compared to the analytical model. In the lower part
of the figure the M-C residuals (Measured-Computed) are shown versus the x coordinate.

3

Possible upgrades and applications

Aside to the ground-testing of the flight hardware of LISA or other drag-free space mission, a
double torsion pendulum could find potential application in other field of fundamental or applied
physics. As an example, we consider the measurement of the “lateral” Casimir Effect10,11 . In this
case, the usage of corrugated surfaces, generates a transverse Casimir force in addition to the
“usual” Casimir pressure. From an experimental point of view, one of the main difficulties is to
avoid that the transverse force is contaminated by a Cross-Talk of the, much larger, normal force.
The simultaneous measurement of both normal and transverse Casimir force should simplify the
analysis of the results, and permit to distinguish the different components.
Another point to mention is the possibility to extend the free fall condition to more than
two DOFs (in principle, up to 6). The “easy” part is to extend to a second displacement in the
horizontal plane; this can be achieved by cascading a third off-axis torsion pendulum hanging a
second cross-bar to the first one. Things become more difficult if we consider the DOFs where
the restoring force is dominated by the local gravitational acceleration. For what concerns the
rotations around the two horizontal axis, if we move the TM attaching point close to the Center
of Mass (CM), the restoring torque, for rotation around CM approaches zero and the resonance
goes to low frequency. In real life, there are severe limitations due to mechanical tolerances, TM
inhomogeneity, and lateral accuracy in attaching the suspending wire. As the last, perhaps more
difficult, DOF, we consider the vertical direction, where we directly compete with g. In this
case, we should suspend the attaching point of the first fiber to one end of a beam balance with
a flexure joint. Such a setup has been realized as a tilt-meter for the LIGO interferometers12 ,
permitting to reach a resonance frequency as low as 10.8 mHz.
In conclusion, we think that a laboratory free-fall condition with more than two DOFs is on
the reach. Several applications could benefit from the availability of such facility.
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When a light scalar field with gravitational strength interacts with matter, the weak equivalence principle is in general violated, leading for instance to a violation of the universality
of free fall. This has been known and tested for a while. However, recent developments [Minazzoli & Hees, PRD 2016] showed that a novel manifestation of the universality of free fall
can appear in some models. Here we discuss this new scenario and expose how we intend to
constrain it with INPOP ephemeris.

1

Introduction

Massless or light scalar-fields with gravitational strength that directly couple to matter are
expected in the context of string theory 1,2 . A consequence of this type of fields would be that
the Equivalence Principle (EP) is violated 1,2 . More precisely, the Einstein Equivalence Principle
(EEP) would be violated, with several manifestations, such as violations of the Local Position
Invariance (LPI) as well as violations of the Universality of Free Fall (UFF) — also known as
Weak Equivalence Principle (WEP).
The most precise tests of the UFF have been made by comparing the free fall accelerations
of different test bodies 3 . It is usually thought that the relative acceleration (at the Newtonian
level) between two bodies that are equidistant from the source of gravity reads as follows 4
 G
 G
 G
a1 − a2
m
m
m
∆a
≡2
−
=∆
,
=
a
a1 + a2
mI 1
mI 2
mI

(1)

where mG and mI are the gravitational and inertial masses of each body respectively. However,
recent phenomenological developments suggest that it may actually be more complicated than

that in some situations 5,6 , as we shall see bellow. In any case, the planetary and lunar ephemeris
INPOP 7,8 is an ideal tool in order to implement EP tests.
2

Brief description of INPOP

INPOP (Intégrateur Numérique Planétaire de l’Observatoire de Paris) is a planetary ephemeris
that is built by integrating numerically the equations of motion of the solar system, and by
adjusting to lunar laser ranging and space missions’ observations 7,8,9 . In addition to the classic
planetary and lunar fitted parameters, one can add parameters encoding deviations from general
relativity. These parameters can be adjusted simultaneously with all the others in a global fit.
With this method, good constraints were put on the PPN parameters 9 — using Mercury orbiter
data (MESSENGER) 10 , but also by considering a Monte Carlo exploration of the solutions’
space 9 . The same methods can be used for adjusting the new parameters described in this
work.
3

Acceleration at the Newtonian level

Considering a general scalar-tensor theory with non-minimal scalar-matter coupling (that cannot
be gauged away by a metric redefinition such as a conformal or a disformal transformation), it
has recently been shown that the acceleration of a body, say T , reads 5,6
aT = −

X GmG
A
rAT (1 + δT + δAT ) ,
3
rAT

(2)

A6=T

where rAT = xT − xA . The coefficients δT and δAT parametrize the violation of the UFF. G
is the “measured” constant of Newton and mG
A is the “gravitational” mass of the body A. It is
are
not the constant of Newton and the mass that
important to have in mind that G and mG
A
I
I
5,6
appear in the fundamental action . One notably has mG
A = (1 + δA )mA , where mA is the
5,6
inertial mass of the body A . As a consequence, from equation (2), one can check that the
gravitational force in this context still satisfies Newton’s third law of motion:
mIA aA =

GmIA mIB
rAB (1 + δA + δB + δAB ) = −mIB aB .
3
rAB

(3)

In general, δT can be decomposed into two contributions: one from a violation of the WEP and
one from a violation of the Strong Equivalence Principle (SEP):
δT = δTW EP + δTSEP ,

where

δTSEP = η

|ΩT |
,
mT c2

(4)

where Ω and mc2 are the gravitational binding and rest mass energies respectively, while η
is the so-called Nordtvedt parameter. On the other side, δTW EP depends on both the scalarmatter coupling parameters and on the dilatonic charges 2,5,6 . In most cases, if δTW EP 6= 0, then
δTW EP  δTSEP , such that one can usually test either the WEP (discarding SEP violations), or
the SEP (discarding WEP violations).
As the parameter δTW EP , δAT depends on both the scalar-matter coupling parameters and
on the dilatonic charges 5,6 . In most situations, δTW EP  δAT . However, it is not necessarily true
when the scalar-matter coupling is the same in each sector of particle physics. In that situation,
one can have δTW EP . δAT 5,6 . It is noteworthy that such kind of universality has already been
suggested in the context of string theory 1 .
The important thing to notice with δAT , is that it depends not only on the composition of
the falling body, but also on the composition of the body that is source of the gravitational field
in which the body T is falling. As a consequence, the relative acceleration of two test particles
cannot only be related to the ratios between their gravitational to inertial masses.

4

The Earth-Moon system

At the Newtonian level, the relative acceleration between the Earth and the Moon reads




Gµ
rSM
rSM
G rSE
G rSE
aM − aE = − 3 rEM + GmS
− 3
+ GmS
(δM + δSM ) ,
3
3 (δE + δSE ) − r 3
rEM
rSE
rSM
rSE
SM
(5)
G
G
G
G
With µ ≡ mM + mE + (δE + δEM )mM + (δM + δEM )mE . With ephemeris, the first term of
equation (5) does not lead to a sensitive test of the UFF, because it can be absorbed in the
G4
fit of the parameter mG
M + mE . The last term, on the other side, does. At leading order, one
can approximate both distances appearing in this last term as being approximately equal. One
therefore has


rSM
Ū F F
Ū F F
G rSE
(δM + δSM ) ,
∆a
≡ (aM − aE )
≈ GmS
3 (δE + δSE ) − r 3
rSE
SM
≈ aE [(δE + δSE ) − (δM + δSM )] ,
(6)
where ∆aŪ F F is the part of the relative acceleration between the Earth and the Moon that
violates the UFF. When δSM = δSE , one recovers the usual expectation, that is 4
 G 
 G 
m
m
Ū F F
∆a
≈ aE
−
.
(7)
mI E
mI M
The results from the comparison of the numerical integration of Eq. (2) to the measurement of the Earth-Moon distance via Lunar Laser Ranging will be published in a dedicated
communication.
As one can see, there are more parameters than equations of motion. Therefore, the EarthMoon system alone constrain a specific combination of these parameters only. In consequence,
it may be useful to take advantage of the many bodies that are in the solar system.
5

Planetary orbits

One can show that the parameters δA and δAT mostly depend on six fundamental (or semifundamental) parameters — related to the couplings between the scalar field and each sector
of particle physics 2,5,6 . As a consequence, in order to constrain those parameters — naively —
one needs to observe at least 6 falling bodies, with sensible different compositions. Therefore,
one may use solar system observations in order to constrain those parameters individually —
although with a weaker accuracy than what can be achieved with the Earth-Moon system alone.
6

Acceleration at the post-Newtonian level

At current level accuracy for Solar system observations (e.g. ∼ 1cm/20yrs for the Moon and
∼ 1m/20yrs for Mars), one has to deal with the full post-Newtonian (pN) equation of motion.
In the present context, it reads 5
X GmG
A
aT = −
rAT (1 + δT + δAT )
(8)
3
rAT
A6=T
(


X GmG
3 rAT .vA
1
2
2
A
−
rAT γvT + (γ + 1)vA − 2(1 + γ)vA .vT −
− rAT .aA
3
2
2
rAT
2
r c
A6=T AT
)
X GmG
X GmG
B
B
− 2(γ + β + dβ T )
− (2β + 2dβ A − 1)
rT B
rAB
B6=T

+

X GmG
A
3
c2 rAT
A6=T

[2(1 + γ)rAT .vT − (1 + 2γ)rAT .vA ] (vT − vA ) +

B6=A

3 + 4γ X GmG
A
aA ,
2
c2 rAT
A6=T

where γ and β are the usual pN parameters. dβ X is a new parameter that depends on the
composition of the body X. It indicates how non-linear is the scalar-matter coupling 5 . We do
not expect that it plays a significant role in the pN dynamics though 5 . All those parameters
can be expressed in terms of some of the fundamental parameters discussed in the previous
section 5,6 .
7

Conclusion

The solar system is ideal in order to constrain possible non-minimal couplings between gravity
and matter. Here we discussed one such potential couplings, where one gravitational (massless
or light) scalar field couples multiplicatively with different sectors of particle physics. Thanks to
current and future advances in the solar system exploration, one can expect to greatly increase
the accuracy of solar system EP tests in a foreseeable future. Based on the equations of motion
presented here, the INPOP software developed at both the Paris and Nice observatories will
allow such tests.
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MIGA Consortium

We present two projects aiming to probe key aspects of the theory of General Relativity with
high-precision quantum sensors. These projects use cold-atom interferometry with the aim of
measuring gravitational waves and testing the equivalence principle. To detect gravitational
waves, a large multi-sensor demonstrator is currently under construction that will exploit
correlations between three atom interferometers spread along a 200 m optical cavity. Similarly,
a test of the weak equivalence principle is currently underway using a compact and mobile
dual-species interferometer, which will serve as a prototype for future high-precision tests
onboard an orbiting satellite. We present recent results and improvements related to both
projects.

1

Introduction

Over the past few decades, the development of laser-cooling techniques 1 has made it possible
to exploit the quantum properties of matter at very low temperatures. These techniques have
enabled experimentalists to coherently manipulate quantum objects with a very high degree of
precision. In this context, atom interferometry has emerged as a powerful tool for metrology.
Nowadays, atom interferometers (AIs) are used for a wide range of applications, such as sensitive
probes of inertial forces 2,3,4,5 , or studies of fundamental physics 6,7,8,9 and tests of gravitational
theories 10,11 .
In this frame, we are developing two AI experiments that exploit differential measurement
techniques to study two aspects of the theory of General Relativity (GR). The MIGA (Matterwave laser Interferometer Gravitation Antenna) project 12 aims to build a demonstrator for future
large-scale gravitational wave (GW) detectors based on atom interferometry. The instrument
will consist of a set of three AIs (each using a cold source of 87 Rb) that are simultaneously interrogated by the resonant field of a 200 m cavity. The ICE (Interférométrie atomique à sources

Cohérentes pour l’Espace) project 10 uses a dual-species gravimeter to test the weak equivalence
principle (WEP). Here, two overlapped samples of 39 K and 87 Rb are simultaneously interrogated
during free-fall—yielding a precise measurement of their differential acceleration under gravity.
These experiments have been carried out on ground, and most recently in the weightless environment of parabolic flight 13 with the aim of increasing the measurement sensitivity, as well as
serving as a test bed for future experiments in Space.
2

Principles of the Mach-Zehnder atom interferometer

In both the MIGA and ICE projects, the AIs utilize a sequence of three light pulses to coherently
split, reflect and recombine the atoms. Using two different atomic states, |αi representing the
ground state and |βi representing the excited state with an extra momentum transferred by the
light, this sequence of light-matter interactions force the atoms to follow two separate trajectories
that form a closed path as in an optical Mach-Zehnder interferometer. The sensitivity of the
AI to inertial effects scales as the space-time area enclosed by the atoms. The Mach-Zehnder
AI pulse sequence operates as follows. Atoms initially in the state |αi are placed in a coherent
superposition of states |αi and |βi by a “beam splitter” pulse corresponding to an area of π/2.
After a time T of free evolution, the atomic population in these states are reversed are by a
“mirror” pulse corresponding to an area of π. After the mirror pulse, the atoms experience
a second free evolution time T followed by a recombination stage via a final π/2-pulse. By
measuring the populations of the states Nα and Nβ at the output of the interferometer, one
can deduce the total transition probability |αi → |βi given by P = Nβ /(Nα + Nβ ). This
probability is related to the total atomic phase ∆ΦAT accumulated by the matter waves over
the two interferometer pathways
P =


1
1 − C cos(∆ΦAT ) ,
2

(1)

where C is the contrast of the interference fringes. This atomic phase depends on the phase
φ(ri , ti ) of the interrogation laser pulse i that is imprinted on the matter waves at position ri
and time ti = {0, T, 2T }
∆ΦAT = φ(r1 , 0) − 2φ(r2 , T ) + φ(r3 , 2T ).

(2)

For example, in the case of an atom accelerating under gravity, the atomic phase shift can be
shown to be ∆ΦAT = k · gT 2 , where k is the effective wavevector of the interrogation light and g
is the gravitational acceleration vector. The high-sensitivity of atom interferometers to inertial
effects becomes clear from this expression, since the phase scales quadratically with T and k is
large for optical transitions (∼ 107 rad/m). The AI enables one to sense any effect that modifies
this phase, such as the acceleration arising from an inertial force or a phase modulation of the
interrogation laser induced by a GW.
On the ICE experiment, the interrogation lasers are orientated along the vertical direction to
maximize the sensitivity to gravity and allowing a comparison of the gravitational acceleration
for two different atomic species. In comparison, the MIGA apparatus will use interrogation
beams oriented along the horizontal in a “gradiometer” configuration—enabling the detection
of GWs via the phase variation between two distant 87 Rb AIs.
3

The MIGA project: toward a new generation of gravitational wave detectors

Gravitational waves were observed for the first time in September 2015 by the LIGO detector 14 ,
which measured the transient event of a merging black hole binary system. This discovery has
opened a new window to observe the universe, permitting for the first time the study of objects
and events in the GW domain. This gravitational astronomy will benefit from the development

200 m

Figure 1 – Scheme of the MIGA demonstrator. Atoms are vertically launched and interrogated by three Bragg
pulses resonating inside two cavities. Atoms in the external state |+~ki first pass through the lower cavity where
they are diffracted into a coherent superposition of states |+~ki and |−~ki by a π/2-pulse. At the top of the
atomic trajectory, the states are reflected by a π-pulse in the upper cavity. When the atoms pass again through
the lower cavity, the states are recombined by a final π/2-pulse.

of new generations of detectors that will extend the frequency band of GW detection. Stateof-the-art detectors based on optical interferometry like LIGO 15 or VIRGO 16 have a detection
band starting at tens of Hz because of different sources of cavity-length noise at low frequencies.
To overcome this limitation, a promising solution could rely on using correlated measurements
between distant free-falling AIs. In such a configuration, the differential AI measurement enables
one to read the GW phase variation induced on a common interrogation laser. The MIGA project
consists of building a proof-of-principle detector by interrogating three distant AIs within the
resonant field of an optical cavity. The geometry of the antenna is represented in Fig. 1: three
AIs in a fountain configuration are simultaneously created by three cavity-enhanced light pulses
(π/2 − π − π/2 Mach-Zehnder sequence) using Bragg diffraction 17,18 in the stationary cavity
field. The transitions involve the external states |+~ki and |−~ki of the 87 Rb atoms in the
internal ground state |F = 2, mF = 0i.
By measuring the atomic phase shift ∆ΦAT (Xi ) from the AIs placed at different locations
Xi , we can extract the strain variation h induced by a GW with a strong immunity against the
position noise of the cavity mirrors 19 using the differential measurement:
∆ΦAT (Xi ) − ∆ΦAT (Xj ) ∝

4π ν0
sh (Xi − Xj ),
c 2

(3)

where ν0 is the laser frequency and c is the speed of light. The term sh is related to weighting
of time-fluctuations of h by the AI sensitivity function. Assuming that (i ) the measurement
of each AI is limited by quantum projection noise at a level of 1 mrad, (ii ) the maximum
distance between AIs is given by the cavity length L = 200 m, and (iii ) the total interferometer
√
time is 2T = 500 ms, we obtain from Eq. (3) a peak strain sensitivity of 2 × 10−13 / Hz at
a frequency of 2 Hz. To improve the measurement sensitivity, high-order Bragg diffraction 20
could be used. Instead of using transitions between the states |+~ki and |−~ki it is possible to
induce transitions between the states |+n~ki and |−n~ki using matter-wave diffraction of order
n. Such a process requires large optical powers that can be reached using cavity build-up.
4

Cavity-enhanced atom interferometry

We are currently working on a prototype to study cavity-enhanced atom interferometry in the
MIGA configuration. This experiment consists of a single AI where atoms are manipulated by
three Bragg pulses resonating inside two 80-cm-long cavities.

4.1

The atomic source and interferometer

Atoms are first cooled down in a three dimensional magneto-optical trap (3D MOT) to a temperature of ∼ 140 µK. To have a fast loading rate in the 3D MOT, atoms are first trapped in a
2D MOT and pushed by a laser beam to generate an atomic flux of several 109 atoms/s toward
the center of the 3D MOT. Atoms are launched from the 3D MOT on a vertical trajectory [see
Fig. 2(a)] with a velocity of 3.0 m/s by a moving molasses technique using a frequency shift
between the upper and lower cooling beams. A stage of sub-Doppler cooling reduces the sample
temperature to a few µK by increasing the detuning of the cooling beams from the F = 2 to
F 0 = 3 cycling transition to about −20 Γ, where Γ ' 6 MHz is the transition linewidth. Figure
2(b) shows a typical signal of cold atoms measured by resonant fluorescence after a time of
flight of 505 ms. A temperature of 4.7 µK is reached without shielding the source from external
magnetic fields.

Figure 2 – (a) Left: Scheme of the atom interferometer. Atoms are loaded in a 3D MOT from a 2D MOT and
are launched on vertical trajectory into the interferometer zone where they are interrogated by Bragg pulses in
two optical cavities. The atoms are finally detected in the region between the 3D MOT and the cavities. Right:
photo of the experiment. (b) Typical time-of-flight signal measured after 505 ms by fluorescence of the atoms. By
integrating the signal we deduce an atom number of 3.6 × 108 , and the full width at half maximum of the signal
gives a temperature of 4.7 µK.

For the interferometer sequence, atoms need to be prepared in a well-defined velocity class
and internal state. Velocity selection is performed with a horizontally-oriented Raman pulse
before the atoms reach the interferometer zone. To minimize sensitivity to ambient magnetic
fields, a second Raman pulse selects the atoms in the magnetically-insensitive mF = 0 state by
splitting the Zeeman sub-levels with a homogeneous magnetic bias field. After this preparation
phase, the atoms enter the cavities where they are interrogated using a π/2 − π − π/2 pulse
sequence. The π-pulse is realized at the apex of the parabolic trajectory. On their way down,
the atoms pass through the detection system, where the interferometer phase shift is measured.
The populations of the two states |+~ki and |−~ki are detected by fluorescence after a stage of
state labeling is implemented using the Raman beams.
4.2

Geometry of the interrogation cavity

The waist of the Bragg beam needs to be of the order of several mm to interrogate efficiently
the cold-atom clouds and obtain a high interference contrast. To achieve such a large waist
in a stable 80-cm-long cavity, we opted for a marginally stable resonator geometry 21 with two
plan mirrors M1 and M2 located at the focal point of a biconvex lens [see Fig. 3(a)], which
magnifies the beam size at the cavity input. If the cavity is injected with a Gaussian beam of
waist ω01 located on M1 , the field resonating inside the cavity after the lens will be Gaussian,
with an amplified waist ω02 located on M2 . The atom interrogation will be performed between

Figure 3 – (a) Scheme of the marginally-stable cavity used to interrogate the atoms. Two plane mirrors with
high-reflectivity coatings at 780 nm and 1560 nm are placed at the focal distance f = 40 cm of a biconvex lens.
An input beam with waist ω01 will generate a beam with a magnified waist ω02 on the other side of the cavity
where the atoms will be interrogated. (b) Cavity transmission signal at 780 nm (red line), and reflection signal
at 1560 nm (blue line) obtained by scanning the current of the master laser diode operating at 1560 nm.

the lens and M2 . The relation between the two waists is given by ω02 = λf /πω01 where λ is the
wavelength of the light resonating inside the cavity.
The beam at 780 nm is used to realize the interrogation pulses of the interferometer and
therefore needs to be switched off most of the time, which can lead to technical issues as it also
has to be kept resonant with the cavity. The 780 nm light is therefore obtained by coherently
doubling the frequency of a 1560 nm laser that is constantly locked to the cavity using the
Pound-Drever-Hall (PDH) technique. However, these two beams do not resonate at exactly the
same frequency inside the cavity because the mirror coating has a different effective thickness at
1560 nm and 780 nm (i.e. the resonator lengths are not the same). To circumvent this problem,
the 1560 nm beam is frequency modulated with an electro-optic modulator (EOM), and the
PDH lock is realized on one of the modulation sidebands of this light. A resonant mode for both
the sideband at 1560 nm and the carrier-doubled 780 nm light is obtained when the modulation
frequency is 88.8 MHz.
Figure 3(b) shows the cavity transmission at 780 nm and the reflection signal at 1560 nm
used for the PHD lock, when the frequency of the 1560 nm laser is scanned by modulating its
driving current. The ratio between the full width at half maximum of the resonance and the
free spectral range (distance between two resonances) gives the finesse of the resonator, F . We
obtain for the two wavelengths F780 = 236 and F1560 = 180. The height of the resonances at
780 nm gives a measure of the power transmitted by the cavity, which is the power resonating
inside the cavity attenuated by the transmission of the output mirror Tm = 0.005. The ratio
between the power inside the cavity and the input power gives the optical gain: G780 = 70. The
limitation of the optical gain, which is the key parameter for future implementation of high-order
Bragg diffraction, is mainly due to light diffusion on the mirrors and optical losses from the lens.
A well-aligned cavity shows a Gaussian resonating mode at 780 nm, as shown in Fig. 4(a) from
an image taken of the cavity transmission. By fitting the radial profile of the Gaussian mode,
we measure a waist of ω02 = 4 mm. As previously studied theoretically 21 , misalignments of
the cavity optics can create an intensity variation in the beam’s radial profile. For instance, for
a displacement of the input mirror from the focal point of 50 µm, we observed a ring-shaped
intensity distribution of the cavity field [see Fig. 4(b)].
With this experiment, we will soon be able to study the MIGA geometry on a reduced scale,
which we anticipate will have an important impact on metrology and high-precision sensing with
cavity-enhanced atom interferometry. This demonstrator will also help to implement future
upgrades to the MIGA antenna, such as large-momentum-transfer atom optics.

(a)

(b)

Figure 4 – (a) Left: resonating mode at 780 nm (observed via cavity transmission with a CCD camera) when the
cavity is perfectly aligned. Right: azimuthal average of the image, which is well described by a Gaussian intensity
profile. (b) Left: resonating mode at 780 nm when the input mirror is longitudinally displaced by 50 µm. Right:
azimuthal average which shows a ring-shaped intensity profile.

5

The ICE project: testing the weak equivalence principle in weightlessness

Einstein’s equivalence principle (EEP), which is a cornerstone of GR, postulates that the inertial
and gravitational mass of any object are equal. This implies that, in the same gravitational field,
two bodies of different masses or compositions will undergo the same acceleration. This subprinciple of the EEP is known as the weak equivalence principle (WEP), or as the universality of
free fall. Various theories of quantum gravity predict a violation of the EEP 22,23 , hence detecting
the presence or absence of a violation at a very high precision would help to put bounds on these
theories. The central parameter that characterizes the WEP is called the Eötvös parameter η,
which is defined as the ratio of the differential acceleration between two bodies to their mean
acceleration
|a1 − a2 |
η=2
,
(4)
|a1 + a2 |
where a1 and a2 are the gravitational accelerations of test bodies 1 and 2, respectively. This
parameter evaluates to zero if the WEP is respected.
Today, the most precise tests of the WEP have been carried out with “classical” test masses
(i.e. masses made of bulk material) at the level of 10−13 via torsion pendulum 24 or lunar laser
ranging 25 experiments. Recently, the MICROSCOPE space mission 26 has been launched and is
anticipated to measure η at 10−15 by benefiting from the low background noise and permanent
free fall of an orbiting satellite. In contrast, the majority of WEP tests using cold atoms have
been carried out on ground, in well-controlled laboratory environments, and have not yet reached
a level of precision competitive with those done with classical bodies. Nevertheless, tests using
“quantum” bodies like atoms are sensitive to WEP violations resulting from quantum physics
that cannot be otherwise accessed. Presently, the state-of-the-art for this type of measurement
has reached a precision of 3 × 10−8 using cold samples of 85 Rb and 87 Rb 11 , or more recently
to low 10−9 with 87 Rb in mixtures of different internal states 27 . So far, two main approaches
have been taken to reach higher sensitivities: (i ) atoms are launched in a fountain to extend
their free-fall time inside large-scale vacuum systems 28,29 , or (ii ) atoms are contained within
a small-scale apparatus that is then placed in free fall, such as in a drop tower 30 , a sounding
rocket 31,32 or an aircraft undergoing parabolic flight 33 .
The primary goal of the ICE project is to develop a mobile dual-species inertial sensor able
to measure η at high precision in a weightless environment, such as that generated onboard
the Novespace Zero-g aircraft. Performing WEP tests in this type of environment serves as
a proof-of-concept toward using cold-atom technology onboard a satellite, as proposed by the
STE-QUEST mission project 34 , where future tests at the 10−15 level could become a reality.
In the remainder of this section we will give an overview of the experiment, discuss progress
toward a precision measurement on ground, and review out results from the first WEP test in
weightlessness using cold-atom sensors in a free falling vehicle 13 .

MOT collimator

Upper Detector
Atomic
cloud

Lower Detector
MOT collimator

Raman collimator

Figure 5 – Scheme of the apparatus. Left: 3D view of the titanium vacuum chamber. Right: lateral section of
the chamber.

5.1

A transportable, simultaneous dual-species interferometer

The ICE project relies upon a robust and transportable apparatus comprised of a bank of fiberbased lasers, an ultra-stable frequency source and a titanium science chamber, as depicted in
Fig. 5. The potassium-39 and rubidium-87 atomic sources are derived from 3DMOTs loaded from
a background vapor. After laser-cooling each sample to a temperature of a few µK and preparing
the atoms in the magnetically insensitive state |F = 1, mF = 0i, a π/2 − π − π/2 sequence of
Raman pulses is applied along the vertical direction to create two Mach-Zehnder interferometers
simultaneously for each species. The transition probability of each interferometer is measured
via resonant fluorescence detection on the |F = 2i → |F 0 = 3i transition. This can be performed
at two spatial locations by avalanche photodiodes positioned above and below the center of the
chamber, as shown in Fig. 5. The upper detector collects photons with a large solid angle using
a re-entrant viewport, which is useful during 0g operation when the atoms do not fall, or for
short interrogation times during 1g when the samples remain close to the chamber center. The
lower detector receives a strong signal after a fixed free-fall time (up to ∼ 60 ms), allowing for
operation with larger interrogation times, and hence increased sensitivity, on ground. Finally,
the interference pattern for each species is obtained by measuring the proportion of atoms in
|F = 2i as a function of an applied laser phase that scans the sinusoidal fringe.
In a constant gravitational field, the atomic phase shift for species j can be shown to be
∆Φj = S j · aj + φvib,j + φlas ,

(5)

where S j = kj Tj2 is the interferometer scale factor, φvib,j is random phase shift caused by
vibrations of the retro-reflection mirror, and φlas is a controlled phase offset from the Raman
lasers. In the absence of vibration noise, since the phase shift for each species is sensitive to the
gravitational acceleration aj , one can obtain the Eötvös parameter from
η=

∆Φd
,
S Rb · g

(6)

where ∆Φd = |∆ΦRb − (SRb /SK )∆ΦK | is the differential phase between AIs. Equation (6)
clearly states the advantage of an interferometric WEP test—the sensitivity scales quadratically
with T and linearly with k, which can be further increased by using large momentum transfer
processes 29 .
However, as one goes to larger sensitivities, or when the vibration noise is large (such as
onboard a moving vehicle), the motion of the reference mirror becomes a significant source of
phase noise. In most cases, one must employ methods to either suppress or reject the phase noise
resulting from mirror vibrations. A common method to suppress ambient vibrations is to place

Figure 6 – (a) Raw transition probability for simultaneous 87 Rb (red points) and 39 K (blue points) interferometers
with a total interrogation time of 2T = 40 ms. The probability density measured from these 2000 measurements is
shown on the right, which enables one to extract of the fringe contrast and SNR for each species. (b) Parametric
plot of the raw measurements from (a). The high degree of correlation between these data results in an ellipse.
A fit to these data (solid line) yields this differential phase shift between interference fringes, which is primarily
caused by systematic effects. (c) Reconstruction of the fringes using the FRAC method. Here, in additional to
giving the differential phase, sinusoidal fits (solid lines) can be used to directly extract the acceleration sensitivity
of each species.

the apparatus on an anti-vibration platform 35,36 , but this solution is not generally compatible
with onboard applications. Instead, we take two approaches to reject vibration noise. The first
is to perform the interferometers simultaneously and with the same scale factor (i.e. SRb = SK ),
this ensures a maximum amount of common mode rejection. It is then possible to measure the
differential phase from the ellipsoidal pattern obtained by parametrically plotting the interferometer output for each species 10 [see Fig. 6(b)]. The second method involves monitoring the
mirror vibrations with a mechanical accelerometer and correcting for the noise by computing
the corresponding vibration phase via 33,10
Z

2Tj

fj (t)avib (t)dt,

φvib,j = kj

(7)

0

where fj (t) is the interferometer response function and avib (t) is the common acceleration of the
reference mirror due to vibrations during the interferometer sequence. We call this technique
the fringe reconstruction by accelerometer correlation (FRAC) method [see Fig. 7(a)]. This
latter approach is much more versatile when the mechanical accelerometer has sufficiently high
signal-to-noise ratio in the desired frequency band, since it does not require the two scale factors
to be equal, and it does not rely on complex ellipse fitting algorithms that can yield biased
estimates of ∆Φd .
5.2

Testing the WEP on ground

Since the ICE apparatus is designed primarily to operate in microgravity, where the atoms
remain close to the center of the science chamber, the maximum interrogation time we can
achieve on ground is limited to 2T ' 45 ms by our detection optics. Hence, to increase the
sensitivity of our measurements, we have focused on improving the signal-to-noise ratio (SNR)
of, and the degree of correlation between, both 87 Rb and 39 K interference fringes. A variety of
recent improvements to our potassium source, including gray-molasses cooling and a new state
preparation scheme, have enabled us to increase the fringe contrast and SNR by a factor of 4.
Similarly, by using an architecture where the interrogation beams for each species travel along
the same optical pathway, and have the same interaction strength with their respective atoms,
we maximize the level of common-mode rejection and enhance sensitivity to differential effects.
Figure 6 shows simultaneous measurements from the laboratory using T = 20 ms. Here,
ambient mirror vibrations are large enough to scan the interferometer fringes over a phase range
of ∼ 4π. Figure 6(a) displays the raw transition probability of both species for 2000 accelerations
measurements (requiring ∼ 30 minutes of data acquisition). These points are integrated over
the horizontal axis to obtain the probability density function. By fitting a function that is

(a)

(b)
Rb

K
vib

vib

Figure 7 – (a) Schematic of the FRAC method. The acceleration is recorded during the interferometer sequence
and is convolved with the interferometer response function to obtain the vibration phase φvib,j . (b) Simultaneous
87
Rb (red) and 39 K (blue) fringes obtained using the FRAC method in 0g with an interrogation time of T = 2
ms.

the convolution of an inverse sine and a Gaussian to the probability density, we extract the
contrast and SNR of each interferometer 33 . Figure 6(b) displays a parametric plot of the
potassium transition probability as a function of the rubidium one for the same data presented
in Fig. 6(a). Since the vibration noise is common mode for both species, there is a high degree
of correlation between these data—resulting in an ellipse with an eccentricity determined by the
differential phase between the two interference fringes. Fitting an ellipse to these data yields an
estimate of ∆Φd with a statistical precision of ∼ 10 mrad—corresponding to a WEP violation
sensitivity of δη ∼ 1.5 × 10−7 . Figure 6(c) shows the reconstructed interference fringes using
the FRAC method, from which we can directly measure the acceleration sensitivity of each
species: δaRb ' 5.2 × 10−8 g and δaK ' 8.3 × 10−8 g, corresponding to a WEP sensitivity of
δη ' 7.2 × 10−8 after 30 minutes of integration. Although, further study of systematic effects is
required, these results are approaching precisions competitive with the state-of-the-art 11,27 .
5.3

Testing the WEP in weightlessness

In May 2015, the ICE experiment embarked on a series of parabolic flight campaigns and successfully tested the WEP for the first time in weightlessness 13 . Here, we give a review of our
results and the issues that remain to be solved for future experiments.
When performing experiments in a moving vehicle, the primary challenge for an AI is to
deal with the large level of vibration noise (in the case of an aircraft, this can be 5 orders of
magnitude above that of a quiet laboratory), and changes in acceleration and orientation due
to the vehicle’s motion. Our approach to these problems has been to utilize a sensitive classical
accelerometer to monitor and correct for high-frequency vibrations on the reference mirror via
the aforementioned FRAC method [see Fig. 7(a)]. This sensor also gives us information about
low-frequency changes in acceleration (particularly during the 0g, 1g and 2g phases of parabolic
flight) which enable us to appropriately adapt the phase modulation of our interrogation laser
during the interferometer to optimize the fringe contrast 13 . During these campaigns, we obtained
correlated acceleration measurements from each species during microgravity [see Fig. 7(b)] that
yielded a measurement of η = (0.9 ± 3.0) × 10−4 at T = 2 ms. When compared to measurements
made during 1g on the same flights, we find a 5-fold improvement as a result of the rejection of
certain systematic effects in 0g. Although with a modest precision, this WEP test is the first
of its kind—namely with cold atoms free-falling in an Einstein elevator—and serves as a test
bed for future experiments in Space 34 . During these flights we also demonstrated a record-low
acceleration sensitivity of 3.4 × 10−5 g per shot with our 87 Rb interferometer operating at T = 5

ms—corresponding to a resolution 1600 times below the level of ambient acceleration noise. This
opens the way toward inertial navigation based on cold-atom technology 37 .
Presently, the sensitivity of atom-interferometric measurements on the aircraft is limited by
it’s rotational motion. When the rotation occurs along an axis perpendicular to that of the
interrogation beams, the upper and lower pathways of the Mach-Zehnder interferometer begin
to diverge and fail to overlap during the final recombination pulse. This effect results in a loss
of contrast which scales as 38,13
2
2
C ∼ e−(kσv T ) (|Ωtr |T ) ,
(8)
where σv is the width of the velocity distribution (σv2 is proportional to the sample temperature)
and Ωtr is the rotation vector transverse to k. In future experiments, we plan to counter-rotate
the reference mirror in real-time to compensate for this effect.
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Conclusion

Cold-atom interferometry is a very promising tool to reach the challenging sensitivities required
for fundamental precision measurements such as the detection of gravitational waves or violations of the equivalence principle. Such techniques can be exploited to provide new measurement
apparatuses from lab-sized to large-scale infrastructures. Beyond the impact of atom interferometry in fundamental physics, the development of such experiments brings new technologies
opening applications in other fields such as geology, seismology and hydrology, for underground
surveys and the detection of mass transfer, but also for the realization of quantum-sensor-based
inertial navigation systems. In terms of the projects discussed here, The MIGA antenna will be
a first prototype for a new type of GW detector in the 0.1–1 Hz frequency band, and the first
large-scale infrastructure based on quantum technologies. We are now realizing a first-generation
experiment based on an original cavity geometry that will allow the team to study future upgrades to the MIGA antenna. Similarly, the ICE project has achieved the first WEP tests in
microgravity, and is presently pursuing a precision measurement of the Eötvös parameter with
a very-long-baseline interferometer. Toward this goal we are preparing an evaporative cooling
stage to reach ultra-cold temperatures lower than 10 nK. In addition, we have recently installed
an Einstein elevator in the lab which gives access to ∼ 500 ms of weightlessness every 10 s. With
these new tools, we anticipate a measurement of η below 10−10 to be within reach.
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The Quantum Sensor Challenge - Designing a System for a Space Mission
A. HESKE
European Space Agency, Keplerlaan 1,
2201 AZ Noordwijk, The Netherlands
For fundamental physics experiments, such as probing various aspects of Einstein’s Equivalence Principle or detection of gravitational waves, space missions offer a number of advantages
compared to ground-based laboratory settings. Designing an instrument suite to fly on a satellite requires particular attention to a number of aspects for the instrument hardware, which
are inherent to space missions. To arrive at a viable mission and spacecraft design, the science
performance requirements and instrument needs have to be analyzed, drivers for the mission
design need to be identified and numerical simulations of measurement performance have to be
run. This iterative process of maximizing the science return while optimizing the instrument
and spacecraft designs will be illustrated with examples from two mission studies carried out
at the European Space Agency.

1

Introduction

Quantum sensors, devices which exploit quantum effects, such as entanglement or superposition,
achieve highly sensitive measurements of physical parameters. They are employed in accelerometers, gravimeters, atomic clocks and cold atom and laser interferometers. Science applications
range from geodesy, time and frequency metrology to fundamental physics experiments.This
paper describes the steps required to bring such a fundamental physics experiment from a laboratory setting into space.
2
2.1

Call for Space
What Space Offers

In laboratory settings on ground, experiments are usually easily accessible and fine tuning and
modifications can be made to the hardware at virtually any time. Drawbacks include the Earth
gravity field, the noisy seismic environment and the short interaction times. Space platforms
on the other hand offer a number of assets, and to exploit the ultimate sensitivity of quantum
sensors and to push the measurement accuracy beyond what can be reached on ground, space
becomes even a necessity. For fundamental physics experiments space offers:
• Infinitely long ’free-fall’ times and long interaction times
• Large variations of gravitational potential and large velocities and velocity variations
• Huge free-propagation distances and variations in altitude
• Quiet environmental conditions and absence of seismic noise
• Unique requency ranges of gravitational waves inaccessible from ground

2.2

What Space Demands

Designing and building an istrument to fly on a spacecraft requires particular attention to a
number of aspects for the instrument hard- and software, which are inherent to space missions.
Autonomy and Operability: In orbit, the instrument has to carry out routine measurements and calibrations autonomously, through pre-defined measurement sequences and without
frequent intervention from ground.
Reliability and Redundancy: Once in orbit, the hardware can obviously no longer be
accessed or replaced, and the instrument needs to work reliably for the whole mission duration.
This requires an appropriate redundancy concept, to render the instrument minimally susceptible
to failures.
Radiation Environment: The instrument has to withstand a harsh radiation environment,
which severely degrades the performance of the instruments’ components with time, if no special
measures are implemented like appropriate shielding.
Launcher and Accommodation on Spacecraft: Since the spacecraft has to fit on a
launcher with given lift capabilities there are limitations for the instruments on mass, volume
and power consumption and, in addition, also regarding the range of potential orbits.
Model Philosophy, Qualification and Verification: Considering the aspects described
above, all instrument functions and its science performance need to be verified and qualified on
ground. Building dedicated models of the instrument, these specific aspects are verified by tests
thus ensuring that the instrument will work correctly in orbit, and above all, will survive the
launch.
Data packages, Standards and Reviews: Data packages have become an essential part of
space instrument development. They describe all aspects of the instrument such as justification
of the design and plans for development and testing. The contents of these data packages as
well as the design and testing of an instrument are governed by a wealth of space standards.
Regular reviews are held to track progress and identify potential issues early.
3

Mission Assessment - The Theory

The aim of a space mission assessment is to analyze the science requirements and instrument
performance to arrive at a viable spacecraft and overall mission design. Specific science objectives and requirements are derived from the science goals, followed by definition of mission
requirements, which address the mission as a whole, including spacecraft and instrument design,
orbit and operations. For design of the actual hardware, engineering requirements are derived,
further breaking down the definition of the mission components. During the assessment of the
engineering requirements it can - almost certainly - occur that for technical or technological
reasons some of these requirements can not or only partially be fulfilled. The impact on the
science objectives is evaluated, model calculations are run and a trade-off is to be found in terms
of science output versus mission complexity and feasibility.
During the mission assessment and determining its feasibility the aspects addressed in Section 2.2 are to be considered together with these two related to programmatics and risks:
Technology Maturity: At the end of a mission definition phase, it is required that the
critical functions of an instrument have been verified in a relevant environment. This is to reduce
the risk that a low technology maturity leads to substantial delays, due to problems during the
instrument development.
Management, Schedule and Funding: Spacecraft development is carried out by an industrial partner under an ESA contract, with a fixed budget and - usually - a tight schedule, to
ensure the target launch date. Instrument development is carried out typically by an international consortium funded through national agencies. An appropriate consortium structure needs
to be in place and funding to be secured as to align the instrument development schedule with
the industry schedule.

Figure 1 – STE-QUEST: Physics package of the atom interferometer (left), spacecraft attitude for ground clock
comparisons and interferometry (right).

4
4.1

Mission Assessment - Case Studies
STE-QUEST - The Space Time Explorer - Quantum Equivalence Space Test

In the framework of the call for future medium-size missions issued in 2010 within the Cosmic Vision program of the European Space Agency (ESA) a three-year study was carried out
assessing a fundamental physics mission candidate called STE-QUEST 1 .
The primary science objectives are to test two aspects of Einstein’s Equivalence Principle with quantum sensors to unprecedented accuracy: Gravitational red-shift tests in the Sun
and Moon field and Weak Equivalence Principle (WEP) test, with the following measurement
uncertainty requirements.
WEP Test: Uncertainty in the Eötvös ratio lower than 2 × 10−15
Gravitational Red-shift Tests: Measurement uncertainty Sun - 2×10−6 ; Moon - 4×10−4
The payload comprised a dual species Rubidium atom interferometer to test the universality
of free-fall of matter waves (see Fig. 1 left), a microwave link for simultaneous time and frequency
comparisons of two atomic clocks on ground and a GNSS receiver for precise orbit determination,
needed for the clock comparisons. The requirements on measurement accuracies, performances
and pointing (Fig. 1 (right)) derived from the science requirements above are:
√
Atom Interferometry Performance: Instability (13 × 10−12 m/s2 )/ τ ; Inaccuracy <
2 × 10−15 ; Gravitational acceleration > 3m/s2 ; Gravity gradient < 2.5 × 10−6 s−2 ; Rotations
< 10−6 rad/s - Inertial Pointing.
Clock Comparisons Performance: Microwave Link: Inaccuracy < 5 × 10−19 ; Frequency
instability < 5.2 × 10−13 (1s); GNSS Receiver: Position error 2m Velocity error 2mm/s (both in
√
post-processing); Ground Clocks: Inaccuracy 10−18 ; Instability 2.5 × 10−16 / τ - Nadir pointing.
Drivers for the orbit are a low gravity gradient and largel accelerations around perigee for
atom interferometry and long common-views of ground clocks and large gravitational potential
variations for the clock comparisons. The resulting reference orbit is a highly elliptical with an
apogee of about 50000km, a perigee of 700 to 2000km, and a period of 16 hours (cf. Fig. 1
right). Numerical simulations confirmend that the science requirements and performance can
indeed be achieved in a four-year mission.
Assessment of the technology maturity of the instrument elements concluded that the lowest
risk is associated with the commercial GNSS receiver, a medium risk was identified for the upgrade of the microwave link to higher frequency and the largest development and programmatic
risk was considered to be the atom interferometer, since for the dual Rubidium source as well
as for the laser system critical functions had not yet been verified on full breadboards.
Under two parallel ESA contracts, industrial studies have demonstrated a viable mission
and spacecraft design fulfilling all science and instrument requirements. No show-stoppers were
identified, and both designs met the budget requirements for a launch on a Soyuz rocket.

Figure 2 – LISA: Constellation and orbit (left); Three-spacecraft instrument suite configuration and laser links
(right).

4.2

LISA - The Laser Interferometry Space Antenna

In response to an ESA call for mission concepts for the third large-sized mission opportunity, the
Gravitational Wave Observatory, in autumn 2016, the LISA mission proposal 2 was submitted.
The science objective, in a nutshell, can be described as to detect, explore and characterize
gravitational waves and their origins in a unique frequency range - from 0.1mHz to 100mHz, a
frequency range inaccessible with ground-based
laser interferometers. The √
characteristic strain
√
sensitivity requirement√ranges from 10−18 / Hz at 0.1mHz, down to 10−21 / Hz between 1mHz
and 10mHz to 10−20 / Hz at 100mHz.
The mission concept comprises three identical spacecraft flown in a triangular constellation
(Fig. 2 left). with an armlength of 2.5 million km, in an Earth-trailing orbit at a distance of 50
to 65 million km. The baseline mission duration is 5 years, potentially extending up to 10 years.
The main constituents of the instrument suite (Fig. 2 right). are the telescope-optical benchgravitational reference sensor (GRS) assembly, which contains the test masses, (two assemblies
per spacecraft), a laser system and a phase meter system. Each of these hardware elements
includes its own front-end control electronics. An on-board computer for instrument control
and interface to the spacecraft, including power, data handling and drag-free control, completes
the instrument suite per spacecraft.
5

Outcome and Outlook

5.1

STE-QUEST

The study showed that a fundamental physics mission employing quantum sensors is indeed
technically feasible, provided that the technology of the dual species atom interferometer and
the upgrades needed for the microwave link can be further pushed to the required maturity
needed at the end of a mission definition phase, provided there will be proper funding.
5.2

LISA

LISA Pathfinder results have demonstrated that the design concept of the optical bench-GRS
assembly is viable and operable, and that its performance even exeeds specifications and expectations.This concept is thus confirmed as the baseline for LISA and in an assessment study
dedicated to the instrument suite it will be refined, together with a detailed analysis of the entire
assembly including the telescope and the constellation acquisition system.
References
1. STE-QUEST Team, STE-QUEST Assessment Study Report, ESA/SRE(2013)6, (2013)
(http://sci.esa.int/ste-quest/53445-ste-quest-yellow-book).
2. Lead proposer Prof. Dr. K. Danzmann, https://www.lisamission.org/proposal/LISA.pdf
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ESPRESSO is a high-resolution ultra-stable spectrograph for the VLT, whose commissioning
will start this year. One of its key science goals is to test the stability of nature’s fundamental
couplings with unprecedented accuracy and control of possible systematics. As the first light
approaches quickly, detailed studies are being done to evaluate the optimal strategy to detect
a possible variation of fine-structure constant looking into metal absorption lines produced by
the intervening clouds along the line of sight of QSOs. In this paper, I present the ongoing
studies and emphasise the different strategy needed for fainter targets in order to improve tests
of the stability of the variation of the fine-structure constant using ESPRESSO. I will also
discuss the impact that these improved measurements can have on cosmology, more specifically
on a Bekenstein-type model and on three different Dynamic Dark Energy models.

1

Observing with ESPRESSO

ESPRESSO is a high-resolution ultra-stable spectrograph that will be installed at the VLT Very Large Telescope in 2017. It will allow to observe with one Unit of Telescope (UT) of the
VLT individually or to combine the light of the four telescopes. This instrument has as one
of his science goals to test the stability of fundamental couplings1 . The Fundamental Physics
Guaranteed Time of Observation (GTO) for this purpose will have 27 nights and a list of 14 QSO
”ideal” targets was put together.2 In order to achieve stronger constrains on the variation of the
fine-structure constant, α, an ideal quasar target should present simple and strong absorption
features of transitions with high sensitivities to variations of α.
The 14 targets selected for the GTO are presented in Table 1. The selection process of the
target list is presented in detail in Leite et al. 2016 2 . The first measurement on the table is not
an ideal target to test α, but is a system where the proton to electron mass ratio and the TCM B
relation to redshift can also be measured. This makes it an interesting target to investigate
the nature of the fundamental constants variation testing different theories where a relation
between these three constants is predicted.7 The GTO sample spans redshifts 1.35 to 3 and the
background quasars of the targets have very different magnitudes (M=15.9-18.8).
Since most of the targets are very faint, one needs to verify if the efficiency of the collection
of photons by the CCD ensures that the number of photons from our science target is higher
that the number of photons coming from the instrumentation and reading of the CCD.
The limit for which the number of photons from the target and from the instrumental noise
are the same was computed for the characteristics of VLT and ESPRESSO. These limits for two
different cases are plotted in Figure 1: the 1 UT with no binning - 1X1 (blue line) assuming
the light collected by the area of 1 VLT UT and the currently expected specifications for the
ESPRESSO efficiency and CCD noise; and the 4UT with the CCD binned by 2 in the spectral
direction and by 2 in the spatial direction - 2X2 (red dashed line) assuming the light collected

Table 1: List of the best measurements of the stability of the fine structure constant considering the wavelength
coverage of ESPRESSO. Column 1 gives the quasar name; the redshifts of the absorption system are given
in Column 2; Column 3 gives the magnitude of the emitting quasar. Column 4 and 5 gives the value of the
measurement and the corresponding uncertainty. The last Column gives the references for each measurement.

Name
J034943-381031
J040718-441013
J043037-485523
J053007-250329
J110325-264515
J115944+011206
J133335+164903
HE1347-2457
J220852-194359
HE2217-2818
Q2230+0232
J233446-090812
J233446-090812
Q2343+1232

zabs
3.02
2.59
1.35
2.14
1.84
1.94
1.77
1.43
1.92
1.69
1.86
2.15
2.28
2.43

M
17.3
17.3
16.5
18.8
15.9
17.5
16.7
16.3
17.0
16.0
18.0
18.0
18.0
17.5

∆α/α (10−6 )
-27.9
5.7
-4.0
6.7
5.6
5.1
8.4
-21.3
8.5
1.3
-9.9
5.2
7.5
-12.2

σ∆α/α (10−6 )
34.2
3.4
2.3
3.5
2.6
4.4
4.4
3.6
3.8
2.4
4.9
4.3
3.7
3.8

Ref.
3
4
4
4
5
4
4
5
4
6
3
4
4
3

by the area of 4 VLT UTs and the current expected specifications for the ESPRESSO efficiency
and CCD noise. The area above the each line determines the photon-dominated regime, and
the area below the regime where the noise dominates.
A quick analysis of the Fig. 1 shows that for a 1 hour exposure - typical times for this
scientific goal - the limiting magnitude for the 1 UT mode is of 17.4. As seen in Table 1, 5 out
of the 14 targets from the GTO target list are above this limit meaning that for the observation
of these targets a 4UT mode should be the best strategy. The final efficiency of the instrument
will only be known in detail when ESPRESSO starts commissioning, but this exercise gives us
an idea of how to plan the observation of each target.
4
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Figure 1 – The figure plots the limit for which an observation on the VLT is photon noise dominated as a function
of the magnitude of a target and a given time of observation. The area above the line determines the photondominated regime, and the area below the regime where the noise dominates. In blue is represented this limit
for the 1UT mode with no binning in the CCD, 1X1. The red dashed line represents the limit for the 4UT mode
with a binning of 2X2, binned by 2 in the spectral direction and by 2 in the spatial direction of the CCD.

The instrumentation improvements that ESPRESSO will bring will allow a Baseline uncertainty per target to be of σ∆α/α = 0.6ppm

2

Forecasts on Cosmology

This type of measurements are important by themselves for testing the stability of α but even
a non-detection of variation can be used to constrain dark energy, as we now illustrate.
2.1

Bekenstein Type Models

The Bekenstein-Sandvik-Barrow-Magueijo 8 model assumes a variation of α that comes from the
variation of the electric charge. This model can be seen as a ΛCDM-like model with an additional dynamical degree of freedom, whose dynamics is such that it leads to the aforementioned
variations without having a significant impact on the Universe’s dynamics. In particular, this
degree of freedom can’t be responsible for the dark energy (for which a cosmological constant
is still invoked). In this sense, these are the simplest phenomenological models allowing for α ,
even if they are (arguably) less well motivated from a fundamental physics point of view.
The constraints on these kinds of models from current astrophysical and cosmological data
as well as detailed forecasts for ESPRESSO are presented in Leite & Martins (2016)9 . One
important variable is the coupling ζα , a free parameter of the model that gives magnitude to
the allowed variation on α.
Assuming the baseline uncertainties on α expected for ESPRESSO, and applying these
uncertainties for the 14 targets on the GTO target list, one can expect an improvement relative
to the current constraints of a factor of 5 on the coupling ζα . Moreover, in this type of models
there are composition dependent forces which lead to a WEP violation at a level quantified by
the Eotvos parameter: ηα ∼ 3 × 10−9 ζα . The ESPRESSO GTO will be able to put bounds of
the level of η ∼ 5.4 × 10−15 to this parameter.
2.2

Dynamical Dark Energy Models

In this class of models, we consider three fiducial dynamical dark energy models where the scalar
field that is responsible for dark energy also leads to α variations. In this kind of model another
coupling ζ arises directly related to the variation of α.
∆α
(z) = ζ
α

Z zq
0

3Ωφ (z 0 )[1 + wφ (z 0 )]

dz 0
1+z

(1)

In Alves et al. (2017)10 , we did detailed forecasts and their analysis using Fisher matrix
techniques for different scenarios. In here I will only show one specific case as an example. We
considered three fiducial dynamical dark energy models:
A constant dark energy equation of state, w0 = const;
A dilaton-type model where the dark energy equation of state is
w(z) =

[1 − Ωφ (1 + w0 )]w0
;
Ωm (1 + w0 )(1 + z)3[1−Ωφ ](1+w0 )] − w0

(2)

The Chevallier-Polarski-Linder (CPL) parametrization, where the redshift dependence of the
dark energy equation of state is described by two separate parameters, w0 and wa , as follows:
z
w(z) = w0 + wa
;
(3)
1+z
In all cases we assumed the following fiducial values for the models: Ωm,f id =0.3; w0,f id =
−0.9; wa,f id = 0.3; ζf id = 0. ζf id = 0 implies null results for the measurements of α. We did the
analyses for the same baseline uncertainty on α expected for ESPRESSO, and applying these
uncertainties on the 14 targets of GTO target list. The uncertainties retrieved for the coupling
parameter ζ are presented in Table 2. This type of models also lead to a WEP violation that
relates the coupling ζ with the Eotvos parameter in the following way: ηα ∼ 10−3 ζ 2 . The
ESPRESSO GTO will be able to put bounds at the level of η ∼ 2.1 × 10−16 to this parameter
at one sigma.

Table 2: The Table shows the one sigma forecasted uncertainties on the dimensionless coupling parameter ζ,
marginalizing over the remaining model parameters, for the three choices of fiducial cosmological model presented
in the text.

Model
σ(ζ)

3

w0 = const
4.6 × 10−7

Dilaton
3.2 × 10−7

CPL
3.1 × 10−7

Conclusion

As the first light on telescope approaches for ESPRESSO, the necessity of putting together the
best observational strategy to optimize the science for the Consortium’s GTO becomes more
urgent. There’s now a better understanding of the limitations that the instrument will face,
and that not all the targets will be observed in the simple 1 UT mode. Fainter targets will
gain by combining the light of several UTs even if they lose in resolution of the spectra. The
definitive strategy will only be possible as the instrument becomes online and tests of efficiency
are performed.
Taking conservative expectations for the ESPRESSO targets, we show that even these 14
targets for ESPRESSO GTO by themselves will be able to constraint cosmological models and
put competitive bounds on the Eotvos parameter.
I emphasize that extending these forecasts with ideal uncertainties on α or with more targets would improve the output results. These are not unrealistic expectations since simply an
extended Large Program on ESPRESSO, or even the future spectrograph (HIRES) planned for
ELT will allow for huge improvements. More details and forecasts can be found in 2,9,10,11,12
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As Einstein’s equations tell us that all energy is a source of gravity, light must gravitate.
However, because changes of the gravitational field propagate with the speed of light, the
gravitational effect of light differs significantly from that of massive objects. In particular, the
gravitational force induced by a laser pulse is due only to its creation and annihilation and
decays with the inverse of the distance to the pulse. We can expect the gravitational field of
light to be extremely weak. However, the properties of light are premises in the foundations
of modern physics: they were used to derive special and general relativity and are the basis
of the concept of time and causality in many alternative models. Studying the back-reaction
of light on the gravitational field could give new fundamental insights to our understanding
of space and time as well as classical and quantum gravity. In this article, recent work by the
authors on the gravitational properties of light is reviewed. The gravitational field of a laser
pulse of finite lifetime is investigated in the framework of linearized gravity.

The question of the gravitational properties of light in general relativity was raised already
quite early, in 1931, in an article by Tolman, Ehrenfest and Podolsky 1 . In the article, the
gravitational effect of an infinitesimally thin, cylindrical pulse of unpolarized light of finite
lifetime was investigated. The central result of the article was that two light pulses that are
propagating parallel do not affect each other gravitationally if they are co-propagating. In
contrast, it was found that the two pulses attract each other if they are counter-propagating.
Subsequently, several other authors investigated similar situations using Einstein’s equations.
In an article by Bonnor 2 , light was described as a null-fluid of massless particles and the
corresponding full solution of Einstein’s equations was constructed. In an article by Aichelburg
and Sexl 3 , the Lorentz-boosted Schwarzschild-metric of a point mass in the limit v → c, m → 0
was derived. Recently, Van Holten derived exact plane wave solutions of the coupled MaxwellEinstein theory 4 .
Here, we will shortly review the model of the laser pulse propagating in vacuum that we
use and the properties of its gravitational field. A full derivation is given in our previous article
about the gravitational properties of a laser pulse 6 . We start by assuming that the laser pulse is
well described by the paraxial approximation. Furthermore, we assume that we can neglect the
transversal spread of the pulse and that the length of the pulse is much larger than its width.
Then, we model the pulse as an effectively 1-dimensional “needle of null stuff” propagating
with the speed of light. The energy momentum of the pulse is given by ”boxing” the energy
momentum of a plane wave of a given polarization. With this model, we catch the essential
ingredients of a laser pulse, which are (1) its localizability, (2) its masslessness, and (3) its
polarization.

Figure 1 – The laser pulse is modeled with finite extension L in the direction of propagation, but negligible
extension ∆(z) in the transverse x/y-directions, ∆(z)  L. It travels from the emitter to the absorber over a
distance D along the z-axis. The figure was originally published in Rätzel et al. NJP 18 023009 (2016) under the
CC Attribution 3.0 license https://creativecommons.org/licenses/by/3.0/.

Additionally, we consider the emission and the absorption process (see Figure 1) by continuously letting the energy momentum appear and vanish. The continuity equation of general
relativity would then require the inclusion of the energy momentum of the emitter and the absorber and their evolution during the pulse emission. However, we have shown in our previous
article 6 that these effects are negligible for small distances to the pulse trajectory. To give a full
description of the situation, we have derived the full gravitational field of the whole emission
process for a specific situation - the emission of two light pulses from a single atom in another
article 7 .
Since the gravitational field of light can be expected to be small, we make use of the framework of linearized gravity. The metric is split as gµν = ηµν + hµν , where ηµν is metric of the
background, which we assume to be Minkowski space, and hµν is a small perturbation. We
choose the set of Cartesian coordinates (ct, x, y, z) in which the experiment is at rest and the
background metric takes the form η = diag(−1, 1, 1, 1). To be a small perturbation means then
|hµν |  1 for all µ, ν. By imposing the gauge condition
∂

µ



1
− ηµν hα α = 0 ,
2


hµν

(1)

where hα α = hαβ η αβ , the Einstein field equations assume the well known form of linearized
gravity
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2
where Tµν is the energy-momentum tensor of the lase pulse, G is Newton’s gravitational constant,
c is the speed of light and Tα α = Tαβ η αβ . It is well known from classical electrodynamics that
an equation like (2) can be solved by a retarded potential


hµν (x, y, z, t) =

4G
c4

Z
p



Tµν − 21 ηµν Tα α (x0 , y 0 , z 0 , tret )

(x − x0 )2 + (y − y 0 )2 + (z − z 0 )2

p

dx0 dy 0 dz 0 ,

(3)

with tret the retarded time, tret = t − (x − x0 )2 + (y − y 0 )2 + (z − z 0 )2 /c.
The energy momentum tensor of the laser pulse in our model is given as T00 = Tzz =
~2 + 1 B
~ 2 the energy density of the electromagnetic field,
−T0z = −Tz0 = u, with u = ε20 E
2µ0
where the index 0 corresponds to ct. We obtain the non-vanishing components of the metric

Figure 2 – The plots show the metric perturbation hp = h00 = h11 = −h10 = −h01 for a pulse of length L in
the coordinates (ct, x, y, z) in the (x, y)-plane for different times t. hp is normalized to units of κ and then the
logarithm of the logarithm is taken. The figures were originally published in in Rätzel et al. NJP 18 023009
(2016) under the CC Attribution 3.0 license https://creativecommons.org/licenses/by/3.0/.

as hp00 = hpzz = −hp0z = −hpz0 = hp , where hp can be read off from (3). Plots for the function
hp in the x-z-plane for different times after the events of the emission of the pulse can be seen
in Figure 2. It is interesting to note that the metric perturbation approaches the form of a
plane fronted parallel propagating wave (pp-wave) for distances to the trajectory of the pulse
much smaller than the distance from the observer to the emitter (see Figure 3). This situation
coincides with the full solution of Einstein’s equations constructed by Bonner 2 .

Figure 3 – These plots show the double logarithm of the metric perturbation hp for a linearly polarized pulse
of length L and central wavelength λ = 2πc
= 23 L in the x-y-plane at t = 50000L/c, after its emission at
ω
z = 0. hp is normalized to units of κ = 4GAu0 /c4 and then the logarithm of the logarithm is taken. The
figures were originally published in in Rätzel et al. NJP 18 023009 (2016) under the CC Attribution 3.0 license
https://creativecommons.org/licenses/by/3.0/.

To understand the implications of the metric perturbation hµν , it is best to study the Riemann curvature tensor Rµ ρσα , which is a simple combination of second derivatives of the metric
perturbation in first order in the metric perturbation. The Riemann tensor has a direct physical
and geometrical interpretation as it appears naturally in the geodesic deviation equation for the
relative acceleration between two infinitesimally close geodesics. This relative acceleration can

be interpreted as the effect of tidal forces on neighboring test particles. One component of the
p
curvature tensor, R0x0x
, is plotted for different times in Figure (4).

p
Figure 4 – The plots show the curvature component R0x0x
for the metric perturbation hpµν induced by a laser
p
pulse in the coordinates (ct, x, y, z) in the (x, z)-plane for different times t. The logarithm of value of R0x0x
is
p
encoded in the opacity of the color. Red is a negative value of R0x0x and blue a positive value. White stands for
zero. The figures were originally published in in Rätzel et al. NJP 18 023009 (2016) under the CC Attribution
3.0 license https://creativecommons.org/licenses/by/3.0/.

The most interesting feature is that the laser pulse induces curvature only on spherical
shells of thickness L (pulse length) that expand from the point of creation and annihilation. If
the curvature tensor vanishes in one set of coordinates, it vanishes in all sets of coordinates.
Therefore, we can say that any gravitational effect due to the laser pulse must be confined to
these spherical shells of non-zero curvature. It is even more interesting to note that the shells
are causally disconnected from the pulse during its free propagation. Hence, we conclude that
the physical effect of the laser pulse is due to its creation and annihilation alone as it was argued
by Bonnor recently from a different perspective 8 . In contrast to our case, in the case of laser
pulses running in wave guides 5 , test particles would witness gravitational effects in the whole
region causally connected with the timeline of the laser pulse propagating with v < c. Hence,
the localization of the gravitational effect is due to the luminal motion of the laser pulse. A
similar situation arises in electrodynamics with massless charges 9 .
After we know about the localization of the physical effect, we can learn about the actual effect on test particles located in the spherical shells of non-zero curvature. To this
end, the geodesic equation governing the trajectory of free test particles γ µ (λ) is employed
γ̈ µ = −Γµρσ γ̇ ρ γ̇ σ , where we have to assume gµν γ̇ µ γ̇ ν = −1 for massive test particles and
gµν γ̇ µ γ̇ ν = 0 for massless test particles as in additional condition. We find that the emission induces an attraction towards the position of the pulse in the coordinates (ct, x, y, z). The
absorption induces a repulsion away from the position the pulse would be at if it would have
continued to propagate freely. In agreement with the authors of 1 , we find from the geodesic
deviation equation that massless test particles moving in the same direction as the pulse are not
deflected while counter-propagating pulses are deflected four times more strongly than massive
particles at rest containing the same energy.
Today, the strongest laser pulses available have a pulse power in the range of 1015 W. This
≈ −10−18 sm2 for a massive test
means that there would be an acceleration of about γ̈ x ≈ − 4GP
c3 x
particle at a distance of 2.5mm from the pulse trajectory. This acceleration can be compared
with the acceleration experienced by a test particle in the Newtonian potential induced by a
small spherical, massive object. We find that a mass of only M = 10−13 kg would be necessary

to provide the same acceleration as the laser we considered above at a distance of r = 2.5mm.
We find a slightly different situation, if we assume a periodically pulsed laser. The induced
gravitational field is periodically varying and close to the beamline, the corresponding tidal
forces can be compared to those induced by a gravitational wave. If we assume a laser power of
1015 W again, the induced tidal forces are in the same order as those due to a gravitational wave
of angular frequency ω = 103 Hz and amplitude h+ = 10−22 . The order is similar to that of the
strain induced by gravitational waves that were detected by LIGO. Of course, this comparison
only holds inside a very small region close to the beamline and there is still no chance to detect
the gravitational field of light with state of the art technology. It would be necessary to develop
completely new technologies for narrow band detectors of oscillating tidal forces on millimeter
scales. Promising approaches can be found in 10 and 11 .
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Prospects for probing fundamental physics with the radio sky
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The coming era of radio telescopes and arrays brings immense possibilities for probing the universe on the largest scales and quite importantly of answering some important open questions
about fundamental physics. In this work, we consider one possibility, improved measurements
of curvature, with a particular focus on near future radio telescope arrays in South African,
in particular HIRAX.

1

Introduction

Progress in cosmology and astronomy are ultimately linked through the inexorable power of
data. Although we have certainly entered the era of precision cosmology, the extent to which
the precision in our observables really tells us about the physical laws underlying our universe
is still not completely clear. The accuracy of our modeling really depends on our priors. Our
ability to rule out theories is perhaps more powerful than repeated improvements in precision
that allow for consistency checks. Inflationary theory is an exemplar. All of our data is indeed
consistent with the theory of inflation, however, questions about whether inflation can be ruled
out remain. In particular, the multiverse associated with inflation appears particularly slippery
with claims that it can never be ruled out.
Here we will consider the possibility for radio astronomy to provide comment on this question.
The prospects for radio astronomy are great, and beyond the scope of this short article. Amongst
the many other exciting possibilities, radio astronomy could rule out alternative theories of the
very early universe as well as alternative theories of gravity, and beyond the standard model
particles. Here we consider the more narrow question - is there a single measurement that would
rule out parts of the multiverse? We hope to convince you that the answer is yes, and more than
that, that radio astronomy is perhaps our best chance to do this, in particular with curvature,
as advances in 21 cm intensity mapping should allow us to break the dark energy curvature
degeneracy, thus constraints on each should improve in the coming decades.
1.1

HIRAX

The Hydrogen Intensity and Real-time Analysis experiment (HIRAX) is a new radio astronomy
interferometer currently under construction in a radio-quiet area in South Africa 1 . HIRAX
will use hydrogen intensity mapping to detect the effects of dark energy on the distribution of
galaxies. HIRAX has the potential to be a world-leading facility for the study of radio transients
and is expected to produce a huge catalogue of several thousand Fast Radio Bursts (FRBs). In
its full intended design, the HIRAX array will comprise 1024 6m dishes and will map large
scale structure in a redshift range of 0.8 < z < 2.5. HIRAX will observe in the Southern

Hemisphere, complementing CHIME in Canada which maps the Northern Hemisphere in using
a similar redshift range. The location is particularly strategic, as not only will it be situated
in a region of very low radio frequency interference (RFI), but the Southern location allows for
cross correlations with several ongoing surveys; see 1 for further discussions on HIRAX setup
and strengths. HIRAX is a 21 cm intensity mapping experiment that will measure 15 000 deg2
of the sky mapping the neutral hydrogen in 1024 frequency bins between 400 and 800 MHz.
1.2

Intensity Mapping

Traditional late-time cosmological experiments, like galaxy surveys, rely on the ability to resolve
individual sources. They either count the number of sources on a given patch of the sky, or also
determine the redshifts to obtain distance data. On large scales, galaxies are assumed to be
biased tracers of the underlying dark matter distribution and are used to calculate the matter
power spectrum. The need for better precision in cosmology drives new surveys into covering
larger survey areas and volumes. One way to achieve this is to give up on resolving individual
sources, and instead measure the intensity in a given pixel, which contains the integrated radiation from many individual sources. This allows us to observe sources or frequency ranges that
would otherwise be too dim to detect.
One very promising new approach, using the intensity mapping technique, is to observe the
21cm transition line of neutral hydrogen. Neutral hydrogen is greatly abundant in the universe
after recombination, and similar to e.g. galaxies, neutral hydrogen is believed to be a biased
tracer of the underlying dark matter distribution. It has a characteristic emission line at a
rest frame wavelength of 21cm, which allows precise redshift determination. However, detecting
this 21cm emission is difficult; a large collecting area is needed in order to reach the required
sensitivity in intensity mapping. Furthermore, other major difficulties are the cleaning of the
signal from non cosmological foregrounds, e.g. galactic emission, radio frequency interference
from the earth itself, and the processing of the huge amount of data generated. In some sense,
intensity mapping trades angular resolution for better radial resolution, and will achieve much
larger survey areas and volumes, which is crucial for further advancement of cosmology.
2

Curvature

There is probably no single observation that could convince the community that inflation is
a correct theory. However, it is possible that there will one day be observations that would
be convincing that eternal inflation is not correct. In particular, as highlighted by Guth and
Nomura 2 , if the curvature of the universe is found to be positive at the level of Ωk ≤ −10−4 then
eternal inflation, as it is currently understood at least, is ruled out a . On the other hand, should
we observe negative curvature at the level Ωk ≥ 10−4 then our conclusions are more subtle.
Amongst other things, as discussed in 2 we would then infer that diffusive eternal inflation did
not occur in our immediate past, our pocket universe was born by bubble nucleation and that
slow roll inflation as observed is an accidental feature of the potential rather than something
fundamental ensuring a flat potential. In fact, as argued in 3 |Ωk | ≥ 10−4 rules out slow roll
inflation.
Depending on the measure, nearly all models of inflation require eternal inflation at some
point in the past, so essentially an observation of positive curvature at the level of Ωk ≤ −10−4
alone, is enough to rule out most models of inflation, with few caveats. It is worth understanding
why this is so, as intuitively one might expect inflation to inflate away all curvature, but since
inflation generates fluctuations in the curvature as well as the matter, curvature is not entirely
inflated away, and indeed in eternal inflation these fluctuations are quite large. For more insights
on this question, we highly recommend the reader to 2,3 .
a

Remember, by convention, a positively curved universe has negative Ωk

h

So now the real question arises. Are these levels of curvature ever going to be within the
reach of observation? A quick answer would appear to be no. From 4 , we find a convincing
argument that the so called curvature floor is at the scale 10−4 , beyond which we cannot claim
improved constraints. We will have essentially reached the cosmic variance limit set by horizon
scale perturbations. While we may not be able to constrain curvature below the level of 10−4 in
the foreseeable future, it is still possible, indeed preferable, that we may observe a signal before
that stage and essentially rule out eternal inflation. The strongest bounds currently come from
Planck combined with BAO constraints from 6dFGS, SDS-MGS, and BOSS 5 and are at the
level of |ΩK | < 5 × 10−3 (95% CL). So that does not look promising. However, as emphasised
in 6 , these bounds assume that dark energy is driven by a cosmological constant, Λ. This alone
is not a proven assumption, but in the case of Planck, it is a necessary assumption as there
is a degeneracy between dark energy and curvature which needs to first be broken before we
can make truly strong claims on curvature. Indeed this is the purpose of 6 which shows that 21
cm intensity mapping experiments will be able to constrain curvature in a dark energy model
independent way.
HIRAX is designed to precisely detect the baryon acoustic oscillations (BAO) in the fluctuations of the matter power spectrum via 21cm intensity mapping. The BAO are a standard ruler
out to very high redshifts, thus these measurements are very sensitive to curvature and dark
energy. Current data sets suffer from degeneracies of curvature and dark energy unless relatively
strong assumptions on dark energy are made 5,6 . By using the BAO for precise distance measurements on a high redshift range, HIRAX is ideally suited to precisely constrain curvature, and
to disentangle it from dark energy, even if one allows for an arbitrary dark energy equation of
state. See figure 1 to see the parameter constraints compared to DETF Planck constraints 7 for
a dark energy model with fixed equation of state. Here we forecast for the standard cosmological parameters, the Hubble constant h = H0 /(100km/s/Mpc), the curvature and dark energy
density parameters, Ωk and ΩDE respectively, the spectral index ns and the late-time fluctuation
amplitude σ8 . While these parameters are degenerate in DETF Planck data, combining it with
HIRAX allows for good constraints. While Planck constraints were derived assuming a fixed
dark energy equation of state w = const. A more general solution is to allow a first order Taylor
expansion of the equation of state, w(a) = w0 + (1 − a)wa ; results for which are given in figure 1.
However, even with an arbitrary equation of state curvature can still constrained, this is done
for HIRAX in 6 .

HIRAX + Planck
Planck only

Ωk

0.002
−0.002

ΩDE

0.69
0.68

ns

0.965
0.955

σ8

0.84
0.83
0.82

0.660.670.68 −0.002

h

Ωk

0.002

0.68 0.69 0.955

ΩDE

0.965 0.82 0.83 0.84

ns

σ8

Figure 1 – Parameter constraints for HIRAX, compared to Planck alone, while fixing the dark energy equation
of state. HIRAX will be able to efficiently break degeneracies. These forecasts were done assuming HIRAX with
1024 dishes, 2100 deg2 and one year of integration time.

3

Constraints from FRB observations

Given the large numbers of FRBs that near future radio telescopes are expected to observe, it is
plausible that they may soon serve as a new cosmic probe complementary to existing techniques.
Should a large enough population of the observed FRBs be assigned a redshift, which may be
possible by association with a host galaxy, then one could extract valuable information about the
background spacetime through which they propagate. This would come in the form of constraints
on the cosmological parameters - a possible further consistency check of the concordance model.
Optimistically, HIRAX is expected to detect around 50−100 FRBs per day out to z ∼ 2.8 11 .
Should only 5% of these events be assigned a redshift the catalogue could have as many as
1000 even after 200 observing days. Initial investigations indicate that such a catalogue would
constrain new regions of parameter space 8,9 . Particularly promising are the constraints forecast
for the dark energy equation of state parameters 10 . Figure 2 shows the forecast 1- and 2σ contours derived from an MCMC analysis of a mock catalogue of 1000 and 10000 FRBs,
compared with forecast intensity mapping constraints 6 and the existing constraints derived by
Planck + BAO + SN1a + H0 data. The degeneracy directions are different which suggest that
FRBs carry valuable complimentary information about the background metric. Additionally,
curvature has been included as a free parameter in the fit of Figure 2, with −0.1 ≤ Ωk ≤ 0.1,
which seems to suggest that FRBs may be a good probe of the dynamics of dark energy even
when the exact value of Ωk is unknown. Constraints on curvature, however, appear to be very
weak, essentially unconstrained due to the degeneracy with matter and w0 .

1.0
0.5

wa

0.0
0.5

Planck + BSH
1.0 1000 FRBs
10000 FRBs
1.5 21cm Intensity Mapping
3.0 2.5 2.0 1.5 1.0 0.5 0.0

w

Figure 2 – Forecast 1- and 2-σ constraint contours for w0 and wa from FRB and intensity mapping observations,
compared with the Planck 2015 + BAO + SN1a + H0 results (green). The FRB constrains are the results from
an MCMC analysis of mock catalogues containing 1000 (gray) and 10000 (red) events respectively, in both cases
out to a limiting redshift z = 3. The blue region represents the intensity mapping results from HIRAX, with only
flat priors on the parameters. These plots are preliminary results adapted from10 and6 .

4

Conclusion

Radio astronomy will soon be burgeoning with new data. There are already many exciting flagship programmes for these experiments ranging from cosmology to searches for extraterrestrial
life. In this short article, we bring attention to the fact that there is also fundamental physics
to be explored and questions to be answered about the early universe. The new tools accessible
to us through radio telescope arrays, bring with them the real hope of constraining cosmological
observables that should be set by fundamental physics theory .There are many exciting questions
about fundamental physics, that radio astronomy may help us to answer.
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Atomic Clock Ensemble in Space (ACES) is an ESA mission designed to test the Einstein’s
Equivalence Principle with high-performance atomic clocks in space and on the ground. Installed onboard the International Space Station, the ACES payload will generate a clock signal
with fractional frequency instability and inaccuracy of 1 − 3 · 10−16 . Two links operating on
microwave (MWL) and optical (ELT) frequencies will allow comparing the ACES clocks with
the best atomic clocks on the ground in a global network. Space-to-ground and ground-toground comparisons will provide tests of Einstein’s theory of general relativity, at the same
time developing applications in geodesy and time & frequency metrology.
The ACES flight model is close to completion. The cold atom clock PHARAO has been tested
and delivered for integration in the ACES payload. The ELT link has been completed. MWL
and the active hydrogen maser SHM are presently under test. System level tests have already
started and will continue all along 2017.
This paper will present the recent progress of the ACES mission and discuss future perspectives for testing fundamental physics with clocks in space.

1

ACES Mission Elements

Proposed to the European Space Agency in 1997, the Atomic Clock Ensemble in Space (ACES)
mission relies on PHARAO, a clock based on laser-cooled caesium atoms, to generate a high
stability and accuracy time reference in space 1,2,3 . The free fall conditions are crucial for
PHARAO to reach or even surpass the performance of the best atomic fountain clocks on
ground, while keeping a very compact volume, small mass and power consumption. Installed
onboard the International Space Station (ISS), at the external payload facility of the Columbus
module, the ACES payload distributes its time scale to ground clocks by using two independent
time & frequency transfer links, a link operating in the microwave domain (MWL) and the ELT
(European Laser Timing) optical link. On the ground, a network of MWL ground terminal and
satellite laser ranging stations provides the physical interface between the ACES clock ensemble
and atomic clocks on ground.
The ACES payload is shown in Fig. 1. It has a volume of about 1 m3 , for a mass of 230 kg
and a power consumption of 450 W.
The main onboard instruments are the cesium clock PHARAO and the active hydrogen
√
maser SHM. The PHARAO clock reaches a fractional frequency stability of 1.1 · 1013 / τ , where
τ is the integration time expressed in seconds, and an accuracy of a few parts in 1016 . SHM
is the ACES flywheel oscillator, also providing the frequency reference needed for the onboard
characterization of the PHARAO clock stability and accuracy. PHARAO and SHM 100 MHz

Figure 1 – The ACES payload has a volume of 1 m3 , for a mass of 230 kg and a power consumption of 450 W.

signals are compared in the phase comparator FCDP, which also distributes the ACES frequency
reference to the MWL electronics. FCDP performs a phase comparison measurement between
the 100 MHz clock signals generated by PHARAO and SHM and uses this information to close a
phase-locked loop, which steers the PHARAO local oscillator (USO) on SHM with a typical time
constant of a few seconds (short-term servo-loop). At the same time, the frequency difference
(Detsynch) between the PHARAO USO and the frequency reference provided by the Cs clock
transition is measured in the PHARAO resonator, sent to the ACES onboard computer (XPLC),
and used to operate a frequency-locked loop steering SHM on PHARAO with a time constant
of a few hundreds of seconds (long-term servo-loop). The two servo-loops lock PHARAO and
SHM together generating the ACES clock signal, which now exhibits the short to medium-term
stability of SHM and the long-term stability and accuracy of PHARAO.

Figure 2 – The clock signal generated onboard ACES.

MWL is the ACES metrology link: coherently with the ACES clock signal, it generates the
ACES time scale and compares it with the time scales locally generated by atomic clocks on the
ground; furthermore, it stamps the arrival of the electrical pulses generated by the ELT detector
in the onboard time. Finally, a GNSS receiver, tracking GPS, GALILEO and GLONASS signals,
provides precise orbit data of the ACES clocks. The onboard receiver is driven by the ACES
clock signal thus providing one additional link for comparing remote clocks in space and on the
ground via the GNSS network. Figure 3 shows the ACES network of MWL ground terminals.
Six fixed units will be deployed around the world, at the best institutes for time & frequency
metrology: two in the US, JPL (Pasadena) and NIST (Boulder), three in Europe, at SYRTE

(Paris, FR), PTB (Braunschweig, DE), and NPL (Teddington, UK), and one in Japan, at
NICT (Tokyo). One transportable MWL station will be located in Europe and shared by other
institutes, including the Wettzell geodetic observatory (Wettzell, DE), METAS (Bern, CH),
and INRIM (Torino, IT); a second transportable station will be dedicated to the calibration
of MWL fixed terminals for time transfer experiments and for comparisons with the laser link
ELT. As shown in Fig. 3, space-to-ground comparisons will occur over three continents, at the
same time enabling ground-to-ground comparisons over worldwide distances by using ACES as
a relay satellite.

Figure 3 – The ACES network of MWL ground terminals and typical ground tracks of the ISS orbit.

Combined with the growing network of regional links using compensated optical fibers,
which have already demonstrated frequency comparison capability at 1 · 10−19 resolution, clock
comparisons at the level of 1 · 10−17 or better will soon be available with ACES on a global scale.
Such performance represents one to two orders of magnitude improvement over the currently
used TWSTFT and GPS time transfer systems. Several institutes, such as PTB, SYRTE, and
NPL, are already interconnected by a fiber link and additional links will be operational by the
time of the ACES mission. Furthermore, the fiber links between NIST and JILA (Boulder, US)
as well as between NICT, NMIJ (Tsukuba, JP), and RIKEN (Tokyo, JP) will connect additional
institutes sensibly enlarging the ensemble of ground clocks contributing to ACES.
The ground clocks connected to the ACES network are based on different atoms and ions,
with transitions both in the microwave and in the optical domain. Microwave fountain clocks
are today mature instruments, with fractional frequency stability and accuracy of a few parts
in 10−16 , able to run on a very high duty cycle (> 95%) 5,4 . They will be compared over the
whole mission duration with the ACES clocks. Following the advances in optical frequency
measurements using frequency combs, clocks based on the optical transitions of atoms and ions
have made spectacular progress in the last years. Several optical clocks have demonstrated a
stability of 3 · 10−16 at 1 s, down to 2 · 10−18 after 20000 s, and an accuracy in the 10−18 range
6,7,8,9,10,11 . These clocks are not yet as reliable as microwave fountain clocks, but with ACES they
will be compared over intercontinental distances at 10−17 frequency resolution during dedicated
measurement campaigns.
ACES, ready for launch in the fall of 2018, will be transported on orbit by Space X and
automatically mated at the Clolumbus External Payload Facility (CEPF) by the ISS robotic
arm. The ISS has a nearly circular orbit around the Earth with a mean elevation of 400 km, an
orbital period of 5400 s, and an inclination of 51.6◦ . The first 6 months of operations will be
devoted to the characterization and performance evaluation of the ACES clocks and links. In
microgravity, it will be possible to optimize the interaction time of cesium atoms in the PHARAO
clock and tune the linewidth of the atomic resonance by two orders of magnitude. After the

clocks optimization, performance in the 1016 range both in frequency stability and accuracy are
expected. In parallel, the ACES metrology links will be calibrated and characterized. During
the second part of the mission (12 months, possibly extended to 30 months), the ACES clocks
will be routinely compared to ground clocks operating both in the microwave and in the optical
domain.
2
2.1

Scientific Objectives
Testing General Relativity 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 clock positions. The comparison between the ACES clocks and ground-based
atomic clocks will measure the frequency variation due to the gravitational redshift with a 70-fold
improvement on the GP-A experiment 12 , testing Einstein’s prediction at the 2 ppm uncertainty
level.
Time variations of fundamental constants can be measured by comparing clocks based on
different atomic species and transitions 13,14 . 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 , depending on the quark mass mq , the electron mass me , and the
QCD mass scale ΛQCD 15,16 . 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 the
time variations of the three fundamental constants reaching an uncertainty of 1 · 10−17 /yr after
one year, down to 3 · 10−18 /yr 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 onboard GPS satellites to
ground hydrogen masers 17 . In such experiments, LLI violations would appear as variations of
the speed of light c with the line-of-sight 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.
The possibility of constraining Lorentz-violating Standard Model extension (SME) coefficients of the proton and neutron as well as dark matter models with ACES are presently under
study.
2.2

Applications

ACES will also demonstrate a new technique to map the Earth gravitational potential. It
relies on a precision measurement of the Einstein’s gravitational redshift between two clocks
to determine the corresponding difference in the local gravitational potentials. The possibility
of performing comparisons of ground clocks to 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 onboard the ACES payload will ensure orbit determination of the
space clocks. The receiver will be connected to the ACES clock signal, opening the possibility
of using the GNSS network for clock comparisons.
The simultaneous operation of MWL and ELT will allow to cross calibrate the two links.
Optical versus dual-frequency microwave measurements will provide useful data for the study
of atmospheric propagation delays and for the construction of atmosphere mapping functions in
S-band, Ku-band, and at optical frequencies. The ACES links will also deliver absolute ranging
measurements, both in the microwave and in the optical domain.

3
3.1

ACES Status
PHARAO

PHARAO is a primary frequency standard based on laser cooled cesium atoms developed by
LNE-SYRTE, LKB, and CNES. Its concept is very similar to ground-based atomic fountains.
Atoms, launched in free flight along the PHARAO tube, cross a resonant cavity composed of
two spatially separated interrogation zones where they interact 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 microgravity, the velocity of the atoms is constant and
it can be continuously changed over almost two orders of magnitude (5 to 500 cm/s), allowing
the detection of atomic signals down to sub-Hz linewidth.
All PHARAO subsystems have passed their qualification tests: random vibrations, thermal
cycles, etc. During ground tests, PHARAO is operated under vacuum with the cesium tube
aligned vertically and the atoms launched upwards at a velocity of 3.56 m/s. The space environment is emulated by changing the temperature at the clock baseplate and the magnetic field
via large external Helmholtz coils. The clock performance tests at CNES lasted 4 months and
ended in Summer 2014. The capture, cooling, launch, and detection of cold atoms have been
optimized. The frequency stability and the major systematic frequency shifts of the clock have
been measured. 5·108 atoms can be collected in the PHARAO optical molasses for a laser power
of 12 mW/beam and a loading time of 1.5 s. The PHARAO Ramsey fringes are in full agreement
with numerical simulations. The central fringe has a linewidth of 5.6 Hz corresponding to an
interaction time of 90 ms. In micro-gravity, the linewidth can be reduced to 0.12 Hz at a launch
velocity of 50 mm/s.
The PHARAO frequency stability has been measured as a function of the integration time
τ by comparing the clock to the SYRTE mobile fountain FOM 18 . PHARAO Allan deviation is
√
√
3.15 · 10−13 / τ , with FOM contributing 1.3 · 10−13 / τ . The clock model predicts a frequency
√
stability of 1.1 · 10−13 / τ in microgravity. PHARAO and FOM frequencies agree to better than
2 · 10−15 . All major systematic frequency shifts have been measured and the frequency accuracy
of the PHARAO clock has been thoroughly characterized down to the 1 · 10−15 level. When
operated under microgravity conditions, the PHARAO clock is expected to have an accuracy of
1 − 3 · 10−16 .
PHARAO is now at ADS in Friedrichshafen, integrated on the ACES baseplate.
3.2

SHM

SHM is an active H-maser operating on the hyperfine transition of atomic hydrogen at 1.420405751
GHz. Developed by SpectraTime, SHM provides ACES with a stable fly-wheel oscillator. SHM
is designed to fit into a volume of 390 × 390 × 590 mm3 and a mass of 42 kg, while delivering
the typical frequency stability performance of a ground maser. To this purpose, the number of
thermal shields 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
stabilities down to 1.5 · 10−15 at 104 s of integration time.
The SHM sensitivity to temperature and magnetic field variations has been measured. The
thermal sensitivity can be counteracted by a fast servo on the ACES baseplate temperature (<
600 s time constant) and by the natural filtering of temperature fluctuations due to the thermal
inertia of the instrument. In addition, SHM frequency variations can be calibrated as a function
of temperature. SHM sensitivity to magnetic fields has been measured to about 8 · 10−14 /G. At

this level, the magnetic field variations along the ISS orbit (±0.4 G) are expected to introduce
a degradation to the H-maser stability of 1 − 2 · 10−14 . These frequency fluctuations will be
corrected by the ACES servo-loops. In addition, magnetic field perturbations are suppressed
to high degree when taking the frequency difference between alternating PHARAO cycles over
100 s time intervals, as needed for the PHARAO accuracy evaluation. Tests will be performed to
better characterize the H-maser sensitivity to external B-fields. In addition, dedicated electronics
have recently been implemented in SHM to be able to degauss the mu-metal shields of the clock
while on orbit.
The SHM flight model is being completed. Its delivery for integration in the ACES baseplate
is expected by the end of 2017.

3.3

ACES Integrated System Tests

The flight model of the PHARAO clock, the SHM engineering model, the flight model of FCDP
and XPLC have recently been integrated in the ACES payload to verify that the clocks can be
operated close to each other without interfering and to validate the main functions of ACES,
including the short and long-term servo-loops. The ACES performance was measured with respect to an ensemble of ground clocks operated at ADS premises in Friedrichshafen, namely an
active H-maser stabilizing a cryogenic sapphire oscillator. In addition, the H-maser was permanently compared to UTC(OP) via a GPS link to constantly monitor the PHARAO frequency
and to evaluate its systematic shifts. The long-term stability of the ACES clock signal was
measured against the H-maser; on the other hand, the cryogenic oscillator was used to evaluate
the short-term stability and the phase noise power spectral density (PSD) of the clocks.
After the standard power-on of the payload, SHM was first initialized and tuned. The Allan
deviation and the phase noise PSD were measured. SHM Allan deviation is shown in Fig. 4. The
measured stability is in good agreement with the SHM performance in stand-alone configuration.

Figure 4 – Allan deviation of the SHM clock integrated in the ACES payload.

As second step, the PHARAO clock was also powered on. PHARAO was first operated in
autonomous mode. In this configuration, PHARAO measures the frequency difference (Detsynch) between its local oscillator (USO) and the Cs clock transition, sends this information to
the PHARAO onboard computer (UGB) that in turn closes a loop to steer the PHARAO USO
on the Cs resonance. The clock stability is reported in Fig. 5, showing a good agreement with
the PHARAO stability as measured during clock stand-alone tests at CNES.

Figure 5 – Stability of the PHARAO clock when operated in autonomous mode on the ACES payload.

Finally, also FCDP was powered on and the ACES signal was distributed at the MWL
output. Unfortunately, due to an error in the FCDP firmware, it was not possible to fully
test the performance of the short-term servo-loop. The loop could be closed, but it was not
possible to change the gain and its time constant to optimize it. On the contrary, it was possible
to characterize the long-term servo-loop and evaluate the major frequency shifts affecting the
PHARAO clock. This test was performed by operating ACES in its Backup mode. In this
configuration, the PHARAO USO is bypassed and the clock is driven by the SHM 100 MHz
signal. The long-term servo was closed with the PHARAO clock operated on two different
cycles, alternating high-density and low-density clouds of laser-cooled Cs atoms. PHARAO was
configured to hold the last Detsynch value when in the high-density cycle to avoid frequency
jumps at the SHM output. Figure 6 shows the evolution of the long-term servo-loop error signal
(Detsynch) and its Allan deviation. The loop has a time constant of about 500 s. The 1/τ slope
observed in the Allan deviation plot for integration times longer than 500 s shows that the loop
is correctly operating. For shorter integration times, the Allan deviation shows the performance
of the PHARAO clock, now ∼ 1 · 10−12 at 1 s, dominated by the Dick effect due to the worse
phase noise PSD of SHM compared to the PHARAO USO.
Finally, the main systematic frequency shifts at the PHARAO clock were evaluated down to
the 1 · 10−15 level while ACES was operated in Backup mode: the second-order Zeeman effect,
the blackbody radiation shift, the cold collisions shift, and the first-order Doppler effect. As
final confirmation of the accuracy of the ACES clock signal, an absolute frequency measurement
with respect to the Cs fountain clocks operated at LNE-SYRTE in Paris was performed via the

Figure 6 – ACES operated in Backup mode: (left) evolution of the error signal Detsynch when closing the
long-term servo-loop; (right) Allan deviation of Detsynch.

GPS link. Figure 7 shows the Allan deviation of the remote comparison between the ground Hmaser operated ADS and UTC realization in LNE-SYRTE (UTC(OP)). The comparison reaches
a fractional frequency uncertainty of a few parte in 1015 after about 10 days of integration
time. After estimating the frequency shift due to the gravitational time dilation, the absolute
frequency measurement confirmed the evaluation of the PHARAO frequency shift performed in
Friedrichshafen to 2 · 10−15 .

Figure 7 – Allan deviation of the remote comparison between the ground H-maser operated at ADS and UTC
realization in LNE-SYRTE (UTC(OP)). The comparison reaches a fractional frequency uncertainty of a few parts
in 101 5 after about 10 days of integration time.

3.4

MWL

The ACES microwave link is developed by ADS, TIMETECH, TZR, and EREMS. The proposed
MWL concept is an upgraded version of the Vessot two-way technique used for the GP-A
experiment in 1976 12 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 Electron Content
(TEC) and correct for the ionospheric 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.
The engineering model of the flight segment electronic unit has been tested in end-to-end
configuration with the ground terminal electronics in the presence of signal dynamics (attenuation and Doppler frequency variations as predicted along the ISS orbit). On the short-term
(< 300 s), the time stability is driven by the noise performance of the Ku-band transmitter and
receiver and the DLL (Delay-Locked Loop) boards. The 100 MHz chip rate allows to reach a
time stability at the 5 ps level already with code measurements. However, the ultimate performance is achieved with the carrier phase measurements, whose time stability is at the level 200 fs
at about 100 s of integration time in the presence of signal dynamics. The thermal sensitivity
of the system has been calibrated. The sensitivity to a series of key parameters such as clock
input power, received signal-to-noise density ratios, supply voltage, Doppler, and Doppler rate
has also been measured.
MWL ground terminal (GT) electronics are similar to the MWL flight hardware, symmetry
being important in a two-way system to reduce instrumental errors. The electronics unit of the
MWL GT has been rigidly attached to the antenna unit to reduce phase instabilities due to
the tracking motion. 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 clocks and the MWL GT electronics, and it 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 thermal design allows to
operate the MWL GT for an external temperature between −30◦ C and +45◦ C.
The MWL flight model is under assembly and board level tests have already started. The
delivery of MWL flight segment electronics for integration in the ACES payload is expected by
end 2017. The first MWL ground terminal has been deployed in PTB. The network is expected
to be completed in the second half of 2018.
3.5

ELT

ELT, acronym for European Laser Timing, is an optical link based on picosecond laser pulses
exchanged between Satellite Laser Ranging (SLR) stations on ground and the ACES payload.
The onboard hardware consists of a corner cube reflector, a Single-Photon Avalanche Diode
(SPAD), and an event timer board connected to the ACES time scale. Laser pulses fired towards
the ISS are detected by the SPAD diode and stamped in the ACES scale. At the same time, the
ELT reflector re-directs the laser pulses towards the ground station. The measurement of the
start and return times on ground and of the detection time in space is then used to determine
the desynchronization between space and ground clocks as well as the range.
Developed by the Technical University of Prague and CSRC, the SPAD diode has been
tested in conjunction with a laboratory time tagging board providing sub-picosecond resolution.
The time deviation of the combined system has a floor slightly below 200 fs. Peak-to-peak time
fluctuations amount to a few picoseconds over several days of measurement. The detector is
extremely robust against stray light and temperature variations. The temperature sensitivity
has been measured between −60◦ C and +70◦ C showing a mean slope as low as 0.48 ps/K.
The flight model of the detector has been tested and delivered. The corner cube reflector is
already integrated on the ACES payload.
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The ACES-PHARAO mission aims at operating a cold-atom caesium clock on board the
International Space Station, and performs two-way time transfer with ground terminals, in
order to allow highly accurate and stable comparisons of its internal timescale with those
found in various metrology institutes. Scientific goals in fundamental physics include tests
of the gravitational redshift with unprecedented accuracy, and search for a violation of the
Lorentz local invariance. Hopefully this is our last status update in Moriond with ACES still on
ground... As launch is coming closer we are getting ready to process the data expected to come
from ACES Microwave Link (MWL) once on board the International Space Station. Several
hurdles have been cleared in our software in the past months, as we managed to implement
algorithms that reach target accuracy for ground/space desynchronisation measurement. I
will present the current status of data analysis preparation, as well as the activities that will
take place at SYRTE in order to set up its data processing center.

1

Introduction

This presentation follows previous status updates, notably last Rencontres de Moriond 1 . General
presentation of the ACES mission may be found in Laurent et al., 20122 . The software is now
almost finished, as it is able to process what we assume to be realistic MWL simulated data
over full measurement sessions ('10 days). We were therefore able to use this software for
experiments (e.g. influence of ISS orbitography uncertainty on final results).
2

A brief reminder of the MWL measurement principle

The ACES Micro Wave Link (MWL) will be the main device used for time and frequency
transfer between space and ground stations. It requires a specific terminal, 5 of them will be
attached permanently to several high performance clocks around the world, while additional
mobile units will perform measurements for shorter period of times either in colocation for
calibration purposes, or at different institutes to increase coverage.
It applies the principle of two way time transfer, in which both clocks send a timing signal
to the other one. Each incoming signal is then compared to the locally produced signal, which
provides a “ pseudo-range” observable. The difference between the ground and space observable
nullifies (at first order) the signals propagation delay and gives access to the desynchronisation
between the clocks 3 . Figure 1 shows the basic configuration for signal exchange. We use
one uplink (Ku-band, 13.475 GHz) and two downlinks with very different frequencies in order

to determine the Total Electron Content (TEC), Ku-band 14.703 GHz and S-band 2.24 GHz.
The “lambda” configuration shown on figure minimizes the effect of our limited knowledge of
ISSposition and also limits the impact of tropospheric delays estimate errors.
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Figure 1 – Left : nominal configuration for signals exchange, the uplink signal and both downlink signals are
not synchronised and both stations move during time of flight. Right : The “lambda” configuration, obtained by
interpolation, where we match arrival at and departure from the space station in order to minimize the impact
of its positional uncertainty.

3

Software development at Syrte

Basic ideas for the data processing where first explored in Duchayne, 2008 4 . Actual coding of
the present software started in 2011, the package now consists in roughly 6300lines of python
/ numpy code. For each pass of the ISSin visibility of the ground station, it takes raw (but
demodulated) data + auxiliary files as input, and computes ground/space desynchronisation,
Total Electron Content, and pseudo range every 80ms during the pass.
In parallel, a simulation software has been developed as independently as possible : different
programming language (Matlab) and separate developers, only sharing basic understanding of
the measurement principle.
3.1

Typical results

Figure 2 shows typical results coming out of the processing of one pass, from simulated data.
The top row shows the actual value of the desynchronisation throughout the pass : we asked for
a simulation with a ' 1 ms offset, plus a drift which is due to the difference in geopotential (i.e.
Pharao is not de-tuned to compensate this). Tis means that, from the beginning to the end of
the pass, the desynchronisation varie by a few tens of microseconds.
There are two measurements done simultaneously : the signal consists on an encoded modulation of the carrier, and the modem returns a “code” and a “carrier” observable. “code” is
non ambiguous but as a 20 ps uncertainty on each point. “carrier” is more stable (1 ps at each
point) but needs ambiguity removal and is affected by an unknown offset. The bottom graphs
illustrate these characteristics.
It should be noted that the only noise source included here is the quantization noise generated
by the measurement principle (which is based on counters running at ' 100 MHz, which translate
into the observed spread). Therefore this represents the floor noise this technique may achieve :
we expect real data to be much noisier.
One of our recent major achievements is the implementation of carrier disambiguation and
offset conservation from pass to pass : as noted above, the most stable measurement (i.e.

Figure 2 – A typical pass result. Top : input desynchronisation (drift = GR). Bottom : residuals (theoretical calculated desynchronisation).

“phase”) is affected by an unknown offset, but according to the specifications there is a way to
link one pass to the next and therefore keep this unknown offset constant from one dataset to
the next (provided no hardware reset has occurred in the mean time). This behaviour is illustrated on figure 3 : “code” measurement mean value can exhibit ' 20 ps jitter, while “carrier”
measurement stays close to the same value (here, 0.8 ps away from the theoretical value).

Figure 3 – Same as fig. 2, but spanning 3 consecutive passes (roughly separated by 1 ISS orbital period).

4

Experiments

Both processing and simulation software are very useful tools even before the mission start, as
an efficient way to experiment on expected data : the very high flexibility of the simulation
software allows to generate datasets that will test edge cases or peculiar scenarios, even non
physical ones for test purposes (e.g. stop the ISS to allow “constant range” scenarios, switch
atmosphere on and off, etc. . . ). We regularly provide datasets to industrial Ground Segment
developers to test their work chain. We also test our own ability to detect deviations to GR or
possible technical mishaps.
For example, we have tested the impact of ISS orbitography uncertainty : we know that the
ISS will always be slightly off the position we read from the orbitography files. First, with help
from DLR (O. Montenbruck) we compared two orbitography datasets obtained for the ISS at
the same time, one from the regular tracking device (SIGI), the other from a more precise GNSS
receptor installed temporarily on the ISS in 2006. The SIGI error dominates, so the difference
between the two gives an estimate of the error vector.
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Figure 4 – Projection of ISS orbitography uncertainties.

Projection of this error vector on meaningful
axes, for 12 days of data, is shown on fig 4. As
expected, we observe a smaller dispersion on R
(radial), i.e. a few meters, while T (transverse,
along path) axis bears larger errors. N (normal)
exhibits peculiar patterns due to the model used
for fitting. Note that we have selected a “quiet”
period, without major disturbances (such as altitude boosts, vessel docking, etc. . . ). Once we
have those projections we can re-apply them to
our orbitography file, and change their amplitude (selectively on each axis) to test for degraded conditions.

This allowed us to verify theoretical calculations showing that using the “lambda” configuration effectively reduces the impact of ISS orbitography uncertainty : we show that, as far as the
desynchronisation determination is concerned, our algorithm can cope with an error between 10
and 100 times worse than expected. Note however that it is another matter to check the impact
of this uncertainty on our knowledge of the gravity potential during the orbit, which in turn
shifts the clocks frequency during orbit. Tools are being developed to modelize and integrate
this shift in various theoretical frames.
5

Conclusion

Work has progressed well and is in line for the planned launch date, one year from now. We
already have demonstrated our ability to process large amounts of data within the required
specifications, all remaining unknowns pending to comprehensive end-to-end hardware tests
that are expected to happen this summer.
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Optical clocks are now the most stable and accurate frequency standards, with performances
in the low 10−18 , outperforming by two orders of magnitude the best microwave primary standards based on cesium. This opens the question of a possible redefinition of the SI (Système
International) second with an optical transition. However, several operational steps have to
be demonstrated before such a redefinition can be effective: reliable and interconnected clocks
are necessary to realize the definition. Here, we report on several experimental advents in this
direction, including the remote comparison of optical lattice clocks via phase compensated
optical fiber links between different metrology institutes across Europe.

1

Introduction

The primary microwave cesium clock, the cold atom fountain being its most accurate implementation, are currently realizing the SI and are used to build international timescales such as
TAI (Temps Atomique International) and its derivative UTC (Universal Time Coordinated).
The widespread usage of fountain clocks for these application relies on four pillars. First, the
availability in several metrology institutes of highly reliable atomic fountains makes possible
a continuous operation. Second, these remote clocks are interconnected by satellite-based microwave links, in oder to compare them. Third, repeated measurement of frequency ratios
between cesium clocks and between cesium and rubidium clocks have confirmed their accuracy
budget, evaluated at a few parts in 1016 . Finally, regular calibrations of TAI reported to the
Bureau International des Poids et Mesures (BIPM) make them key players in building accurate
time scales 1 .
More recently, optical clocks, whose frequency is referenced to a narrow optical atomic
transition in ions or neutral atoms instead of a microwave hyperfine transition, have progressed
fast down to a control of systematic effect of a few parts in 1018 2,3,4 . The frequency stability of
optical clocks using neutral atoms confined in an optical lattice have reach a few 10−16 for an
integration time of 1 s, effectively reaching a the statistical resolution of a few 10−18 in a mere
hour of measurement 5,6,2 . The performances of optical clocks thus outperform the performances
of microwave primary standards by two orders of magnitude, opening the way to a redefinition
of the SI second using an optical transition.

Calibration of TAI

ote
m
re ns
for riso
s
k pa
Lincom

Frequency ratios

Microwave
standards

Optical
clocks

Reliables and reproducible
clocks

Optical
clock

Figure 1 – Optical clock architecture proposed in this paper. It includes all four components (text in red) that
integrate optical clocks into a network of clocks whose implementation is necessary to envision a SI second based
on an optical transition.

However, before optical clocks can replace the operational microwave clocks, a full network of
optical clocks implementing the four pillars listed above has to be realized, as depicted in figure 1.
In this paper, we report on several experimental advents that, together, are a first demonstration
that optical clocks are in the process of fully reproducing the current clock architecture based on
microwave clocks. First, the experimental demonstration of reliable optical lattice clocks, able to
operate almost continuously over extended periods of several weeks, shows that optical clocks are
now suitable for applications such as calibrating timescales. Second, reproducible measurements
of frequency ratios between optical and optical clocks confirm the excellent control of systematic
effects advertised for these clocks, while frequency ratio measurements between optical and
microwave clocks bridge the two frequency domains. Third, linking optical clocks together
enable the comparison of completely independent remote clocks located at different metrology
institutes. To fully benefit from the statistical resolution of optical clocks, these comparisons are
now conducted by fiber links, as the satellite comparisons methods feature a limited frequency
stability. Finally, we report on the first contribution to TAI with an optical frequency standard,
complementing the regular contributions of cesium and rubidium microwave standards.
2

Optical clocks

Optical clocks take advantage of the high quality factor offered by narrow electronic transitions
in the optical spectrum, probed by a pre-stabilized narrow linewidth laser. Optical lattice clocks
are therefore composed of two elements: a laser locked on an ultra-stable Fabry Perot resonator
with relative length fluctuations on the order of 10−16 , and a set of ultra-cold atoms confined
in an optical lattice for a Doppler-free spectroscopy. LNE-SYRTE has built a set of two optical
lattice clocks with strontium atoms with frequency instability of 10−15 at 1 s and an accuracy of
4.1 × 10−17 . They are connected, via a frequency comb to an optical lattice clock with mercury
atoms, an ultra-stable laser injected in fiber links (section 4), and a set of three microwave
standards (figure 2).
The strontium optical clocks have been demonstrated to be operable over several weeks
with minimal human intervention, and a time coverage ranging from 67% to 92%. This shows

that optical lattice clocks are suitable for calibrating time scale for which long term operation
is necessary. It also makes possible to measurement of optical-to-microwave frequency ratio,
which, because of the limited frequency stability of microwave standards, require long integration
times 7 .
Effect
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Quadratic Zeeman shift
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Figure 2 – Left: clock architecture at LNE-SYRTE, showing two Sr clocks, ultra-stable cavities, and the frequency
comb linking these clocks to the Cs and Rb atomic fountains. Right: accuracy budget of the two strontium clocks.
It is dominated by the uncertainty on the black-body radiation shift arising from temperature inhomogeneities in
the vacuum environment of the atoms.
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3

Optical to optical and optical to microwave frequency ratios

Comparing two clocks using the same atomic species enables to confirm the accuracy budget of
the clocks. We have conducted comparisons between our two strontium clocks (Sr2 and SrB)
over extended periods, and found an agreement compatible with the total uncertainty:
νSr2 − νSrB
= (2.3 ± 7.1) × 10−17 .
νSr

(1)

This result improves on the first comparison between two optical lattice clocks with an uncertainty beyond the best realization of the SI second 8 , conducted at SYRTE.
High resolution interspecies optical-to-optical comparisons enable many applications of optical clocks, such as test of fundamental physics, by verifying that the measured frequency ratio
stays constant over time. Indeed, many theories beyond the standard model predict that the
constants of nature may vary with time, hence frequency ratios between clocks, whose frequency
depends on these constants. At LNE-SYRTE, we measured the frequency ratio between strontium and mercury lattice clocks with a total uncertainty of 1.7×1016 9 . This ratio is in agreement

with a completely independent measurement at RIKEN, Japan 10 . This quantity is thus one
of the best frequency ratio measurement reproduced in different laboratories. It confirms that
optical clocks can be reproduced with uncertainties better than the best realization of the SI
second.
Frequency ratios between optical and microwave clocks, although they do not reach an
uncertainty as low as optical to optical comparisons, bring several advantages. First, measuring
the stability of these ratios tests different physical theories, owing to the different nature of
the atomic transitions involved (the frequency of optical clocks is mainly determined by the
electron orbit, while the frequency of microwave hyperfine transitions is mainly determined by
the properties of the nucleus). Second, they are able to bridge the microwave domain and the
optical domain, which is a necessary condition for a redefinition of the SI second.
At SYRTE, we conducted extensive measurements of the frequency ratio between Sr lattice
clocks and Cs and Rb microwave clocks 7 . This frequency ratio has been extensively measured
by different laboratories worldwide, leading to a very good agreement. Figure 4 shows the recent
history of the Sr/Cs measurements.
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Figure 4 – International agreement of the frequency ratio between Sr optical lattice clocks and the Cs primary
standard: green •: LNE-SYRTE, red •: JILA, light blue •: Tokyo University, orange •: PTB, pink •: NICT,
purple •: NMIJ, blue •: NIM. The graph also shows a fit of these data points by a linear drift of the fundamental
constants, as well as a fit with a possible coupling to the Sun’s gravitational potential, with a yearly signature.
Although no effect is resolved yet, the Sr/Cs data bring a decisive contribution to constraints on these effects.

4

Comparisons between remote optical clocks with fiber links

Remote clock comparison can provide many more application with respect to local comparisons.
First, it extends the possibilities of clock comparisons by making more clock pairs available,
also enabling to directly compare completely independent clocks built by different teams. But
it also makes new applications possible, one of the most prominent being a mapping of the
gravitational potential at long distances by comparing the rates of clocks located at different
positions in the gravitational potential of the Earth, via the gravitational redshift. Geodetic
models can predict this redshift with an uncertainty of several 10−18 , i.e. several centimeters
on the clocks’ positions with respect to a common reference geoid. When laboratories are able
to compare remote clocks with uncertainties in the low 10−18 , these comparisons will therefore
contribute previously unknown information to geophysicists 11 .
Satellite comparisons methods are limited to a resolution around 10−16 , reached after several
weeks of integration. Applications of remote optical clocks comparisons therefore require new
comparison methods. For this purpose, optical fiber links are being deployed at continental scale
between laboratories, especially in Europe where several of these links are being operated. These

links make use of an infrared laser as a transfer laser, sent back and forth in the link in order
to measure and actively cancel the phase fluctuations in the fibers, by comparing the phase of
the laser sent into the fiber with the phase of the laser coming back from the fiber. Repeater
and regeneration stations are necessary to overcome the problem of the large attenuation in the
fibers, and to overcome the limitation on the bandwidth of the active compensation of phase
fluctuations set by the round-trip delay in the fiber.
A link between LNE-SYRTE and PTB has been used for the first time in 2015 to compare
remote strontium optical lattice clocks 12 . The statistical resolution reached a few 10−17 after a
mere hour of measurements, that is to say one order of magnitude better than satellite methods,
and two orders of magnitude faster. This comparison enabled to evaluate the frequency difference
to:
νSrPTB − νSr2
= (4.7 ± 5.0) × 10−17
νSr

(2)

To reach this agreement, a correction of the gravitational redshift of (−247.4 ± 0.4) × 10−17
was applied, independently determined by geodetic models. This comparison was the first alloptical international agreement between two optical clocks. Along with a similar comparison
between SYRTE and NPL, this comparison already contributed to a first test of special relativity
with optical fiber links 13
5

Contributing to international time scales with optical clocks

The last component of the clock architecture proposed in this paper is the first contribution of an
optical frequency standard to TAI. While cesium clocks routinely contribute to TAI, calibration
reports from the rubidium fountain clock at SYRTE has been the only contribution so far with
a secondary representation of the SI second. Before the SI second can be redefined, it is however
necessary that optical standards used in practice for the calibration of TAI. However, such
calibrations are challenging, as calibration intervals are composed of multiple of five continuous
days. SYRTE has reported five calibration reports spanning from 2014 to 2016, with calibration
intervals ranging from 10 to 20 days. This first calibration has been accepted by the BIPM, as a
non steering contribution. It shows that optical clocks are closer to supersede microwave clocks.
Acknowledgments
This paper gathers several experimental achievements conducted by many contributors at SYRTE,
LPL, PTB and NPL. These authors are listed in the relevant publications 7,12,9,13 .
References
1. M. Abgrall, B. Chupin, L. De Sarlo, J. Guéna, P. Laurent, Y. Le Coq, R. Le Targat,
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TEST OF SPECIAL RELATIVITY USING A FIBER NETWORK OF OPTICAL
CLOCKS
P. DELVA and J. LODEWYCK
SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ.
Paris 06, LNE, 61 avenue de l’Observatoire,
75014, Paris, France
In this paper we report on a test of special relativity theory 1 using a network of distant optical
lattice clocks located in France, Germany and the UK. By exploiting the difference between
the velocities of each clock in the inertial geocentric frame, due to their different positions
on the surface of the Earth, we can test the time dilation effect. The connection between
these clocks, achieved with phase-compensated optical fibers, allows for an unprecedented
level of statistical resolution for the comparison of remote atomic clock, making such a test
now competitive with the best Ives-Stillwell tests.

1

Introduction

Atomic clocks are today essential for several daily life applications, such as the building of
the International Atomic Time (TAI) or Global Navigation Satellite Systems (GNSS) 2 . With
the new generation of optical clocks, they reach such accuracy and stability that they are now
considered in practical applications for the measurement of gravitational potential differences,
thanks to the Einstein effect, or gravitational redshift. Several projects explored the possibilities
of using clocks in geodesy or geophysical applications and research 3,4,5,6,7 . This context offers a
fantastic opportunity to use atomic clocks to test fundamental physics 8,9,10 .
Special Relativity (SR), one of the cornerstones of modern physics, assumes that Lorentz
Invariance (LI) is a fundamental symmetry of nature. However, it is believed today that this
symmetry could be violated at some level of energy. Moreover, a strong violation of LI at the
Planck scale is likely to yield a small amount of violation at low energy, which could be measured
with precise experiments 11 .
Optical clocks are now the most precise measurement devices. They reach systematic uncertainties of a few 10−18 , which can be resolved after a mere few hours of measurement with
optical lattice clocks based on trapped neutral atoms 12,13,14,15,16 . Thanks to these unparalleled
performances, comparing the resonance frequencies of optical clocks has led to new tests of
fundamental physics, such as bounding the time variation of fundamental constants 17,18 .
2

The Robertson-Mansouri-Sexl theoretical framework

LI violations are predicted by several theoretical frameworks, categorized as kinematical and
dynamical frameworks 11 . In this paper we use the Robertson–Mansouri–Sexl (RMS) kinematical
framework 19,20,21,22 which contains only three parameters. It assumes the existence of a preferred
frame Σ where light propagates rectilinearly and isotropically in free space with constant speed

c. The ordinary Lorentz transformations from Σ to the observer frame S with relative velocity
w
~ are generalized to allow for violations of SR:
T = a−1 (t − c−1~ · ~x)
~ = d−1 ~x − (d−1 − b−1 )(w
X
~ · ~x)w/w
~ 2 + wT
~ ,

(1)
(2)

where a, b and d are functions of w2 , and ~ is a w-dependent vector specifying the clock synchronization procedure in S. In the low-velocity limit:
a(w)
~ = 1 + c−2 (α − 1/2)w2 + O(c−4 w4 ) ,

(3)

where α is an arbitrary parameter quantifying the LI violation, the value of which is zero in SR.
The RMS framework has been tested with atomic clocks comparisons in the past 23,24 .
However, with the advent of heavy-ion storage rings, Ives–Stillwell type experiments 25,26 gave
up to now the best constraints with |α| . 2.0 × 10−8 .
3

Comparison of optical clocks

Our test is based on four optical lattice clocks using Sr atoms, two located at LNE-SYRTE,
Observatoire de Paris, France 27,28 , one at PTB, Braunschweig, Germany 29,30 , and one at NPL,
Teddington, UK 31 . These clocks are connected by two fiber links, one running from SYRTE to
PTB operated in June 2015 32 , and one from SYRTE to NPL operated in June 2016.
In a simplified setup, an optical clock comparison using a phase noise compensated fiber link
can be described as a two-way frequency transfer between two observers A and B 33,34,35,36,37 .
Observer A emits an electromagnetic signal (e.g. an IR laser) with proper frequency ν0 , received
by observer B at a proper frequency ν1 , and partly reflected back to observer A, where it is
received with a proper frequency ν2 . The “redshift signal” or de-syntonization is
∆=

ν1 − ν0 ν2 − ν0
−
.
ν0
2ν0

(4)

The first term contains the relativistic redshift between the two observer locations as well as
the first order Doppler shift, while the second term contains only the first order Doppler shift,
therefore cancelling this term 23 . In addition, this compensation is active by fixing the second
term at a known value, realizing a well-known “Doppler cancellation” scheme 35 . The laser
frequencies ν0 and ν1 are then measured locally by beating with an optical clock at each end of
the link.
In the low-velocity limit the de-syntonization can be written as
∆ = ∆cl + ∆α ,

(5)

where ∆cl contains the relativistic redshift due to the static part of the gravity potential as well
as temporal variations 38 . The LI violating term signal is:


2
2
∆α = αc−2 2w
~ · (~vA − ~vB ) + vA
− vB
+ O(c−3 ) ,

(6)

where ~vA and ~vB are respectively the velocities of clocks A and B in the non-rotating geocentric
celestial reference system (GCRS). w
~ is the velocity of the Earth with respect to a preferred
frame, taken as the rest frame of the cosmological microwave background (CMB). The first term
of the LI violation in equation (6) varies with a period of one sidereal day as the Earth rotates
around its axis. It is therefore possible to bound the LI violating parameter α by looking for
daily variations in the relative frequency difference y between remote clocks, located at different
longitudes (i.e. different orientation of ~v ) and/or different latitudes (i.e. different norms of ~v ).

Table 1: Fits A to C use the NPL-SYRTE comparison data with A: Sr2 data only; B: SrB data only; C: Sr2 and
SrB data combined. Fit D uses the PTB-SYRTE comparison data.

A
B
C
D
4

δtSYRTE
(hours)
–
–
–
4.81 ± 0.25

αTSYRTE
(10−16 K−1 )
–
–
–
1.76 ± 0.12

α
(10−8 )
+3.81 ± 8.41
−5.87 ± 7.78
−2.83 ± 6.19
−0.38 ± 1.06

Results

We first analyzed the result of the comparison between the clocks at SYRTE and NPL. Between
June 10th and 15th 2016, we accumulated about 60 hours of clock comparison data between
SYRTE’s Sr2 and SrB lattice clocks, and NPL’s Sr clock 1 . To search for a violation of LI in
the clock comparisons, we consider three different data subsets: A: Sr2 data only; B: SrB data
only; C: Sr2 and SrB data combined. The relative frequency difference yNPL-SYRTE between the
NPL Sr clock and the SYRTE Sr clock is corrected from the term ∆cl . The model used to fit
the data contains two (for A and B subsets) or three parameters (for C subset):
i
yNPL-SYRTE (t) = ȳNPL-SYRTE
+ 2αc−2 w
~ · [~vSYRTE (t) − ~vNPL (t)] ,

(7)

i
where ȳNPL-SYRTE
allows for one or two fractional frequency offsets, depending on the chosen
data subset: A: i = {Sr2}; B: i = {SrB}; C: i = {Sr2, SrB}, and α is the LI violating parameter.
All parameters are determined in the fitting procedure, along with correlations and uncertainties.
Fitting results are given in table 1 for the three cases A to C.
The PTB-SYRTE comparison took place between June 4th and 24th 2015. This comparison,
involving SYRTE’s Sr2 clock and PTB’s stationary Sr clock, is reported in 32 . We use in this
paper the data of the second of the two campaigns reported in 32 , representing around 150 hours
of clock comparison data. An analysis of the PTB-SYRTE comparison data with a model similar
to equation (7) (replacing the NPL clock velocity with the PTB clock velocity, and i = {Sr2})
results in a significant bias for the parameter α, five times larger than the 1σ uncertainty on α.
A detailed analysis has shown that this effect is probably due to temperature variations in the
SYRTE clock laboratory 1 . Therefore, in addition to the LI violation, we included the effect of
temperature in the SYRTE clock room, leading to the following model:
Sr2
yPTB-SYRTE (t) = ȳPTB-SYRTE
+ yT,SYRTE (t) + 2αc−2 w
~ · [~vSYRTE (t) − ~vPTB (t)] ,

(8)

Sr2
where ȳPTB-SYRTE
allows for a fractional frequency offset, yT,SYRTE is the temperature effect
model containing two parameters, αT a temperature coefficient and δt a lag, both to be determined in the fitting procedure, and α is the LI violating parameter. The detailed result of
this analysis is given in table 1 – line D. It shows a significant effect of the temperature on the
frequency comparison of the order of 10−16 K−1 , with a lag of around 4.8 hours.

5

Conclusion

By using clock comparisons between four optical clocks at NPL (UK), PTB (Germany) and
SYRTE (France), linked by a leading-edge optical fiber network, we are able to put a more
stringent bound on the LI violating parameter α of the RMS framework. With 1.1 × 10−8 , α is
now by around a factor of two better constrained compared to the best previous determination of
this parameter, which was obtained with accelerated ions, and by two orders of magnitude with
respect to the best constraint previously obtained by comparing atomic clocks. Moreover, this

bound is purely limited by technical noise sources on the clock systems, which will improve in
√
future comparisons. Projecting the comparison of distant clocks with an instability of 10−16 / τ
over several weeks, a reduction in uncertainty of more than one order of magnitude for α is within
reach. This shows the significant potential for tests of fundamental physics with networks of
optical clocks connected by optical fiber links.
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SEARCHING FOR SCALAR DARK MATTER USING SIX YEARS OF
LNE-SYRTE FOUNTAIN CLOCK COMPARISON DATA

1

A. HEES1,2 , J. GUÉNA2 , M. ABGRALL2 , S. BIZE2 , P. WOLF2
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We use six years of accurate hyperfine frequency comparison data of the dual rubidium and
caesium cold atom fountain FO2 at LNE-SYRTE to search for a massive scalar dark matter
candidate. Such a scalar field can induce harmonic variations of the fine structure constant, of
the mass of fermions and of the quantum chromodynamic mass scale, which will directly impact
the rubidium/caesium hyperfine transition frequency ratio. We find no signal consistent with a
scalar dark matter candidate but provide improved constraints on the coupling of the putative
scalar field to standard matter. Our limits are complementary to previous results that were
only sensitive to the fine-structure constant, and improve them by more than an order of
magnitude when only a coupling to electromagnetism is assumed.

While thoroughly tested 1 , the theory of General Relativity (GR) is currently challenged by
theoretical considerations and by galactic and cosmological observations. Indeed, the development of a quantum theory of gravitation or of a theory that would unify gravitation with the
other fundamental interactions leads to deviations from GR. These modifications are usually
characterized by the introduction of new fields in addition to the space-time metric to model the
gravitational interaction. For example, string theory generically predicts the existence of new
scalar fields. In addition, in the current cosmological paradigm, some galactic and cosmological
observations are explained by the introduction of cold Dark Matter (DM) and of Dark Energy.
Little is currently known about these two components that constitute the major part of our
Universe. They can be interpreted as new types of matter (although not directly detected so
far), as a modification of the gravitational theory or as a combination of the two.
The introduction of non minimally coupled scalar fields additionally to GR (tensor-scalar
theories) generally leads to a space-time dependence of fundamental constants, which can then
be searched for by experiments that test the Einstein equivalence principle (EEP) like weak
equivalence principle (WEP) tests or tests of local position or Lorentz invariance (LPI and
LLI) 1 . Such scalar fields could be a candidate for DM and/or dark energy. In several scenarios,
a massive scalar field will oscillate at a frequency related to its mass, leading to a corresponding
oscillation of fundamental constants 2,3 . Recently atomic spectroscopy of Dy has been used to
constrain such oscillations 4 of the fine structure constant (α). In this proceeding, we present
limits on possible oscillations of a linear combination of constants (α, quark mass and Λ quantum
chromodynamics – QCD – mass scale) using six years of highly accurate hyperfine frequency
comparison of Rb and Cs atoms 5 . This provides complementary constraints to those from Dy
spectroscopy 4 which is sensitive to α alone. When assuming a variation of α only, our results
improve the limits of Van Tilburg et al 4 by over an order of magnitude.

1

The model

The model considered is a massive scalar field of DM parametrized by the action
√
Z
Z
√
1
−g
1
S=
d4 x
[R − 2g µν ∂µ ϕ∂ν ϕ − V (ϕ)] +
d4 x −g [LSM (gµν , Ψ) + Lint (gµν , ϕ, Ψ)] ,
c
2κ
c
(1)
with κ = 8πG/c4 where G is Newton’s constant, R the curvature scalar of the space-time metric
gµν , ϕ a dimensionless scalar field, LSM is the Lagrangian density of the Standard Model of
particles depending on the matter fields Ψ and Lint parametrizes the interaction between the
2
scalar field and matter. We consider a quadratic scalar self-interaction V (ϕ) = 2 ~c2 m2ϕ ϕ2 where
mϕ has the dimension of a mass, and linear couplings between the scalar field and the matter
fields similar to the ones introduced by Damour and Donoghue 6 . The interacting part of the
Lagrangian Lint is given by Eq. (12) from Damour and Donoghue 6
h d
i
X
2
dg βg
e
Lint = ϕ
F2 −
F A − c2
(dmi + γmi dg )mi ψ̄i ψi ,
(2)
4µ0
2g3
i=e,u,d

A the
with Fµν the standard electromagnetic Faraday tensor, µ0 the magnetic permeability, Fµν
gauge invariant gluon strength tensor, g3 is the QCD gauge coupling, β3 denotes the β function
for the running of g3 , mi the mass of the fermions, γmi the anomalous dimension giving the energy
running of the masses of the QCD-coupled fermions and ψi the fermions spinor. This Lagrangian
is parametrized by five dimensionless coefficients de , dme , dmu , dmd and dg that characterize the
coupling between the scalar and standard model fields. It is well known that such a model
will induce a violation of the Einstein Equivalence Principle for baryonic matter. In particular,
Damour and Donoghue 6 have shown that the particular form of the interacting Lagrangian leads
to a linear dependence of 5 constants of Nature with respect to the scalar field: the fine-structure
constant α, the fermions’ masses mi (electron, up/down quark) and the QCD mass scale Λ3 .
In a Friedmann-Lemaı̂tre-Robertson-Walker space-time, when one is considering time-scales
<< 1/H, the scalar field will have an oscillating component ϕ = ϕ0 cos(ωt+δ), with ω = mϕ c2 /~.
This oscillating part of the scalar field behaves similarly to a pressureless fluid at the cosmological
scale and can be interpreted as DM whose energy density is given by

c2 ω 2 ϕ20
c6 m2ϕ ϕ20
=
.
(3)
4πG 2
4πG~2 2
If this scalar field is non-minimally coupled to the SM Lagrangian, these oscillations will produce
a similar behavior on the fine structure constant, on the masses of the fermions and on the QCD
mass scale. Atomic transition frequencies are sensitive to possible variations of the constants
of the Standard Model. The variation of the frequency ratio X of two atomic transitions is
characterized by d ln X = kα d ln α + kµ d ln(me /mp ) + kq d ln(mq /Λ3 ) where the k’s represent
sensitivity coefficients 7 that have been computed by Flambaum and coworkers 8,9 for several
atomic clock transitions. Therefore, the harmonic evolution of the constants of Nature will
induce a similar signature in an atomic frequency ratio, whose amplitude is given by

1/2
1 8πG
A = [kα de + kq (dm̂ − dg )]
ρDM
,
(4)
ω
c2
ρϕ̃ =

where we have identified the energy density of the scalar field from Eq. (3) to the local DM
energy density ρDM .
In conclusion, a massive scalar field will experience cosmological oscillations and can be
identified as DM. If this scalar field is non-minimally coupled to the SM Lagrangian, it will
produce similar oscillations in the constants of Nature. This harmonic signature can be searched
for by using atomic frequency ratio measurements and the amplitude of this signature is directly
related to the frequency ratio sensitivity to the constants of Nature (the k’s), to the coupling
between the scalar field and the SM (the di ) and to the local DM energy density.

2

The SYRTE Cs/Rb dual atomic fountain dataset

We use the dual Cs/Rb atomic fountain clock FO2 at LNE-SYRTE that operates simultaneously on both species thereby providing primary (Cs) and secondary (Rb) realizations of the SI
second in parallel 10,11,12 . A detailed description of the experimental apparatus can be found in
Guéna et al 10,11,12 , here we only recall the main features. Rb and Cs atoms are simultaneously
laser-cooled, launched, state-selected, and probed with the Ramsey interrogation method, and
finally selectively detected using time resolved laser-induced fluorescence, in the same vacuum
chamber (see e.g. Fig. 2 of Guéna et al 11 ). The |F = 1, mF = 0i → |F = 2, mF = 0i hyperfine
transition frequency of 87 Rb at ≈6.8 GHz and the |F = 4, mF = 0i → |F = 3, mF = 0i hyperfine transition frequency of 133 Cs at ≈9.2 GHz are simultaneously measured against the same
ultrastable microwave reference at the 1.6 s fountain cycle, corrected for all known systematic
effects (cold collisions, 2nd order Zeeman shifts, Blackbody radiation, etc... 11,12 ), and then
averaged over synchronous intervals of ∆t0 = 864 s duration.
Our data set consists of measurements of the Rb/Cs hyperfine frequency ratio spanning
November 2009 to February 2016 with some gaps due to maintenance and investigation of
systematics (overall duty cycle of ≈ 45% over more than six years, see Fig. 1 from Hees et
al 5 ). The noise is roughly stationary over the complete data set, and characterized by white
frequency noise with two different amplitudes depending on the averaging time (see Fig. 7 and
related discussion in Guéna et al 12 ). This behavior is well understood and reproducible. It
results from the operation of FO2 with atom numbers that are intentionally varied in order to
correct for the collisional frequency shifts 12 .
3

Data analysis and results

Our goal is to search for a sinusoidal signature in the Rb/Cs atomic frequency ratio measurements. Our methodology is fully described in Hees et al 5 and consists in using a Lomb-Scargle
periodogram 13 . For each frequency considered, we can estimate the normalized power spectrum
P (ω) =

No
A2 ,
4σo2 (ω) ω

(5)

where No is the number of measurements and σo2 (ω) is their estimated variance and Aω is the
amplitude of the harmonic signal with angular frequency ω fitted to the data. In addition, a
detection threshold has been estimated. This threshold is defined as the ensemble of power
levels (for each frequency) such that the statistical probability of finding at least one power
larger than that level in case of only noise is smaller than p0 = 5%, i.e. if at any frequency
we find a value of the power spectrum larger than this threshold value and interpret it as a
detection, the probability of it being a false detection is less than 5%.
In the left of Fig. 1, we present the results of this analysis for the Rb/Cs data set. Since
the measured power spectrum is always smaller than the corresponding detection threshold, we
conclude that there is no evidence of a harmonic modulation in our data.
We can now transform our power spectrum into limits on de + kq /kα (dm̂ − dg ) = de +
0.043(dm̂ − dg ) using Eqs. (4) and (5). The right panel of Fig. 1 shows our 95% confidence upper
bound on this combination as a function of the scalar field mass mϕ = ~ω/c2 . We can exclude
couplings larger than 5.3 ×10−4 at any mϕ within our range, with our most stringent limit being
as low as 3.8 ×10−9 at mϕ = 1.4 × 10−23 eV/c2 . Our limits are complementary to those of Van
Tilburg et al 4 and also to those coming from tests of the weak equivalence principle 6 as they
probe different combinations of the coupling constants di . If we assume that the scalar field is
coupled only to electromagnetism (only de 6= 0) then our limits improve those of Van Tilburg et
al 4 by more than one order of magnitude.
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Figure 1 – Left: Normalized power spectrum (blue) obtained from the best-fit (see Eq. (5)) with the corresponding
5% detection threshold (see text). The red line corresponds to the maximum allowed signal at 95% confidence.
Right: 95% confidence upper limit on the linear combination de + 0.043(dm̂ − dg ) of coupling constants di between
a massive scalar field and standard matter fields as a function of scalar field mass. The red dashed line represents
the 95% confidence upper bound obtained with Dy atoms in Van Tilburg et al 4 , which is only sensitive to de .

4

Conclusion

In conclusion, massive scalar fields are a possible candidate for dark matter, and can be searched
for by searching for a harmonic oscillation of fundamental constants, which in turn leads to an
oscillation of frequency ratios of atomic transitions. We have presented such a search, using
over six years of precision measurements of the Rb/Cs ground state hyperfine frequency ratio at
LNE-SYRTE. We see no evidence for an oscillating massive scalar field, but set upper limits on a
linear combination of coupling constants between such a field and standard matter. Our results
are complementary to previous measurements which constrain other parameter combinations,
and improve previous results by over an order of magnitude when allowing only coupling to
electromagnetism 5 . The rapid progress of atomic clocks over the last years will allow similar
searches with other types of transitions. That will further limit the parameter space for massive
scalar fields as dark matter candidates and their coupling to standard matter.
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11. J. Guéna et al, IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control
59, 391 (2012).
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LOW-ENERGY TESTS OF LORENTZ SYMMETRY: NEW CONSTRAINTS WITH
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We report on a Lorentz invariance test with nucleons in a cold atom 133 Cs clock using spin-polarized
states. We analyze this test in the Standard Model Extension framework, and improve by up to 13 orders
of magnitude the constraints on some coefficients parametrizing Lorentz violations.

1

Introduction

We analyze the boost and orientation dependence of the transition frequency in a Cs fountain clock
and put constraints on one possibe type of Lorentz Invariance violation (LIV) from the Standard Model
Extension (SME) framework. The cµν coefficient of the SME framework describes an anisotropy of the
dispersion relation of electrons, protons, neutrons. Since atomic states energies depend on the bound
kinetic energy, in the case of a non-isotropic density distribution of an atomic eigenstate, the energy of
this state will depend on its orientation in space if cµν LIV terms are non-zero. This deviation will scale
with the momentum anisotropy of the wavefunction, and more precisely with its momentum quadrupole
moment 1,2 . This type of test has been interpreted elsewhere as an analogue of Michelson-Morley test
for a standing matter wave 3 .
The Standard Model extension is an effective field theory which modifies the dynamics equations
for the Standard Model and General Relativity fields at the level of the Lagrangian. For each mass
dimension, only a finite number of terms exist that preserve the invariance under a change of coordinate
but not the invariance under a frame change. The minimal Standard Model Extension, in which we realize
our analysis, describes the set of LIV terms that are power-counting renormalizable (operators of mass
dimensions 3 and 4). All LIV terms are controlled by tensor coefficients, supposed to be constant in an

inertial frame. They are allowed to be species dependent. These terms give rise to a rich phenomenology
which covers effects ranging from Weak Equivalence Principle violation (see e.g. the article by H.
Pihan-Le Bars in these proceedings 4 ) to modified dispersion relations. This last type is explored in
the present test with nucleon standing matter waves in the nucleus of 133 Cs. Analyzing the boost and
orientation dependence of spin-polarized hyperfine transitions as the experiment daily rotates around
Earth’s rotation axis and annually orbits around the Sun, with the help of a more detailed trajectory
description and nucleus modelization, we improve the constraints on several proton and neutron SME
parameters by up to 13 orders of magnitude 5 .
2

Principle of the experiment

We analyse data taken with the fountain FO2 at SYRTE operated with 133 Cs. Experimental details on
the fountain set-up can be found in 6 . The usual transition used for the clock operation is the ground
state hyperfine transition between the mF = 0 states as it does not suffer from first order Zeeman
shift, proportional to the magnetic field and to the value of mF . However on this transition there is
no differential shift from the SME LIV model. Thus we interrogate the clock on transitions between
spin-polarized states. In order to reject the first order Zeeman systematic shift, we form a combination
of transition frequencies with opposite first order Zeeman shift: νc = ν3 + ν−3 + ν0 where νi is the
frequency of the transition |F = 3, mF = ii −→ |F = 4, mF = ii. In our test the clock is operated
alternatively on these three transitions. Our observable is evaluated every 4 seconds.
Such data were taken during two sets of more than 10 days separated approximately by half a year
interval 7 . The noise is white with a 3 mHz standard deviation. If fitting a single sinusoid on these data,
for its amplitude we would reach a frequency resolution of 60 µHz. Prior to data analysis we correct for
a constant −2 mHz offset from the second order Zeeman shift.
3

Model improvements

A first analysis of these data was previously done 7 . Here we bring large improvements to these results by
two ways: we improve the description of the clock’s frame evolution, and we use a more refined nuclear
model than the Schmidt model usually used so far.
The latter describes the nucleus as shells, which is not realistic for large nuclei as the one of 133 Cs.
Instead we use here the self-consistent relativistic mean-field (SCRMF) method, which provides a relativistic microscopic description of the nucleus with free parameters calibrated on a set of benchmarking
nuclei 5 . From this we can calculate the nuclear density as shown on Fig. 1; the anisotropy of the nuclear wavefunctions can be seen on this picture. The quantity relevant for the SME model is the total
momentum quadrupole moment from the Nw particles of type w with w = p, n for proton, neutron:
fw = −
M
20

Nw
X

hI, I| p̂2 − 3p̂2z |I, Ii

N =1

with I the nuclear angular momentum. The results of this method are compared to two other nuclear
models recently used for SME tests and agree with the most advanced one. Unlike the Schmidt model
which only accounts for the sensitivity to the proton, the SCRMF model includes the contribution from
the neutron, though it appears to be 2 orders of magnitude suppressed.
The other improvement is involved when expressing the observable in terms of Sun centered celestial
equatorial frame (SCCEF) SME coefficients, which involves a Lorentz transformation betweeen the
SCCEF and the lab frame. This transformation was previously done at first order in v/c with v the
relative velocity between the two frames, leading to a sensitivity on 8 of the 9 SME coefficients. Here
we include the second order, which gives sensitivity to the ninth coefficient cTT , the isotropic component
of the tensor, which is also the less constrained component.

Figure 1 – Nucleonic density distriution in configuration space for
(right).

4

133

Cs calculated by SCRMF: protons (left) and neutrons

Data analysis and results

With our model, the LIV SME shift of our observable can be expressed as:
"
#
fp
fn
9
M
M
20 p
20 p
δνc = −
c̃ +
c̃
7h 6m2p c2 q 6m2n c2 n
where for each particle c̃q is one of the nine combinations of cµν coefficients, expressed in the lab frame.
When this expression is expressed in terms of SME SCCEF coefficients, it involves the 9 components of
the cµν tensor. The complete expression is long; its structure is described in 7 .
We realize a least-squares fit to adjust directly (and simultaneously) the value of the 9 SCCEF SME
coefficients. This allows to account for correlations between the 9 coefficients, unlike most previous
SME analyses. We separately fit this model on data taken for the systematics calibration (residual first
order Zeeman effect).
The result of the fit is shown on Table 1. All coefficients can be disentangled, although some correlations remain. For each coefficient, the relative contribution from the neutron and proton respectively can
not be disentangled. We convert the results in terms of maximal sensitivity (used also in the Data Tables
referencing yearly all current experimental best constraints 8 ). As can be seen in the table, we improve
several coefficients by up to 13 orders of magnitude over state of the art.
5

Conclusion and prospects

Clocks have the advantage of combining a high frequency resolution and systematics that are well controlled and calibrated. This allows us to use the long term stability of the clock to fit annual variations,
which combined with an improved velocity description gives access in this analysis to the SME isotropic
coefficient cTT . Thanks to a more advanced nuclear model, we also improve the constraints on neutron
coefficients. In the future, this constraints will possibly be improved when analyzing future data from
the ACES mission 9 , thanks to a different orbital geometry.
We tentatively analyze the impact of these results for fundamental physics. Although all electron
coefficients where previously constrained below the Planck suppressed scale (defined in 10 as the ratio of
electroweak energy to Planck energy Eew /EP ∼ 10−17 ), it was not the case of all proton and neutron
coefficients. With our analysis all remaining coefficients uncertainties are brought under or much closer
to that scale. It can be seen as challenging the level of suppression expected for a low-energy effective

Table 1: Limits (1 sigma) on SME Lorentz violating parameters c̃w
µν for the proton and neutron, in GeV, when using SCRMF
nuclear model. The last two columns show the corresponding maximal sensitivities on each nucleon as defined in 8 (2 sigma
limits logarithmically rounded). In bold are the values which improve over the state-of-the-art laboratory limits published in
the 2017 version of 8 and obtained with other experiments, with in bracket the improvement in orders of magnitude.

Coefficient
c̃pQ + 0.021 c̃nQ
c̃p− + 0.021 c̃n−
c̃pX + 0.021 c̃nX
c̃pY + 0.021 c̃nY
c̃pZ + 0.021 c̃nZ
c̃pTX + 0.021 c̃nTX
c̃pTY + 0.021 c̃nTY
c̃pTZ + 0.021 c̃nTZ
c̃pTT + 0.021 c̃nTT

Value and uncertainty Unit (GeV) c̃pmax (GeV) c̃nmax (GeV)
0.4 ± 2.8
−0.2 ± 1.2
2.0 ± 7.0
−1.1 ± 2.2
−1.3 ± 5.2
2.0 ± 7.6
−1.8 ± 7.8
1.4 ± 4.6
−2.2 ± 9.1

10−22
10−23
10−24
10−24
10−24
10−20
10−20
10−21
10−16

10−21
10−23
10−23
10−23
10−23
10−19
10−19
10−19
10−15(4)

10−20(7)
10−21
10−21
10−22
10−21
10−17(12)
10−17(12)
10−18(13)
10−13(2)

field theory derived from Planck scale Lorentz violations. Alternatively, if one assumes the existence of
an intermediate energy scale for new physics, SME limits such as ours put an upper limit for it (see the
analysis in 11 ), complementary to explorations made with high energy devices.
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The Astrometric Gravitation Probe Concept
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The Astrometric Gravitation Probe (AGP) is the concept of a space mission for Fundamental
Physics tests in the Solar system, through coronagraphy and Fizeau interferometry for differential astrometry. We describe the science motivation, the proposed mission profile, the
instrument concept and the expected performance.

1

Introduction: the AGP science goals

Gravitation is a crucial aspect of Fundamental Physics, and it is being investigated over microscopic to cosmological distances, using many different techniques. The Astrometric Gravitation
Probe (AGP) concept, previously presented as GAME 1 , aims at a modern rendition of two of
Einstein’s classical tests of General Relativity (GR), namely the gravitational deflection of light
around massive bodies, in particular close to the Sun, and Mercury’s excess precession observed
on orbit perihelion. AGP is conceived as a modern version of the 1919 Dyson-EddingtonDavidson experiment, based on a space-borne telescope with built-in eclipse provided by a
coronagraphic system.
Tests of gravity theories in the weak field conditions valid within the Solar System are
usually analysed in the framework of the Parametrised Post-Newtonian (PPN) framework 2 ,
which enables the comparison of several theories through their prediction on the value of a
limited number of parameters. Among the PPN parameters, γ and β are of particular interest
to Fundamental Physics, for identification of the best gravity theory; they are directly connected,
respectively, with the light deflection and the excess orbit precession; in GR, γ = β = 1.
The AGP precision goal on the γ and β PPN parameters and competing models is respectively in the 10−8 and 10−6 range, improving by one or two orders of magnitude on the
expectations on current or near future experiments. Such precision is suitable to detect possible
deviations from unity value, associated to generalised Einstein models for gravitation in the weak
field limit, with potentially huge impacts on our understanding of the cosmological distribution of
dark matter and dark energy from a Solar system scale experiment 3,4 . Precise astrometric measurements are also important in other tests of fundamental physics citeIorio2005,Turyshev2010,
since they improve on the ephemeris of the Solar System bodies.
Light deflection reaches a peak value of 1”.74 at the edge of the Sun, rapidly decreasing at
increasing distance; in order to estimate the γ parameter at the 10−6 level or better, µas level
measurements of relative positions are required on many thousand stars within few degrees from
the Sun. Deflection is also affected by some terms of Standard Model Extension 7 describing
specific violation modes of the Lorentz invariance principle, which may therefore be tested at a
precision level comparable with that of γ. Besides, high precision measurements of the dynamics
within the Solar system, including bodies with different chemical composition, also support a
verification of the Weak Equivalence Principle, down to the 10−6 level.

The AGP measurement principle is based on the differential astrometric signature on the
stellar positions, i.e. based on the spatial component of the effect rather than the temporal
component as in the most recent experiments using radio link delay timing variation on the
space probe Cassini 8 . The instrument concept is based on multiple field, multiple aperture
Fizeau interferometry, observing simultaneously regions close to the Solar limb (requiring the
adoption of coronagraphic techniques), and others in opposition to the Sun. The diluted optics
approach is selected for achieving an efficient rejection of the scattered solar radiation, while
retaining an acceptable angular resolution on the science targets. The design is focused on
systematic error control through multiple field simultaneous observation and calibration.
2

Payload and mission operation concept

Ground based eclipse observations, repeated throughout the past century, could not improve on
the estimate of light deflection (and γ) beyond the 10% level, because of the short duration of
the Sun obscuration, the high background flux from the solar corona, atmospheric turbulence
and the limited number of bright stars in the region. The need for a space mission, overcoming
such limitations, is suggested by the much quieter environment with respect to the ground.
The AGP measurement concept is shown in Fig. 1: on the left-hand side, a coronagraph,
embedded in the payload design, get rid of the direct illumination from the Sun, thus allowing
observation of nearby stars, which, due to the gravitational lensing effects associated to light
deflection, appear to be displaced away from the Sun centre. The photons follow curved trajectories (dash-dotted lines in figure), but the observer can only deduce that the sources are in the
projected directions corresponding to the tangent (dashed lines) at arrival. Without the Sun, the
stars would have been observed in the unperturbed positions corresponding to the dotted lines.
Ideally, a semi-reflecting mirror would allow simultaneous observation of other stars affected by
negligible deflection in the direction opposite to the Sun (dashed lines on the right-hand side in
Fig. 1). After six months, the satellite, following the Earth’s orbit, is able to observe the same
star sets, which now have complementary roles with respect to the deflection, affecting at this
time the objects on the right-hand side.

Apparent
position

Real
position

Semireflecting
mirror
Coronagraph

AGP
detector

Sun

Deflected fields

Undeflected fields

Figure 1 – Principle of AGP operation

The AGP instrument and operation design is based on systematic error minimisation, mainly
thanks to differential measurement and symmetry concepts. The simultaneous observation of
deflected and undeflected fields is beneficial to measurement efficiency, doubling the number of
stars observed, but its main goal is to “encode” most of the instrumental characteristics at any
time on both sets of sources (from left and right-hand sides in figure). This should allow clean
identification of perturbations, and their efficient suppression in the differential measurement.
Calibration on the sky, which also benefits from the imposed symmetry, allows identification
of several error sources in the medium to long time scale, and their suppression in the data

reduction. An on-board metrology system 9 is planned to be included, to improve on rejection
of short term instrument variations.
The AGP telescope optical design 10 , shown in Fig. 2 for the medium mission implementation,
is derived from a classical Korsch three-mirror anastigmatic configuration with two channels (for
the two lines of sight on the Sun side), endowed with a multiple aperture coronagraph 11 for
Sun disc light rejection, and an actual flat mirror to feed the stellar beams from the undeflected
direction. All four viewing directions are multiplexed onto a common detection system, placed
“above” and close to the primary mirror, through a set of folding mirrors (FM in figure) to fit
within the satellite envelope.

Figure 2 – Instrument optical layout, medium mission; FM: folding mirrors

The detector is a mosaic of 16 CCD imaging detectors, with technology and complexity
comparable to the current Gaia 12 and Euclid 13 missions. It covers a sky region of 160 × 160 in
each viewing direction, thanks to the field superposition provided by the above multiple channel
optical layout.
A helio-synchronous orbit at ∼ 1, 500 km altitude provides nearly constant observation,
avoiding eclipses, and a stable thermal environment to the AGP payload.
3

Conclusions - expected performance

The AGP concept can, in principle, be implemented at the level of a small to medium class space
mission, in the language of the European Space Agency, with performance scaling naturally with
instrument size, complexity, and mission duration. In Fig. 3, the improvement of the cumulative
precision on light deflection angle is shown as a function of time for two relevant cases, i.e.
respectively a small mission (dashed line), with reduced payload size (0.7 m telescope diameter),
smaller focal plane (3 × 3 CCD detector) and lifetime limited to three years, and a medium
mission using a larger instrument (1.2 m telescope diameter) and operating for a longer period.
Within the framework of a small class mission, with a lifetime of two to three years, the
expected final precision is of order of σ(γ)/γ = 10−7 and σ(β)/β = 10−5 , whereas a medium

Cumulative precision on deflection [µas]

class mission, operating for five to seven years, would improve to the level σ(γ)/γ = 10−8 and
σ(β)/β = 10−7 , depending on a number of implementation options and details.
The AGP roadmap includes a set of technological studies for consolidation of engineering
aspects, and above all the dissemination of the experiment concept among the scientific community in order to strengthen the mission goals and achieve adequate support for inclusion of
AGP in the implementation plan of the interested space agencies.
Medium mission
Small mission
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0
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Figure 3 – AGP performance for either small or medium mission implementation cases
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4.
Tests of Gravity at All Ranges

Casimir-Polder shifts on quantum levitation states
P-P. Crépin, G. Dufoura , R. Guérout, A. Lambrecht and S. Reynaud
Laboratoire Kastler Brossel, UPMC-Sorbonne Université, CNRS, ENS-PSL Research University,
Collège de France, Campus Jussieu case 74, F-75252 Paris, France.
Ultracold atoms can be held in quantum levitation states by the joint effect of gravity and
quantum reflection from the attractive Casimir-Polder interaction above a horizontal mirror.
We calculate the Casimir-Polder shifts of the energies of these states with a precision sufficient
to discuss spectroscopy experiments aiming at tests of the weak equivalence principle on
antihydrogen.

Gravitationally bound quantum states have been observed with ultracold neutrons 1,2 , but
not with neutral atoms. At the low energies corresponding to such bound states, an efficient
quantum reflection is produced by the Casimir-Polder (CP) tail above a surface 3,4,5,6 , so that
quantum levitation states of atoms can be created, where quantum reflection above a horizontal
mirror balances gravity 7 .
It has recently be proposed to test the weak equivalence principle with antihydrogen by
timing its free fall from a trapping device 8 . The precision of this test, of the order of 1%, could
be improved by spectroscopic measurements of quantum levitation states of antihydrogen above
a material surface, since the properties of these states are essentially determined by gravity 9,10 .
However an accurate determination of the acceleration requires a precise evaluation of CasimirPolder shifts on quantum levitation states 11 .
We consider an atom of mass m and energy E bouncing in the gravity potential mgz and
reflected on a plane horizontal mirror due to quantum reflection on the CP potential VCP (z).
The wavefunction ψ(z) obeys the one-dimensional Schrödinger equation
−

~2 d2 ψ
(z) + V (z)ψ(z) = Eψ(z) ,
2m dz 2

V (z) = mgz + VCP (z) ,

(1)

with the potential V depending only on the altitude z of the particle above the mirror sitting at
z = 0. We also suppose that atoms are absorbed when touching the surface, which corresponds
to the physical boundary condition for antihydrogen annihilated at contact with matter.
Length and energy scales associated with the Casimir-Polder potential are respectively much
smaller and much larger than those associated with the gravitational potential

`g =

~2
2m2 g

1/3
≈ 5.87 µm , g = mg`g ≈ 0.602 peV ,

(for g ≈ 9.81 m.s−2 ) .

(2)

An approximate solution of the problem is thus found by decoupling the effects of gravity and
CP interactions. For quantum levitation states with low values of the quantum number n, the
scattering amplitudes are mainly given by the scattering length a. It follows that the energies En0
a

Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, D-79104, Freiburg, Germany

of an ideal quantum bouncer are all shifted by the same quantity mga resulting from the complex
phase shift experienced by the atom upon reflection on the CP tail 9 . Within this scattering
length approximation where energies are En1 = En0 + mga, the transition frequencies between
quantum states are independent of the atom-surface interaction. Spectroscopy experiments
thus give a direct access to the value of g , that is also g. In the following, we present an exact
treatment of the full potential including the effects of gravity and CP interaction, which allows
us to assess the accuracy of this approximation. We also give improved numerical and analytical
results sufficient for discussing the proposed spectroscopic tests of free fall 9,10 .
The Schrödinger equation, rewritten in the following form
ψ 00 (z) + F (z)ψ(z) = 0 ,

F (z) = kdB (z)2 =

2m
(E − V (z)) ,
~2

(3)

8

8

6

6

4

4
V, E

V, E (g )

with F (z) the square of the de Broglie wavevector kdB can be transformed by a Liouville transformation consisting in a coordinate change z → z associated with a rescaling ψ → ψ of the
wave-function 12 . The transformed wave function obeys a Schrödinger equation (3) with the
transformed F −function written in terms of a transformed energy E and potential V . Figure
1 shows the original potential landscape and transformed one. The potential V is the sum of
a linear gravity potential and an effective potential VCP (z) producing quantum reflection. In
sharp contrast with the CP well on Figure 1, the transformed potential VCP now shows a high
peak close to the surface.
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Figure 1 – Left plot: the landscape for antihydrogen atom in gravity and CP potentials above a silica bulk (black
curve). Horizontal lines correspond to energies chosen as En0 (n = 1, ..., 5 for the blue, green, red, cyan and yellow
lines, respectively from bottom to top line). A zoom on the potential well near the surface is shown in the inset.
Right plot: the same problem after a Liouville transformation, with energies chosen as En0 (same color and position
codes as for the left plot) and potential V = z + VCP . A zoom on the wall is shown in the inset.

With quantum reflection now understood as classically expected reflection on a repulsive
wall, we get a new physical picture for quantum levitation states corresponding to matter waves
trapped in a Fabry-Perot cavity. Gravity plays the role of the vertical cavity’s perfectly reflective
top mirror, while quantum reflection corresponds to its partially reflective bottom mirror. We
can then interpret the properties of quantum levitation states in terms of cavity resonances.
Above the top mirror, the solution of the Schrödinger equation is given by Airy functions,
which are linear superpositions of upward and downward traveling waves Ci+ and Ci− (zt is the
position of the classical turning point in the transformed frame)
ψ m (z) =


am
Ci+ (z − zt ) + Ci− (z − zt ) ,
2

Ci± (z) = Ai(z) ± i Bi(z) .

(4)

The amplitude am depends on the number m of bounces of the matter wave on the bottom
mirror. With the ideal quantum bouncer model, the ideal energy levels En0 would be recovered

by obtaining the stationary quantum solutions of (4). The more general problem studied in this
paper is not unitary since atoms transmitted through the bottom mirror are lost.
As a consequence, the quantum levitation states can only be obtained as quasi-stationary
states, with the amplitude am decreasing after each bounce, due to the losses. In analogy with
the theory of optical Fabry-Perot cavities, we introduce a factor describing the modification of
the traveling waves after one cavity round trip
am+1 = ρam ,

(5)

with ρ obtained by solving numerically the quantum reflection problem. We may define energies
En by requiring ρ(En ) to be a real number slightly smaller than unity. The value attained for
ρ(En ) is related to the loss at each bounce, that is also the finesse of the cavity resonance. Figure
2 shows energy shifts En − En0 , which are close to the constant value mg Re(a) predicted by the
scattering length approximation discussed above with an accuracy of the order of 10−4 .
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Figure 2 – Energy shift En − En0 for antihydrogen interacting with a perfect mirror (blue, top lines), a silicon bulk
(green, bottom lines) or a silica bulk (red, middle lines), in units of 10−4 g . The constant shift corresponding to
the real part of mga is represented by the horizontal lines.

The round trip factor ρ can be approximated as the product of two factors, the quantum
reflection amplitude r on the CP tail, and a propagation phase factor deduced from the phase
θ of the Airy functions
ρ ' −re2iθ(−zt ) ,

tan θ(x) =

Ai(x)
,
Bi(x)

e2iθ(x) = −

Ci− (x)
.
Ci+ (x)

(6)

The resonance energies En are such that the whole phase on a round trip is an integer multiple
of 2π (2θ (−zt ) + arg (−r) = 2nπ). We then get an effective-range approximation for these
energies, which is much more accurate than the scattering length approximation 11 .
The reflection coefficient is a function of the wavevector k and a complex length A(k)
r=−

1 − ikA(k)
,
1 + ikA(k)

~k ≡

√

2mE ,

(7)

with the limit A(0) being the scattering length a, while A(k) is now a function of k. For the
model potential exactly described by the homogeneous form V4 ≡ −C4 /z 4 , the function kA is a
known universal function of the dimensionless parameter k`. Its expansion at low values of k is
√


π
2mC4
4
kA = −ik` α (k`) , ` =
, α(K) = α0 + i K + α2 + α0 ln K K 2 ,
(8)
~
3
3
2π
with known coefficients α0 = 1 and α2 = 83 (γ + ln 2) − 28
9 − i 3 (γ is the Euler constant).
The exact potentials describing CP interaction of an antihydrogen atom with perfectly reflecting surfaces, silicon or silica bulk contain long-range tails V4 but are not reducible to these

tails. Using the numerical values obtained for r(k) in 13 , we deduce kA by inverting (7) and fit
coefficients α0 and α2 in (8) to match its low energy expansion. We then solve the resonance
energies as solutions of the equation given after eq.(6).
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Figure 3 – Left plot : Variation of En − λn g − mg Re(a) for antihydrogen interacting with a perfect mirror (blue
top lines), a silicon bulk (green middle lines) or a silica bulk (red bottom lines), in units of 10−5 g . Points are
obtained from numerical results and full lines interpolate between points. Dashed curves are analytical solutions
in the effective-range approximation. Right plot : Difference ∆En between analytical and numerical energies
(same color and line codes as on the left plot; units of 10−6 g .

In order to assess the precision of the results, we have drawn on the left plot of Figure 3 the
variation of En −Re En1 , for the first quantum states of antihydrogen. Points are obtained from the
numerical results Ennum discussed above for n = 1, 2, . . . , 10 with full lines interpolating between
these points. Dashed lines are obtained from the solutions Enana of the analytical effective-range
approximation (6-7).
For completeness, the differences ∆En = Enana − Ennum between the analytical and numerical
values are also plotted on the right plot of Figure 3. Figure 3 shows small oscillations of the
numerical values around the smoother variation obtained from the analytical approximation.
These oscillations remain smaller than a few 10−6 g for the first ten quantum states, which
means that the effective-range approximation is sufficient to compute the corrections caused by
the CP interaction at this accuracy level.
Conclusion
These results show that the analytical treatment developed in 11 with the effective-range approximation is sufficient to compute the corrections caused by the CP interaction at an accuracy level
better than 10−5 g for the positions of the resonances. This should be sufficient for analyzing
spectroscopic tests of the weak equivalence principle with antihydrogen 9,10 up to an accuracy
of this order.
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Trapped atom interferometry
for the study of Casimir forces and Gravitation at short range
F. Pereira dos Santos, X. Alauze, C. Solaro, A. Bonnin
LNE-SYRTE
Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06
61 Avenue de l’Observatoire, 75014 Paris, France

We report on the recent progress on an experiment which aims at measuring short range
forces with a high sensitivity force sensor based on trapped atom interferometry. The spatial
resolution of the sensor was improved to a few microns by cooling the atomic sample down
to ultracold temperatures by evaporative cooling in a crossed dipole trap. Having now in
hand a much denser atomic sample, we have to face deleterious effects arising from atomic
interactions, which reduce the coherence time of the interferometer. We finally propose how
to mitigate these effects in order to preserve the excellent sensitivity of the sensor.

1

Introduction

Cold atom interferometers allow for sensitive and accurate measurements of inertial forces,
which make them ideal sensors for a variety of fundamental tests in physics, such as tests of
the equivalence principle 1,2 , measurements of fundamental constants, such as the fine structure
constant 3 and the Newtonian gravitational constant G 4 , tests of atom neutrality 5 , tests of
exotic fields 6 and detection of gravitational waves 7,8 . These measurements are performed in
most cases with Raman light pulses interferometers using free falling atoms as tests masses.
This configuration is by far the most mature, but is not suited to local measurements because
of the motion of the atoms. Instead, we realize here a trapped atom interferometer to be used
as a sensor for short range interactions between the atoms and the surface of a mirror. This
sensor will allow for sensitive measurements of Casimir-Polder forces and tests of gravity at short
range 9 .
Our sensor is described in detail in 10,11 and we recall here its main features. We use atoms
trapped in the wells of a vertical optical lattice. Raman transitions allow to induce coherent
tunneling between neighboring wells. A sequence of two such pulses, acting as a beamsplitter
and a recombination pulse, and separated by a free evolution time T , allows to create a Ramsey interferometer with separated arms. The interferometer phase shift is proportional to the
difference in potential energy between states separated by typically a ten of wells. Far from the

surface of the mirror which retroreflects the lattice laser, this energy difference is the difference
in gravitational potential energy, ∆m × hνB , where ∆m is the difference in well index between
the separated states, h the Planck constant and νB the Bloch frequency. The Bloch frequency
is given by νB = ma gλ/2h, where ma is the mass of the atom (87 Rb in our case), g the Earth
gravity acceleration and λ the wavelength of the lattice laser.
Using a separation of ∆m = 6 wells and an interferometer time of 2 s, our interferometer
reaches a state of the art short term relative sensitivity in the Bloch frequency of 2 × 10−6
at 1s. Operating this sensor close to the surface of the lattice mirror will allow for a very
sensitive measurement of short range forces, and more specifically of the Casimir-Polder force
with an uncertainty better than the %. Yet, this interferometer was performed so far with
atoms distributed in thousands of wells, and does not offer the spatial resolution required for
short range measurements.
We describe in this paper our efforts to increase the spatial resolution of the measurement
while preserving the sensitivity of the measurement. Evaporative cooling in a crossed dipole trap
is performed to decrease the vertical size of the atomic sample, and hence increase drastically
the atomic density. We reach a regime of atomic densities where interactions between the atoms
play an important role, and constitute a limitation in the coherence of the interferometer. We
study quantitatively the contrast loss rate versus the number of atoms and the trap parameters.
We show that diluting the cloud in the transverse direction allows to mitigate the effect of the
interactions and to improve the sensitivity of the measurement.

2

Preparation of an ultracold atomic sample

To cool down the atoms even further and decrease the size of the sample, we have setup a dipole
trap, by crossing two beams of a 100 W Yb fiber laser in the horizontal plane, with an angle
of 43◦ . The two beams are focused onto the atoms with 50µm and 70µm radii at 1/e2 and
maximum powers of respectively 10 and 20 W. We start by loading within 600 ms 1.5 × 109
atoms in a magneto-optical trap, while ramping up linearly the power of the dipole trap laser up
to its maximum power. After the loading of the MOT, the cloud is compressed for 100 ms in a
dark mot, by lowering the intensity of the repumper laser. We then turn off the magnetic field of
the MOT and the cooling and repumping beams, and trap about 107 atoms in the crossed trap
predominantly in the F = 1 state. We then lower the power of the two beams from 10 and 20
W to 0.23 and 0.12 W within 1.25 s and obtain a sample of 105 atoms at a temperature of 300
nK. We end up at a phase space density of about 0.5, not far from degeneracy. At the beginning
of the evaporation, we apply a small vertical bias field and the atoms are optically pumped into
the F = 1, mF = 0 state with 70 % efficiency with a 1.2 ms long pulse of light tuned on the
F = 1 → F 0 = 0. We attribute this imperfect pumping to the absorption of the pumping light
by the optically thick sample of atoms. In order to purify the sample, we then use at the end of
the evaporation a sequence of microwave and pusher pulses. We first drive a microwave pulse
which transfers the atoms from F = 1, mF = 0 into F = 2, mF = 0. A subsequent 12 ms long
pulse of optical pumping heats up the atoms remaining in F = 1, which escape from the trap.
A second microwave pulse transfers the atoms from F = 2, mF = 0 back into F = 1, mF = 0.
We finally push the small fraction of atoms which remained in F = 2 (about 3%).
The atoms are then transferred into a mixed trap, composed of two vertically aligned lasers:
a lattice laser (wavelength 532 nm, waist 700 µm) for the vertical confinement and a fiber laser
(wavelength 1064 nm, waist 200 µm) for the radial confinement. Both lasers forming the mixed
trap are switched on within 0.1 s at the end of the evaporation, before switching off the crossed
dipole trap. Finally, we end up in the mixed trap at a lattice depth of 1.8Er with a maximum
number of atoms of about 5 × 104 at transverse temperatures in the range 50-500 nK, depending
on the power of the IR transverse laser.

3

Effects of atomic interactions on the contrast

The density in the mixed trap is of order of 1011 atoms/cm3 , which is 3 orders of magnitude
higher than when loading the mixed trap directly from the molasses. In this high density regime,
we observe a significant loss of contrast when increasing the number of atoms. This is illustrated
with the left graph on figure 1, which displays Ramsey fringes for increasing interrogation times
T for two different numbers of atoms.
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Figure 1 – Ramsey fringes and the contrast decay as a function of the interferometer duration, for two different
numbers of atoms.

We have recorded such fringe patterns for various atom numbers, and fitted the contrast
decays with an exponential law : C0 e−γT . Loss rates γ are found to increase with the number
of atoms, as displayed on the right of figure 1, with a slope β of 2.8(4) × 10−5 s−1 per atom,
and an offset α of 0.29(12)s−1 . For these measurements, the power in the transverse IR laser is
613 mW. The offset α is comparable to the one previously measured with atoms directly loaded
from the molasses 11 .
4

Optimizing the short term sensitivity

The relative short term sensitivity on the Bloch frequency at 1 s measurement time is given by
σνB
1
σP p
=
Tc
νB
∆mνB πC(T )T

(1)

with σP the standard deviation of shot to shot fluctuations of the transition probability, ∆m is
the separation in units of well, Tc = T + Tp the cycle time and Tp = 2.3s the preparation and
detection dead time. The contrast C(T ) is given by C0 e−(α+βN )T .
Assuming a detection noise limited measurement of the transition probability, σP is given
by
a2
1
+ b2
(2)
σP2 = 2 +
N
4N
where the first contribution is related to electronics noise (such as related to digitization noise,
background light or voltage noise of the transimpedance circuit), the second to quantum projection noise and the third to technical noise (such as related to normalization noise or detection
laser intensity and frequency noise). A detailed characterization of our detection scheme, based
on the measurement of the populations in the two hyperfine states by fluorescence, gives a = 100
and b = 10−3 .
Figure 2 displays for three different numbers of atoms (Nmax , Nmax /3 and Nmax /10, with
Nmax = 43000 the maximum number of trapped atoms) the calculated short term sensitivity

S e ns itivity (units of νB) a t 1s

as a function of the interferometer duration T . It shows that for any given number of atoms,
there is an optimal interferometer duration which optimizes the short term sensitivity. Because
of the detrimental effect of interactions, this optimal performance does not correspond to the
combination of the larger number of atoms and the larger interrogation time.
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4300 a toms
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Figure 2 – Expected relative short term sensitivity on the Bloch frequency at 1 s measurement time for three
different numbers of atoms
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Figure 3 displays the optimal sensitivities one can expect as a function of the optimal interferometer durations, and the corresponding optimal number of atoms. This shows that optimizing
the sensitivity at long interrogation times requires reducing the number of atoms.
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Figure 3 – Left : Optimal sensitivity as a function of the interrogation time. The dotted lines correspond to
the limits obtained, given the error bars of the fit of the contast decay. Right: corresponding optimal number of
atoms.

We infer a (detection noise limited) best relative short term sensitivity of 2.5(5) × 10−6 on
the Bloch frequency at an interferometer duration of 0.6 s and for a number of atoms of 43000.
In comparison, we obtain, with the same parameters, a short term sensitivity of 5 × 10−6 at
best with our interferometer, which shows that the phase noise in the measurement, originating
most probably by vibration noise, lies above the detection noise limit.

5

Improving spatial resolution even further

Sensitivity (units of νB) at 1s

For the final measurement close to the surface of the mirror, an even better spatial resolution is
desirable in the vertical direction. Assuming that we will select the atoms in a single well (out
of the 10-20 wells currently populated), the number of atoms will be reduced by an order of
magnitude while keeping the same atomic density. This will increase the detection noise without
changing the contrast decay rate, and lead to the optimal sensitivity displayed as a blue line on
figure 4.
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Figure 4 – Optimal sensitivities as a function of the interrogation time, for the initial situation (red curve), for
atoms selected in a single well (blue curve), for atoms selected in a single well, optimized detection and reduced
density (black curve)

To improve and recover a state of the art sensitivity, the detection noise can be improved
down to the level of quantum projection noise, by imaging the cloud on a CCD camera. In
addition, the contrast decay rate can be reduced by increasing the waist of the transverse
confinement laser: with a twice larger waist of 400µm, the density and hence the decay rate
constant β would then be reduced by a factor 4.
Using these asumptions, we now calculate the corresponding optimal short range sensitivities
displayed in figure 4 as a black line. This shows that a best short term sensitivity of 2.5 × 10−6
could be obtained close to the surface, for an interferometer duration of 1.5 s. The corresponding
optimal number of atoms is found to be about 1000. Such a sensitivity would allow to measure
the CP interaction at a distance of 5 µm with a relative uncertainty of 0.1% with a measurement
time of only 100 s.
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The Inverse Square Law And Newtonian Dynamics space explorer (ISLAND)
J. BERGÉ
ONERA – The French Aerospace Lab, 29 avenue de la Division Leclerc, 92320 Châtillon, France
The ISLAND (Inverse Square Law And Newtonian Dynamics) Space Explorer is a new concept
to test the gravitational Inverse Square Law at: (1) submillimeter scale and (2) at the largest
Solar System scales (dozens of Astronomical Units –AU). The main idea is to embark a
torsion pendulum at the center of gravity of a dedicated, possibly drag-free and attitudecontrolled, interplanetary probe whose gravitational environment is accurately probed by,
and corrected for thanks to six ultrasensitive accelerometers arranged as a cross around the
torsion pendulum.

1

Introduction

In its century of existence, General Relativity (GR) has been extremely successful at describing
gravity. From Mercury’s perihelion to gravitational lensing, to gravitational waves indirect and,
recently, direct detection, it has passed all experimental tests. Yet, gravitation remains puzzling,
as it poses unresolved challenges: on the one hand, observations on cosmological scales cannot
be explained by the adjunction of GR to the standard model of particle physics; on the other
hand, it is difficult to unify with other known interactions.
Zwicky 1 was the first to understand the problem of missing matter: galaxies rotate faster
than expected based on their observed luminosity. The “dark matter” conundrum have puzzled
astronomers for eighty years, and yet, despite intensive direct and indirect searches in the last
decade, no new particle that could account for dark matter has been discovered. Alas, dark
matter cannot be explained by a simple observational bias, since it is needed to explain how
large scale structures formed in the early Universe: it is the second most significative component
of the ΛCDM cosmological model, accounting for 25% of the mass-energy budget of the Universe.
Moreover, GR is usually considered to be the “correct” theory of gravitation on cosmological
scales (i.e., at low energy). The ΛCDM model has been built from this assumption, and from
the observation of both dark matter and of the accelerated expansion of the Universe 2 . This
unexpected behavior may be explained by the presence of some dynamical, repulsive, “dark
energy”. This new component (which accounts for 70% of the mass-energy budget of the Universe) could be an evolving scalar field (quintessence), or more simply Einstein’s cosmological
constant Λ, which may be linked to the vacuum energy. However, at least two problems are
encountered: (1) the cosmological constant problem arises from the fact that the observed value
of Λ is around 120 orders of magnitude smaller than the naive expectation from Quantum Field
Theory (QFT), that should be of the Planck mass, and (2) the concordance problem arises from
the fact that the current energy density of dark energy is of the same order as that of dark
matter, which is surprising since dark matter and dark energy are separate fields that should
evolve independently.
GR (and by extension Newtonian gravity) describes low energy phenomena, but does not
take into account the quantum nature of matter, and therefore fails at describing gravity for high-

energy phenomena, that are well described by QFT. On the opposite, QFT and its extensions
assume that spacetime is flat, whereas GR’s spacetime is intrinsically curved. It is not clear,
neither, why gravity is so weak compared with the other interactions (it is 1032 times weaker
than the weak force), nor how to unify it with them.
GR describes the gravitational force as mediated by a single rank-2 tensor field. There is
good reason to couple matter fields to gravity in this way, but there is no good reason to think
that the field equation of gravity should not contain other fields. The simplest way to go beyond
GR and modify gravity is then to add an extra scalar field: such scalar-tensor theories are well
established and studied theories of Modified Gravity (MG). From a phenomenological point of
view, they link the cosmic acceleration to a deviation from GR on large scales. They can therefore
be seen as candidates to explain the accelerated rate of expansion without the need to consider
dark energy as a physical component. Furthermore, they arise naturally as the dimensionally
reduced effective theories of higher dimensional theories, such as string theory; hence, testing
them can allow us to shed light on the low-energy limit of quantum gravity theories.
Scalar fields that mediate a long range force able to affect the Universe’s dynamics should also
significantly modify gravity in the Solar System, in such a way that GR should not have passed
any experimental test. Screening mechanisms have been proposed to alleviate this difficulty 3 .
In these scenarios, (modified) gravity is environment-dependent, in such a way that gravity is
modified at large scales (low density) but is consistent with the current constraints on GR at
small scale (high density).
All theoretical attempts at explaining the three limitations mentioned above (string theory,
MG, MOND) modify GR and Newton dynamics, either at small scale or very large scales, or
both. In particular, if one of them is correct, we should detect a violation of the gravitational
Inverse Square Law (ISL). Hence, in the weak field limit, measurements of the dynamics of
gravitationally bound objects (e.g. the behavior of a torsion balance in the Earth gravity field,
the trajectory of an interplanetary probe, or the receding of galaxies) should show a deviation
from what is expected from Newton’s equations.
We introduce the Inverse Square Law And Newtonian Dynamics space explorer (ISLAND)
to look for such deviations on the submilliter and Solar System scales.
2

Tests of the inverse square law at small and large scales

Deviations from the ISL are usually parametrized with a Yukawa potential. The gravitational
potential created by a point-mass of mass M at a distance r is then given by

GM 
1 + αe−r/λ ,
(1)
r
where G is the gravitational constant, α is the (dimensionless) strength of the Yukawa potential
relative to Newtonian gravity, and λ is its range. Fig. 1 shows the current constraints on ISLviolations from a Yukawa potential. The left panel focuses on subcentimeter experiments. .
The right panel focuses on scales larger than the centimeter; the best constraints come from the
measurement of the Moon orbit with the Lunar Laser Range and from planetary motion.
Adelberger et al 4 provide a thorough review of experimental tests of small scale gravitation.
Most notably, the Eöt-Wash group of the University of Washington uses low-frequency torsion
pendulums to test the ISL 5 . Their pendulum consists in two parallel disks with regularly placed
cylindrical missing parts, separated by a given gap: the upper disk (the detector) hangs from
a thin wire and is let free to oscillate when the lower disk (the attractor) rotates. They then
use an optical device to measure the deviation of the detector from its equilibrium position,
and relate it to the torque created by the rotation of the attractor. They could provide strong
constraints on the Yukawa (α, λ) plane 6 , as shown by the “Eöt-Wash” curves in the left panel
of Fig. 1. It is clear that a large part of the (α, λ) plane at submilliter scale is already excluded,
with a strong degeneracy between 95% confidence level of the allowed strength α and range
V (r) = −

Figure 1 – 95% CL constraints on ISL violating Yukawa interactions. Left panel: λ < 1cm. Right panel: λ > 1cm

λ. The allowed region still gives possibilities for new physics, but improving the constraints
on λ 6 10µm, with a sensitivity on α similar to that of Eöt-Wash, may provide significant
constraints on string-inspired theories.
Gravity at cosmogical scales can be tested through observations (eg. weak gravitational
lensing or baryon acoustic oscillations). Surveys like Euclid will most probably bring tight
constraints on dark matter and dark energy.
Solar-System-scale observations and/or experiments can allow us to fill the gap between
submilliter- and laboratory-scale measurements, and cosmological constraints. The tightest
constraints come from measurements by the Lunar Laser Range (LLR 7 ). Larger scales can be
probed through planetary ranging and ephemeris 8 . Such techniques provide a tight constraint
on α; however, this constraint becomes quickly loose as the scale increases towards the outer
solar system scale. Probing those scales can be done by measuring the orbit of an outbound
spacecraft as it drifts away from the Sun and the planets. The most notable test was performed
by NASA during the extended Pioneer 10 & 11 missions. The test resulted in the so-called
Pioneer anomaly, finally accounted for by an anisotropic heat emission from the spacecrafts
themselves 9 . However, with no direct measurement of the non-gravitational forces acting on the
Pioneer 10 & 11 spacecrafts, one could still argue that the case is not completely closed.
The effect of non-gravitational forces could be definitely accounted for if we were able to
measure them directly, instead of relying on spacecraft and environment models. This can be
easily done with an onboard accelerometer, as proved by missions like LISA Pathfinder 10 or
MICROSCOPE 11 . Combining radio tracking data with the accelerometer’s direct and modelindependent measurements of non-gravitational accelerations, it becomes possible to improve the
comparison between the estimated spacecraft’s gravitational acceleration and theory by orders
of magnitude. The Outer Solar System (OSS) mission 12 investigated the opportunity to fly an
accelerometer in deep space. More recently, it was shown that we could improve the constraints
of Fig. 1 by at least two orders of magnitude, if we are able to measure the orbit with a 1 meter
accuracy, and to measure an absolute acceleration of order 10−17 m/s2 , albeit with a mission
plan different from that of ISLAND 13 .
3

ISLAND

ISLAND aims to improve experimental constraints on those two scales that are currently loosely
constrained: under the millimiter, and at the largest Solar System scales. On submilliter scales,
improving the constraints on the Yukawa strength about λ ≈ 10µm by two orders of magnitude

would allow us to constrain string-theory inspired models. Flying ISLAND up to 100 AU would
then allow us to improve the constraints on the Yukawa strength for 1012 m 6 λ 6 1013 m by at
least two orders of magnitude.
3.1

Need to go to space (for submilliter-scale tests)

Current on-ground torsion pendulum experiments are mostly limited by thermal noise from the
wire, by the difficulty to align the plates with the Earth gravity field, and by seismic noise. In
particular, seismic noise limits the smallest separation between the attractor and detector to
a few dozens microns 14 , which in turn limits the region of the Yukawa parameters plane that
can be probed. Those difficulties are alleviated when performing the experiment in space, in a
drag-free probe, with an electrostatic torsion pendulum at the center of gravity of the spacecraft:
there is no wire anymore, there is no gravity field to which the apparatus should be aligned, and
no seismic noise, allowing us to probe smaller scales. Furthermore, if the torsion pendulum lies
at the center of a gradiometer, all remaining gravity gradients (e.g. from the Sun gravitational
field) can be measured and corrected for. Finally, a space environment is needed to optimize
the electrostatic levitation and control of the torsion pendulum’s detector.
Going to space will be necessary to experimentally investigate screening mechanisms. Indeed,
environment-dependent screenings can prevent an experiment from detecting any deviation from
the ISL on the Earth, while allowing the same experiment to detect a deviation in a space
environment. Similarly, testing for screening mechanisms at different distances from the Sun
might improve our understanding on their environment-dependence.
3.2

Measurement concept

Although both tests can be done independently, the small scale test takes advantage of being
done at the center of mass of a gradiometer onboard a drag-free spacecraft. The gradiometer
allows us to control the spacecraft’s drag-free and to perform the small scale test on an optimal
local gravitational environment. In turn, the gradiometer’s accelerometers measure the nongravitational accelerations required by the large scale test. Both tests thus share the same
hardware.
The test of the ISL at submilliter scales will be performed with an electrostatic torsion
pendulum, made of two parallel plates, based on the Eöt-Wash pendulum. The pendulum
will be set at the center of gravity of a gradiometer (whose position will coincide with the
center of mass of the spacecraft) in order to take advantage of an optimally clean gravitational
environment.
The test of the ISL at large scale will be performed by precisely tracking the orbit of the
spacecraft as it cruises the Sun’s gravitational field. The gradiometer’s accelerometers will allow
us to measure and correct for non-gravitational forces, in a model-independent way.
3.3

Submilliter-scale test: torsion pendulum

ISLAND will perform submilliter-scale tests with an electrostatic torsion pendulum based on
the Eöt-Wash concept 4 . The Eöt-Wash torsion pendulums consist in two parallel disks with
regularly placed cylindrical missing parts, separated by a given gap: the upper disk (the detector)
hangs from a thin wire and is let free to oscillate when the lower disk (the attractor) rotates.
An optical device is used to measure the deviation of the detector from its equilibrium position,
and relate it to the torque created by the rotation of the attractor. The interaction between
the two disks is gravitational (electromagnetic forces are minimized), which allow them to set
constraints on a possible deviation from the gravitational ISL.
As the ISLAND torsion pendulum is in microgravity onboard the spacecraft, there is no
preferred direction for a disk to hang from a wire. That is why we plan to replace the wire by
a capacitive system able to control the detector and measure its deviation (Fig. 2). ONERA

Figure 2 – Left: Torsion pendulum concept; a lower disk rotates and applies a torque to the upper disk (detector);
its deviation from its equilibrium position is measured through a capacitive device (blue); the capacitive device
also permits the levitation of the detector, thereby acting as a wire in a gravity field. Right: expected twist noise
level.

has already built a prototype 15 of an electrostatic torsion pendulum, thereby proving that it
can be possible to replace the wire by a capacitive system. As shown in Fig. 2, the envisioned
capacitive system would consist of an inner cylinder controled by electrodes glued to an external
cylinder (blue). The pendulum detector would be attached to the inner cylinder, and hence its
motion would be directly measured by the capacitive system through the deviation of the inner
cylinder from its equilibrium position.
This geometry is reminiscent of the cylindrical differential electrostatic accelerometers onboard the MICROSCOPE mission. The level of their noise up to 10−2 Hz is of the order of 10−5
µrad2 /Hz, almost one order of magnitude lower than the noise of the Eöt-Wash pendulum at
the frequency of their test (right panel of Fig. 2) . Hence, with a technology adapted from that
of MICROSCOPE, we should be able to reach the desired accuracy in twist measurement.
Given this expected noise level, we should perform the test of the ISL at a frequency ranging
from 10−4 Hz to 10−2 Hz. As we will show below, this is in agreement with the bandwith of
the GAP accelerometer, needed to clean the gravitational environment of the torsion pendulum.
Assuming that the attractor and detector are made up of N ≈ 10 holes, the attractor rotation
rate ω should then be fixed between 10−5 Hz and 10−3 Hz to ensure that N ω, the frequency of
the expected Yukawa signal, lies in the bandwidth of the accelerometers.
The ISLAND spacecraft should be able to be in a drag-free and fine attitude-control mode
when the pendulum will be in function. As a consequence, all non-gravitational backgrounds
will be canceled at the position of the pendulum. Therefore, in the spacecraft reference frame,
where the test will be performed, only the spacecraft self-gravity will then contribute, but it
should be easy to correct for it, either by design of the spacecraft or a posteriori data analysis
correction.
3.4

Large-scale test: orbit determination

To test gravity at large scales, ISLAND will rely on the accurate determination of its trajectory,
as it cruises the Solar System and is affected by gravitational forces from the Sun, planets,
moons and other bodies, as well as relativistic effects. ISLAND’s orbit can be determined
through ranging, Doppler tracking and Very Long Baseline Interferometry (VLBI).
The ISLAND mission will use modern radio-techniques that have been developed for deep
space planetary missions. The availability of range observables will significantly reduce the
uncertainty in the determination of the heliocentric distances of the probe. Meanwhile the VLBI
techniques give new angular observables related to transverse motion with respect to the line of

sight. The combination of measurements based on these radio techniques and accelerometry will
allow ISLAND to measure gravity in the Solar System with a greatly improved measurement
accuracy and better control of the systematics. As mentioned by Buscaino et al 13 , a onemeter precision in the spacecraft ranging is attainable by ranging measurement with the Deep
Space Network (DSN). Such a precision would significantly improve the constraints on a Yukawa
deviation at scales higher than 10 AU.
With the presence of the accelerometer, the navigation of the probe is no longer affected
by uncertainties or inaccuracies in the models of the non-gravitational acceleration. This approach has been used for geodesy missions such as CHAMP, GRACE and GOCE, as well as
MICROSCOPE 16 . The additional accelerometry observable removes parameters to be fitted
in the orbit determination process and consequently improves its quality. It also measures the
temporal fluctuations of the non-gravitational acceleration, which are not taken into account
by models. Finally, it removes the correlations that appear in the orbit determination process
between the non-gravitational acceleration and the gravitational acceleration, when the former
are not measured.
3.5

Gradiometer and accelerometers

We want to be able to accurately measure the gravity gradients around ISLAND’s torsion
pendulum. One way to achieve it is to design a gradiometer with six accelerometers, that should
be placed in a cross figure, like ESA’s GOCE’s gradiometer. Placing the torsion pendulum at the
center of gravity of such a gradiometer will allow us to efficiently estimate any gravity gradient
to which it is subjected. This knowledge will allow us to correct for gravity gradients at the
data analysis stage.
A gradiometer can use biased accelerometers, since it is possible to correct for the bias between accelerometers, and because what is important for a gradiometer is relative accelerations.
The situation would be identical, for a drag-free spacecraft, when tracking its trajectory: a dragfree system works well with relative acceleration. However, if the spacecraft is not always in a
drag-free mode during its cruise phase, correcting for non-gravitational accelerations can be done
only if we are able to have unbiased acceleration measurements. Therefore, an unbiased (DC)
accelerometer is needed. ISLAND could use six such accelerometers, or only one, that would
serve as a reference during non-drag-free periods (between torsion pendulum experiments).
Such a DC accelerometer is currently under development at ONERA: the Gravity Advanced
Package (GAP) is composed of an electrostatic accelerometer (MicroSTAR), based on ONERA’s
expertise in the field of accelerometry and gravimetry (CHAMP, GRACE, GOCE and MICROSCOPE missions), and a bias calibration system. Ready-to-fly technology is used with original
improvements aimed at reducing power consumption, size and weight. The bias calibration
system consists in a flip mechanism which allows for a 180o rotation of the accelerometer to
be carried out at regularly spaced times. The flip allows the calibration of the instrument bias
along 2 directions, by comparing the acceleration measurement in the two positions 17 .
The three axes electrostatic accelerometers developed at ONERA are based on the electrostatic levitation of the instrument inertial mass with almost no mechanical contact with the
instrument frame. The test-mass is then controlled by electrostatic forces and torques generated
by six servo loops applying well measured equal voltages on symmetric electrodes. Measurements
of the electrostatic forces and torques provide the six outputs of the accelerometer.
MicroSTAR is optimized for measurements in a bandwith of [10−5 - 10−1 ] Hz. Assuming
that the rotation rate of the torsion pendulum is between 10−5 Hz and 10−3 Hz, the signal from
the torsion pendulum will be at a frequency well within MicroSTAR’s bandwidth. Furthermore,
in order to reach the requirement for the orbit tracking, MicroSTAR’s bias must be rejected.
The left panel of Fig. 3 shows the current noise of the MicroSTAR accelerometer, with different
contributors: a level of 10−9 m/s2 /Hz1/2 is obtained over [10−5 - 1] Hz, with a measurement
range of 1.8 × 10−4 m/s2 . The bias modulation signal, consisting in regular 180o flips of the

Figure 3 – Current GAP performance. Left: MicroSTAR’s noise. Right: Bias rejection system’s resolution.

accelerometer, allows us to band-pass filtering the accelerometer noise around the modulation
frequency. The right panel of Fig. 3 shows, for different periods of modulation and calibration,
that after rejecting the bias, GAP is able to measure absolute accelerations down to 10−12 m/s2 .
4

Conclusion

The yet unexplained acceleration of the cosmic expansion, as well as the conflict between general
relativity and quantum field theory at high energy, force us to think beyond, and finely test,
established frames. Any deviation from the gravitational inverse square law will be a smoking
gun for new physics beyond Einstein, and will shed light towards a viable new theory of gravitation. We propose to look for such a deviation both at submilliter scales with an electrostatic
torsion pendulum onboard a dedicated drag-free and attitude-controlled spacecraft; additionally,
monitoring the trajectory of the spacecraft and measuring the non-gravitational accelerations
that are acted upon it will allow us to test gravity at large scales.
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PERSPECTIVE TO MEASURE FORCES BETWEEN MACROSCOPIC FLAT
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We propose to use a torsion pendulum to measure the force between macroscopic (of the order
of few centimetres) flat metallic plates at distance of the order of 10 microns. We present the
experimental setup and discuss how to cope with crucial aspects like absolute distance measurement and plates parallelism. We also discuss how the modulation at a proper frequency
and amplitude of plates distance can help in disentangling the different forces contribution
acting at such short distances.

1

Introduction

In the last two decades there has been an increase in the number of tests on Newtonian gravity at sub-millimeter scales due to the formulation of several specific theoretical predictions of
modifications to gravity in this regime (see review 1,2 ). In particular there may be possible
signatures of large extra dimensions which could modify gravity directly below the millimeter
range 3 . Additional effects at these scales are predicted to arise as a consequence of new particles
propagating in the extra dimensions 4 . Other predictions emerge from models attempting to explain the observed smallness of the cosmological constant 5 . These developments have motivated
a variety of novel experiments, and there has been substantial progress in setting constraints on
non-Newtonian effects. that are usually parametrized with a Yukawa-like interaction.
The most sensitive current test 6 has shown that any inverse-square law (ISL) violating interactions with gravitational strength must have a length scale less than about 50 µm. Furthermore
Upadhye, Hu and Khoury 7 noted that the 2007 ISL test 6 excludes almost all ”chameleon field
theories whose quantum corrections are well controlled and couple to matter with nearly gravitational strength regardless of the specific form of the chameleon potential”. They argue that
a two-fold improvement in the minimum distance probed would test all such theories. Finally,
measurements at such scale could unravel the Drude-Plasma model debate for the real metal,
finite temperature corrections to the Casimir force.

2

Forces measurement at short distances

From the previous discussion it follows that a measurement of the forces at distances of the order
of ∼ 10µm is very interesting for the fundamental physics implications that may come out. At
these distances the forces we consider are the gravitational force, possible new long range forces,
the Casimir force with its thermal corrections and the stray force due to electrostatic noise
(we are assuming magnetic clearness of the bodies). To evaluate these forces we will assume
a configuration made of two parallel flat plates. There are several reasons for choosing a flat
plates configuration: a) “concerning the Casimir force, it is the only one where the comparison
of experiment with theory does not require either the Proximity Force Approximation or more
sophisticated exact computational methods which can be effectively used so far solely in some
restricted ranges of parameters” 8 ; b) Flat-flat (FF) is the best geometry to put constraints on
long range forces 9 ; c) FF allows to increase S/N ratio giving better chance to measure Casimir
thermal corrections; d) compared to sphere-plate, in the FF geometry the unwanted patch effect
dominates at larger distances. The drawbacks in using such configuration are basically technical:
a more stringent requirement on the accuracy of the measurement of the distance between the
plates and the difficulty in keeping the two plates parallel. The second aspect is clearly missing
for the flat-spherical configuration, this is the reason why up to now only few experiments choose
FF configuration.
We assume that one of the plates, we call it attractor, is much wider that the other, named
test mass, so that it can be considered infinite. This is the simplest and cleanest case where
analytical expressions for the forces are given. Let define At , tt and ρt the area, thickness
and density of the test mass and ta and ρa the thickness and density of the attractor. The
gravitational force due to the infinite plate attractor is FN = 2πGρa ta Aρt tt . The force due to a
Yukawa interaction between the two plates is 10
FY = 2παGρt ρa λ2 At [1 − e−ta /λ ][1 − e−tt /λ ]e−d/λ

(1)

where α and λ are respectively the strength and interaction length of the Yukawa force. The
other force we have to consider at such short distance is the Casimir force. In a pioneering paper
Casimir 11 calculated the attractive force between two neutral, perfectly conducting and indefinite
parallel plates at absolute temperature equal to zero. The effect of finite metal conductivity has
an appreciable effect for distances smaller than or of the order of the plasma wavelength that
is around 0.2 µm 12 . As the experiments are performed at room temperature the effect of
thermal fluctuations has to be taken into account beside that of vacuum fluctuations. The
thermal contribution becomes predominant above few microns. The calculation of the force
between dissipative mirrors at non-zero temperatures remains a matter of debate. Indeed, the
calculation of the Casimir force at high temperatures or large distances gives, for dissipative
mirrors described by the Drude model, a result two times smaller than the same calculation
performed for non-dissipative mirrors that are described by plasma model. The correction to
the Casimir force calculated with the Drude model is expressed by the formula 12 dFthermal ∼
1.22KB T At /(8πd3 ). The last force we consider is the electrostatic force due to patch potential
13,14,15,16 . The main limitation in performing the measurement of forces at short distances
comes from this kind of stray force. Experiments show that even with precautions for extreme
cleanliness, typical surface potential variations are on the order of several millivolts due to work
functions variations over the surface. As an example, measurements of the patch potential for
different substrate and coating materials, gave values around 6 mV peak to peak over an area
of 10 × 10 mm2 17 . The electrostatic force between the plates due to a non constant potential
on the surfaces with rms value Vrms and assuming a null average difference of potential is Felect
2 /(2d)
= 0 At Vrms

3

Experimental setup

Several experiments setup have been proposed and/or realised to measure the force between
bodies at short distances. These include micro resonator, torsion pendulum, neutrons, trapped
atoms, atomic force microscope 18,19,10,20,21,22,23,6,24,25 . Presently no experiments have been
performed in the distance range from few microns 23 to 44 µm 6 . Measurements in the 10 µm
range are very challenging and call for maximisation of the S/N ratio. The first optimization
one can think on is a proper choice of the body shape. Several geometry have been adopted so
far: sphere-cylinder 26 , cylinder-plate 27 , sphere-flat (SF) 23 , FF plates 10 . The FF configuration
was used by Sparnaay 18 in the first attempt to measure the Casimir effect and then by Bressi
et al. 10 .
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Figure 1 – First three harmonics of the Casimir forces with Drude correction at 300 K (line-dot) and patch force
with 4 mV (solid line) between two flat plates. For each kind of force, in decreasing amplitude are shown the first
(fundamental), second and third harmonic.

We propose to use a torsion pendulum to measure in a dynamic way the forces between
two parallel flat plates. The test mass is on the pendulum, the attractor will be located on a
three degrees (two tilts and one translation) nano position actuator. To face the challenge of
keeping the plates parallel we propose to use three shadow sensor at 120 degrees placed on the
edges of the plates. This kind of simple and effective sensors have enough sensitivity to meet the
requirements on the plates parallelism. The signals from the shadow sensors will be properly
filtered and sent to the piezo actuators. The control loops will allow the attractor to follow the
test mass that is swinging together with the pendulum. Concerning the absolute calibration
of the shadow sensors, the task can be easily accomplished using three small capacitive sensors
located at 120 degrees. One face of the capacitor is made by a small area electrically isolated
located on the attractor, the other face of the capacitor is the test mass. Once the calibration
has been performed, the three capacitor armatures will be short circuited to the attractor in
order to have one equipotential surface. The piezo actuators will also be used to modulate the
plates distance to allow a synchronous detection of the forces between the plates. For a fixed
minimum distance, changing the modulation amplitude allows to disentangle the various force
components acting between the plates 28 . Figure 1 shows the first three harmonics of the Casimir
force with the Drude correction and the patch force. As example the minimum distance is set
to 8 µm and the rms patch voltage is assumed to be 4 mV. As can be seen, for each harmonic
and force type, the maximum occurs at a specific modulation amplitude.

4

Conclusion

We propose to use a torsion pendulum to measure the forces between two flat parallel plates
at ∼ 10µm. Three shadow sensors together with a proper control loop and piezo actuators will
allow to keep the plates parallel. The modulation of the distance between the plates is the key
to disentangle the various force contributions.
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LARASE is an experiment devoted to test General Relativity in its weak-field linearized
approximation using the geodetic satellites LAGEOS and LARES. One main target is the
measurements of the Lense-Thirring effect with an accuracy higher than in the past. We
present the LARASE activitities and a preliminary measurement of the effect.

1

Introduction

The Solar System is the classical laboratory for testing General Relativity (GR) in its weak field
and slow motion (WFSM) limit. Measurement of the so-called gravitomagnetic effects represents
one of the classical goals in this field. In GR, rotating bodies drag a freely falling reference frame,
causing a precession that takes the name of Lense-Thirring 1 (L-T) or gravitomagnetic effect.
“Mass-currents” produce effects on the near moving masses, a phenomenon that is formally
equivalent to magnetism. Einstein named this effect frame-dragging.
A first accurate measurement of the L-T effect was obtained by Ciufolini and Pavlis 2 in 2004.
They reached an uncertainty of 10% in the evaluation of the main systematic error sources by
analyzing about 11 years of the Satellite Laser Ranging measurements of the two LAGEOS
satellites. The NASA/Stanford experiment Gravity Probe B (GP-B)3 in 2011 succeeded in
the measurement of frame dragging by measuring the precession of superconducting gyroscopes
orbiting the Earth, the so-called Schiff effect. The uncertainty was about 20%.
The main scientific goal of the LAser RAnged Satellites Experiment (LARASE) is the measurement of the Lense-Thirring effect using the data of the two LAGEOS and of the newer
LARES satellite, with improved precision and accuracy with respect to the best measurements
to date. We refer to Lucchesi et al. 4 for a detailed description of the program.
2

The satellites of the LARASE experiment

The “tools” of LARASE measurements are geodetic satellites that orbit around the Earth.
They are equipped with corner cube reflectors (CCR) and tracked with great precision using
laser beams from a network of stations of the International Laser Ranging Service (ILRS) 5 . The
ILRS stations provide satellites’ range data, obtained with the measurement of the round-trip
time, that have currently reached RMS errors around one millimeter: this allows reconstruction
of the orbit, using precise orbit determination (POD) techniques, at a level of about 1 cm. The

ILRS data are freely available, both as high frequency measurements (called full rate) and as
“normal points”, i.e. values averaged over a period of two minutes for the LAGEOS satellites.
We use ranging data for the two LAGEOS and the LARES satellites. The first LAGEOS was
launched in 1976 by NASA, has a mass of about 400 kg, a diameter of 60 cm and hosts 426
CCR. LAGEOS II, launched in 1992 by NASA/ASI, is almost identical to LAGEOS.
LARES was launched in 2012 by ASI, it is smaller but denser than LAGEOS, with a diameter
of 36 cm and a mass of about 390 kg. It is equipped with 92 CCR. The mean orbital parameters
of the three satellites are reported in table 1. One relevant difference between LAGEOS and
LARES is the height of their orbit: indeed, LARES is on a much lower orbit, and is therefore
more sensitive to the non-uniformity of the Earth’s gravitational field (higher multipoles), to
tidal effects and to the drag effects from the residual atmosphere.
Table 1: Keplerian parameters of the LAGEOS and LARES satellites. The right ascension of the ascending
node and argument of the pericenter are estimated at October 24th, 1992 for LAGEOS and LAGEOS II, and at
February 18th, 2012 for LARES.

Orbital Element
Semi-major axis (m)
Eccentricity
Inclination (deg.)
Right ascension of the ascending node (deg.)
Argument of pericenter (deg.)

3

a
e
i
Ω
ω

LAGEOS
1.23 · 107
4.43 · 10−3
109.84
289.74
53.12

LAGEOS II
1.22 · 107
1.38 · 10−2
52.66
113.75
212.57

LARES
7.82 · 106
1.20 · 10−3
69.49
230.84
296.99

LARASE activities

The main objective of LARASE is the measurement of the L-T effect with an improved error
budget: to this purpose, we need to account for all perturbations and to keep under tight control
all the systematic errors, in order to produce a robust, reliable and uncontestable result. This
target requires a careful study of all the effects of both gravitational and non-gravitational origin
that act on the satellite and may mask the GR effects.
The main observables used for the measurement are the rate of right ascension of the ascending node Ω̇ of the orbit of the satellites. Also the rate of the argument of pericenter ω̇ of
the orbit can be used. Both these drifts are proportional to the gravitomagnetic parameter µ,
which is equal to 1 in Einstein’s GR and 0 in Newtonian classical physics:
Ω̇LT = µ

2GJ⊕
c2 a3 (1 − e2 )

3
2

ω̇ LT = µ

−6GJ⊕
3

cos i

(1)

c2 a3 (1 − e2 ) 2

where G is the gravitational constant, a the semi-major axis, e the eccentricity, i the inclination,
c the speed of light and finally J⊕ is the Earth’s angular momentum.
Other phenomena, beside GR, can cause the drift of the satellite node Ω and pericenter
ω. These parameters are perturbed also in the Newtonian sense: indeed, a similar effect can
be produced by the non-sphericity of Earth’s mass distribution, and in particular by the even
terms of the geopotential multipole expansion. This disturbing effect can be reduced using the
measured Keplerian parameters of several satellites and properly combining their residuals 7,8 .
For example, we can use a combination of the right ascension of the nodes of the 3 satellites 8 :
Ω̇comb = Ω̇L1 + k1 Ω̇L2 + k2 Ω̇LR ,

(2)

This weighted sum, where the coefficients k1 and k2 are defined by the orbital parameters, defines an equivalent shift Ω̇comb that is insensitive to all errors related to the first two even zonal
harmonics, i.e. the quadrupole and octupole coefficients of the gravitational field. Alternative

combinations are possible using also the argument of pericenter of LAGEOS II, the most eccentric among the 3 satellites 9 .
In order to reduce and properly evaluate the errors affecting the relativistic measurements, a
careful study of the gravitational and non-gravitational forces acting on the satellite is required.
The recent activities of LARASE have focused on:
- Study of thermal effects: these have an impact on the satellite attitude dynamics. We
started with a critical analysis of the satellites physical characteristics available in literature:
this enabled us to build 3D models, to evaluate e.g. the moments of inertia 6 of the satellites.
These models will also be used for thermal studies based on finite-element techniques. Figure 1
shows a rendering of LARES obtained using the 3D model of the satellite.
- Study of neutral particle drag effects: due to its lower orbit, LARES is more sensitive to
the perturbing effects of the neutral drag. Using a modified version of SATRAP 10 software, we
evaluated the perturbations acting on LARES, in particular the decay of its semi-major axis 11 .
We considered the evolution of solar and geomagnetic activities using different thermospheric
density models.
- Study of Earth tides, both solid and ocean: the tides of the Earth affect the dynamics
of the satellites in a threefold way: i) they modify the Earth’s shape, changing the position of
the ground stations, ii) they change the Earth gravitational field that influences the orbit of the
satellites and iii) they change the reference frame adopted in the measurements, as they modify
the Earth’s rotation. Also in this case a larger effect is expected on LARES with respect to the
two LAGEOS.

Figure 1 – CAD Rendering of LARES satellite

4

Preliminary results

We show a preliminary analysis on the ranging data of about 3.4 years of the LAGEOS and
LARES satellites. The data were subdivided in single time spans (arcs) of 7 days. The best orbit
was estimated on each arc using a least-squares approach. The measured position and velocity
in each arc were used as initial conditions in a numerical evaluation of the orbit based on a
model that includes all known effects, except the L-T effect to be measured. The reconstructed
(propagated) orbit at the end of each arc and the measured orbit at the same initial epoch of
the subsequent arc are compared, obtaining the so called (O-C) or residuals. These residuals
should contain the “displacement” due to the L-T precession of the orbit.
The node residuals calculated for each of satellite are combined using Eq. (2). Figure 2
displays the time dependence of the integrated residuals for Ωcomb . Since the L-T effect produces
a secular effect (see Eq. (1)), we expect a linear behaviour for the integrated residuals of the
satellites nodes.
In practice, some periodic disturbances superimpose the linear behaviour predicted by GR.
When these effects (typically tides and thermal effects) have periods longer than the analyzed

time span, they are hard to be discriminated: on time intervals shorter than half their period,
their time evolution can be confused with a monotonic trend. We fitted many of these oscillating
disturbances, taking into account a number of tides (both solid and ocean) varying between 3
and 12. In this way their oscillating behaviour can be removed, at least partially.
The computed linear fit to the data is the red line in figure 2, corresponding to a drift of
50.11 mas/year, to be compared with the GR prediction represented by the green line, with
a slope of 50.18 mas/year. The statistical error is therefore around 0.1%, but the sensitivity
to the number of the tides absorbed in the fit can increase this error to a few percent level. A
careful analysis of the main systematic error sources is underway.
We plan, for the near future, to reduce the errors that depend on the dynamical models
included in the POD, especially for the thermal and gravitational effects.

Figure 2 – Integrated residuals for the combined right ascension of the ascending node of the satellites (Ωcomb of
eq.2). The residuals are fitted with a linear term plus a number (up to 12) of periodic terms to model slow tides.
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Theories of Modified Gravity
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I briefly review modified theories of gravity, and in particular discuss massive theories of
gravity and current observational bounds placed on the graviton mass.

1
1.1

Introduction
Why modify gravity at large distances?

Why modify gravity at large distances? The principal motivation is cosmological. The main
driver for exploring modifications to general relativity are the intertwined dark energy and
cosmological constant problems, i.e. the theoretical attempts to reconcile the now compelling
picture that the universe is undergoing late time acceleration, together with our understanding
of gravity:
• Old Cosmological Constant Problem: Why is the Universe not accelerating at a rate
determined by the vacuum energy?
• New Cosmological Constant Problem: Assuming the above is solved, what gives rise
to the remaining vacuum energy or dark energy which leads to the acceleration we observe?
• Testing GR: Because it allows us to put better constraints on Einstein Gravity.
Gravity has only been tested over a special range of scales and curvatures 1 . Just as Weinberg
constructed his nonlinear version of quantum mechanics, to provide a means to test experimentally the linearity of ordinary quantum mechanics 2 , it is important to explore cosmological
alternatives to general relativity (and a cosmological constant), to better probe the possible
validity of this theory.
1.2

Guiding Principle

The central guiding principle to constructing modifications of general relativity is the theorem
that:

General Relativity (with a cosmological constant) is the unique local and Lorentz invariant
theory describing an interacting single massless spin two particle that couples to matter.
This theorem goes back to the work of Feynman, Weinberg, Deser, Wald and many others
and has been approached both from the perspective of the consistency of the equations
of motion, the consistency of the non-linear symmetries, and the existence of an S-matrix. Any
modification will thus give up one of these properties:
3,5,4,6

1. Locality,
2. Lorentz Invariance,
3. Massless,
4. Single Spin Two.
A corollary of this theorem is that any theory which preserves Lorentz invariance and locality
(1 and 2) leads to new degrees of freedom since we require either new states (4) or the spin 2 field
is massive (3), which by Lorentz invariance then has 3 new degrees of freedom. New gravitational
degrees of freedom that couple to matter are highly constrained by a variety of tests including:
fifth force constraints (e.g. solar system tests), equivalence principle tests, binary pulsar timing,
nucleosynthesis, cosmological moduli problems. We thus need some kind of screening mechanism
to hide extra degrees of freedom.
1.3

Screening Mechanisms

The different screening mechanisms that arise in theories of dark energy and modified gravity
can be understood in relatively simple terms as follows. Let us suppose for simplicity, that
the new degrees of freedom that arise are scalars. Let us denote one of these scalar fields
by φ, and take into account the fact that in a cosmological or astrophysical background it
may take on some time/space dependent background value φb . Accounting for fluctuations we
denote φ = φb + δφ. Similarly let us collectively denote the various components of the stress
energy tensor by ρ = ρb + δρ. The generic form of the equations of motion for perturbations is
schematically
"

#

d2 δφ
Z(φb , ρb )
− c2s (φb , ρb )∇2 δφ + m2 (φb , ρn )δφ = β(φb , ρb )GNewton δρ .
dt2

(1)

The static force between two point masses Ma , Mb will take the schematic forma
F ≈

β 2 (φb , ρb )
Ma M b G
exp (−m(φb , ρb )r) .
r2
Z(φb , ρb )c2s (φb , ρb )

(2)

Generically these fifth forces may be as strong as the ordinary Newtonian contribution unless
one or more of the following conditions are met:
1. The coupling is small, at least in the presence of matter β(φb , ρb )  1. This is realised by
quintessence models (where β ≈ 0) or the symmetron mechanism 7 where this occurs in
the regions of dense environments.
2. The mass becomes large in the region of dense environments m(φb , ρb )  1/rexp , as is
realised for example by the chameleon mechanism 8 .
3. The kinetic term becomes large in dense environments Z(φb , ρb )  1. This is known as the
Vainshtein mechanism 9 and is most famously realised in the context of massive theories
of gravity.
a

Assuming an interaction Lint ∼ β(φb , ρb )GNewton δφδρ

In what follows we shall focus on theories of massive gravity that incorporate the Vainshtein
screening mechanism. For a recent review of Vainshtein screening see Ref. 10 . In brief this
mechanism works as follows. Associated with the graviton mass scale m, the Planck scale MPl
and mass of a source M , there is a characteristic length scale known as the Vainshtein radius
rV determined by
1
M
rV3 =
.
(3)
2
MPl m MPl
This is the scale at which the helicity-zero modes of the massive graviton, the would-be progenitors of fifth forces become strongly coupled. At distance r  rV the effective kinetic term for
fluctuations around the background takes the form


Z∼

rV
r

A

,

(4)

with A a positive power such that Z  1. This arises from the nonlinearities of the strong
coupling mechanism. This screening of the fifth forces means that the predictions of general
relativity are recovered with small corrections. Stated differently, this region is the one for
which the spacetime curvature R  m2 and so the mass term in massive gravity is negligible
relative to the Einstein-Hilbert term. At distances r  rV the mass term comes into play and
there are noticeable departures from general relativity, until eventually we reach r  1/m at
which point the Yukawa suppression effect kicks in.
2

Massive Gravity

What does it mean to have massive gravity? To understand this we can think of the analogy
of how the W and Z bosons become massive in the standard model. There the electroweak
symmetry is broken by the vev of the Higgs field via
SU (2) × U (1)Y → U (1)EM ,

(5)

with the result that the W and Z bosons become massive. The would-be Goldstone mode
in the Higgs field becomes the Stückelberg field which gives the boson mass. For instance
in the simplified version of the Abelian Higgs model, the single complex Higgs field can be
parameterized as
Φ → (v + ρ)eiπ ,
(6)
where v is the Higgs vev, ρ is the Higgs boson and π is the Stückelberg field (which in the global
limit is the Goldstone mode). Under the U (1) symmetry Aµ → Aµ + ∂µ χ and π → π + χ.
In massive gravity, the symmetries are the direct product of a local diffeomorphism group
and an additional global Poincaré group. The breaking mechanism that gives rise to a mass is
the one that leaves behind the diagonal subgroup
Dif f (M ) × P oincare → P oincarediagonal .

(7)

Similarly in bigravity models, two copies of the local diffeomorphim group are broken down to
a single copy of the diffeomorphism group
Dif f (M ) × Dif f (M ) → Dif f (M )diagonal .

(8)

Despite much blood, sweat and tears, an explicit Higgs mechanism for gravity is not known.
However, if such a mechanism exists, we do know how to write down the low energy effective
theory in the spontaneously broken phase. For an Abelian Higgs this corresponds to integrating
out the Higgs boson and working at energy scales lower that the mass of the Higgs boson ρ.

This will then be an effective theory for the Stückelberg field π coupled to the gauge field Aµ .
In massive gravity we follow the same procedure 11 . Diffeomorphism invariance is spontaneously broken, but can be recovered with the introduction of 4 Stuckelberg fields φa . This
is achieved by replacing the Minkowski reference metric for the global Poincare symmetry ηab
with the spacetime tensor fµν = ηab ∂µ φa ∂ν φb . In this way the mass term can be constructed
out of scalar combinations of fµν and gµν in a way which respects diffeomorphism invariance.
The reference metric ηab can be viewed as the vev of a spin-2 Higgs (possibly composite) field
ηab = hÔab i. The additional 3 degrees of freedom in massive graviton are made manifest by the
decomposition
1
1
φa = xa +
Aa + 3 ∂ a π ,
(9)
mMPl
Λ3
where Λ33 = m2 MPl and scales introduced are inferred by canonical normalization. Aa caries
the 2 helicity-one degrees of freedom of the massive spin 2 field (there is an additional U (1)
symmetry Aµ → Aµ + ∂µ ψ, π → π − mψ which keeps it at 2), and π the helicity-zero. The full
form of Lorentz invariant massive gravity with the highest strong coupling scale possible Λ3 was
given in Ref 12 . The precise form is
4
X
1√
2
L=
βn Un + LM ,
−g MPl
R − m2
2
n=0

!

(10)

where the characteristic polynomials Un (K) are defined via
Det[1 + λK] =

4
X

λn Un (K) ,

(11)

n=0

p

and the matrix K is defined via K = 1 − g −1 f which may be equivalently written as g µα fαν =
gνµ − 2Kνµ + Kαµ Kνα . The square root structure is determined entirely by the requirement that
the strong coupling scale is Λ3 . A generic mass term, would give rise to an effective theory
whose cutoff is Λ5 = (m3 MPl )1/5 .
3

Constraints on the Graviton Mass

Constraints on the graviton mass are summarized in Figure (1) and are discussed at length in
Ref. 13 b . They arise from probing three distinct physical consequences of the graviton having a
mass. These are as follows:
• Yukawa Suppression: Due to the mass, static weak field forces will be exponentially supG
G −mr
pressed at large distances V ∼ mM
→ mM
.
r
r e
• Modified Dispersion Relation: Gravitational waves now propagate with a dispersion relation of the form ω 2 ≈ c2 k 2 + m2 c2 .
• Fifth forces/New degrees of freedom: Since generically massive gravity theories have additional degrees of freedom which couple to the stress-tensor, then they induces fifth forces
which as we have discussed in the previous section must be screened in some sense in dense
environments, to avoid immediate conflict with current observations.
b
We shall review various aspects of this discussion here, and we refer to Ref. 13 for a fairly exhaustive list of
references

Figure 1 – A summary of constraints on the graviton mass from de Rham, Deskins, Tolley and Zhou, 2017.

3.1

Fifth Forces/New degrees of freedom

Traditionally the strongest constraint on the mass of the graviton comes from lunar laser ranging
experiments which probe modifications in the earth-moon system. Despite only testing solar
system scales, the accuracy and length of time they can be performed significantly compensates
the otherwise negligible physical modification in the orbits due to fifth forces. For models whose
effective theory is described by a cubic Galileon, such as the Dvali-Gabadadze-Porratti model
then the constraint on the graviton mass implied by a modification of the Newtonian potential
δΦ is of order


mg < δΦ

rS
a3

1/2

→ mg < 10−32 eV .

(12)

where a is the semi-major axis of the lunar orbit and rS the Schwarzschild radius of the earth.
For ‘hard-mass’ models of massive gravity, or those whose effective theory is described by a
quartic Galileon the constraint is slightly weaker
mg < δΦ3/4



rS
a3

1/2

→ mg < 10−30 eV .

(13)

It should be noted that these are already remarkably strong constraints, and are far stronger
than the equivalent constraints on the mass of the photon 21 .
Observations of binary pulsars provide a more direct probe of the possible existence of extra
degrees of freedom 14 , 15 since the extra polarizations of the graviton imply additional modes of
gravitational waves. Consequently binary pulsars lose energy faster than in general relativity
and so the orbit slows down more rapidly. This gives a constraint of order mg < 10−27 eV.

3.2

Yukawa Potential Bounds

In the weak field approximation, a graviton mass leads to a Yukawa potential in place of a
Newtonian potential. As such structures cannot be gravitationally stable at distances larger
than the Compton wavelength of the graviton. Given that the core of clusters being a typical
size of 1-10 Mpc are virialized, then we obtain a constraint mg < 10−29 eV 16 . Within the solar
system, we can check the force law by the validity of Kepler’s law a3 /T 2 =constant, for Earth
and Mars. This gives a constraint mg < 10−23 eV 17 . In weak lensing, the power spectrum of
effective convergence gets corrected by a factor of k 2 /(k 2 + m2g ), and so assuming ΛCDM we get
mg < 10−32 eV 18 .
3.3

Direct Detection of Gravitational Waves

Given the recent direct detection of gravitational waves by advanced LIGO 19 , associated with
the merger of two binary black holes, we have a direct opportunity to put constraints on the
mass of the graviton from the modified dispersion relation for gravitational waves. This is
through observations of the waveform. During the merger process, the frequency of gravitational
waves increases sharply at the end (the so-called ‘chirp’). Taking the simplest assumption that
ω 2 = c2 k 2 +m2 c2 then the gravitational waveform would be more squeezed in a theory of massive
gravity than in GR. This is because the speed of near luminal gravitational waves increases with
frequency as
!2
vg
1
c
≈1−
(14)
c
2 Λg f
and so the later emitted parts of the waveform would travel faster, causing the overall waveform
to bunch up 20 . If ∆te is the emitted signal duration and ∆to the observed duration, then
accounting for any possible redshifting, the effective time difference due to any possible squeezing
of the signal is
∆t = ∆to − ∆te (1 + z) .
(15)
This effect places a constraint on the graviton mass in the form
mg < 4 × 10

−22

f 200Mpc
eV f ∆t
100Hz
D


1/2

,

(16)

where D is the luminosity distance of the source. The phase distortion f ∆t can be measured
up to 1/ρ, where ρ is the signal to noise ratio. For the gravitational wave detection GW 150914
we have D ∼ 400Mpc, f ∼ 100Hz and ρ ∼ 23 implying mg < 10−22 eV. For LISA we could in
principle have ρ ∼ 103 , D ∼ 3Gpc and f ∼ 10−3 Hz which could put a constraint mg < 10−26 eV.
While the above constraint on the graviton mass was discussed already after the first direct
detection of gravitational waves 19 , this is far from the end of the story of what can be learned
about massive gravity from strong gravity physics and gravitational waves. We known in realistic
nonlinear theories of massive gravity, such as that discussed above, the graviton mass actually
depends on the environment, for instance it can depend on the distance to the black holes, via
the background metric. The graviton mass is also likely to vary non-adiabatically during the
merger, creating additional non-adiabatic effects in the waveform. The effects of the additional
scalar and vector gravitational modes has not been taken into account, and in certain stages of
the merger the scalar radiation could feasibly dominate the effect of the tensors. The black hole
or neutron star solutions may themselves be modified, which will lead to different quasi-normal
modes modifying the final ring-down stages. The Vainshtein suppression may not be active in the
merger region and this would need to be dealt with by a proper numerical simulation accounting
for the additional degrees of freedom. For instance it is expected that the PN expansion almost
certainly doesn’t working in the Vainshtein region. Given all these extra effects that have not

yet been taken into account, it is not unreasonable to conjecture that the current advanced
LIGO constraints on massive gravity theories are already much stronger than those quoted in
the literature so far.
4

Summary

Realistic, nonlinear, diffeomorphism invariant effective field theories of modified gravity do exist
and can be tested. Many models designed to modify late time cosmology can also be constrained
by solar system, astrophysical (e.g. pulsars), strong gravity physics, gravitational waves. The
various different screening mechanisms that arise in these theories play a crucial role in their
theoretical and observational viability.
Nonlinear theories of massive gravity are examples which will lead to many physical effects
different from general relativity, and these theories arise whenever diffeomorphism invariance is
spontaneously broken. Constraints on the graviton mass arise from probing essentially three
different distinct physical consequences of the existence of a graviton mass, (1) Yukawa suppression, (2) dispersion relation and (3) fifth forces. Looking to the future, strong gravity and
gravitational wave physics will place strong constraints on these theories. For example, current
constraints on the graviton mass from advanced Ligo need to be improved to better understand
the nonlinear dynamics of the helicity-0 mode (Vainshtein effect), and the properties of the black
holes and neturon stars in massive gravity (be it Lorentz invariant or Lorentz violating), how
the binary merger is modified, and how the quasi-normal modes are modified.
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Cosmic Tsunamis Wrecking Screening Mechanisms in Modified Gravity
David F. Mota
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High energy astrophysical phenomena, such as supernovae explosions or collapse of domain
walls, create waves in the new degrees of freedom of modified theories of gravity. The propagation of such waves into our galaxy and solar system significantly impacts the efficiency of
screening mechanisms, thereby threatening the viability of these theories.

1

Introduction

Any modification to Einstein’s gravity must include a screening mechanism to hide the new extra
degree of freedom and reduce the theory to general relativity in the well tested regimes 1 . The
common feature to all the screening mechanisms is that they are built, and their efficiency tested,
assuming the so called quasistatic approximation for the field equations. We find that, when
relaxing the quasistatic approximation, the presence of waves may result in striking consequences
for the efficiency and viability of the screening mechanism. In particular, we show that energetic
waves in the extra degree of freedom strongly weaken the screening process for a theory with a
standard kinetic term. Therefore, modified gravity theories previously considered viable may, in
fact, be ruled out by the present days gravity experiments and observational data. To understand
the implications of these waves in greater detail, we simulate a scalar degree of freedom with
externally generated waves. The waves propagate radially in towards a spherically symmetric
matter distribution, modeled after the Milky Way halo.
1.1

The symmetron

As a working example, we implement a specific form of modified gravity called the symmetron
2 . In spite of this specificity, the results presented here should be considered for any modified
gravity theories that have extra degrees of freedom with wave-type equations of motion. We
consider the following general scalar-tensor action for canonical scalar fields:



Z 
p
√
R
1 ,µ
S=
−g
− φ φ,µ − V (φ) + −g̃ L̃m d4 x,
(1)
16πG 2
V (φ) is the quartic symmetron potential with the three free parameters µ, λ, and V0
1
1
V (φ) = − µ2 φ2 + λφ4 + V0 .
2
4

(2)

The Jordan frame metric g̃ is related to the Einstein frame metric according to the conformal
transformation g̃µν = C (φ) gµν . The specific form of C for the symmetron is C (φ) = 1 + (φ/M )2 .
The mass scale M is a free parameter that gives the strength of the interaction with the matter

fields. The equation of motion for the scalar field is
φ̈ + 3H φ̇ −

C,φ (φ)
1 2
∇ φ = −ρ
− V,φ (φ) ,
a2
2C (φ)

(3)

The Einstein frame metric is assumed to be a flat Friedmann-Lemaı̂tre-Robertson-Walker metric
with a single scalar perturbation ΨE , specifically
ds2 = − (1 + 2ΨE ) dt2 + a2 (t) (1 − 2ΨE ) dr2 .

(4)

As a working example, we fix the symmetron parameters such that β = 1, aSSB = 0.5, and
λ0 = 0.25 Mpc/h. This is equivalent to a symmetron mass
M = 3.4 × 10−4 Mpl . These parameters are being widely assumed to represent a viable model
that evades all the bounds from both Solar System and astrophysical data. With this choice of
parameters, we aim to prove that even such a model may, in fact, be ruled out when one fully
integrates the equations of motion of the field without the quasistatic assumption and, thereby,
allow for the effects of the scalar waves.
2

Solar System constraints

To test how screening mechanisms work in the Solar System, the community generally chooses a
static, spherically symmetric matter distribution to mimic the Galaxy. We follow this approach
and choose the Navarro-Frenk-White density profile with the characteristics to represent the
Milky Way Galaxy, specifically with a virial radius of rvir = 137 kpc/h and concentration c = 28,
resulting in a halo mass of 1.0×1012 M and a circular velocity of 220 km/s at 8 kpc. The reason
for the high value of the concentration is simply that we are modeling not only dark matter, but
the total matter of the Milky Way, which is more concentrated than the pure dark matter halo
5.
One of the most precisely measured gravity parameters to probe deviations from general
relativity is the parametrized post-Newtonian (PPN) parameter γ. It can be expressed as the
ratio of the metric perturbations in the Jordan frame, ΨJ and ΦJ :
γ−1=−

φ2
M2

2
φ2
M2

2

φ
− 2ΨE − 2ΨE M
2

.

(5)

In general relativity, γ = 1 exactly. The strongest constraint to date, measured by the Cassini
spacecraft, is γ − 1 = (2.1 ± 2.3) × 10−5 .
The symmetron screening works by modifying the effective potential such that the field
value is pushed towards zero in high density regions – like the inner regions of the Galaxy. This
results in γ − 1 → 0, such that the deviations from general relativity in the proximity of the
Solar System are small. The same occurs for the fifth force Fφ associated to the scalar field 3,4 .
3

Results

Figure 1 shows an example of how the PPN parameter γ changes when a wave enters the inner
100 kpc of the Milky Way. The vertical line shows the position of the Solar System, which we
assume to be 8 kpc from the Galactic center. The modifications to gravity are initially screened
very well in the regions around this position, with |γ − 1| < 10−8 (blue dashed line). However,
after the wave has arrived (black solid line), the scalar field is perturbed enough to breach the
Solar System constraints, |γ − 1| > 2 × 10−5 . In other words, the screening mechanism breaks
down under these circumstances. The wave in this particular simulation has an amplitude
A = 0.01 and a frequency ω = 40 Myr−1 . The cusps are regions where the scalar field is zero,
which exist since the wave oscillates both above and below χ = 0.

Figure 1 – LEFT: The PPN parameter |γ − 1|, plotted against distance from the center of the Galaxy. The curves
show |γ − 1| in the quasistatic case (blue dashed line), as well as after a scalar wave has entered the halo (black
solid line). The vertical (green dotted) line indicates the position of the Solar System, and the horizontal (red
dotted) line indicates the highest allowed value of γ − 1 in the Solar System from the Cassini experiment. When
the wave enters the Milky Way, it increases the value of |γ − 1| by several orders of magnitude. RIGHT: Maximum
increase in the PPN parameter |γ − 1| due to incoming scalar field waves at the position of the Sun in the Galaxy
(8 kpc from the center) as a function of amplitude and frequency of the incoming waves. The color indicates by
which factor |γ − 1| is increased when compared to the quasistatic case with no waves.

When measuring γ arising from a single sinusoidal wave with low frequency, there is a
possibility that the local wave is between two extrema at the time of measurement. This could
render this kind of detection difficult for several thousand years. Nevertheless, given that various
astrophysical events—such as supernovae—can generate waves, the probability that one of the
wavefronts would bring us away from the minima at the present time is not negligible 6 . In
order to investigate how our result depends on the frequency ω and amplitude A of the waves,
we simulate incoming waves with several values of these two parameters. Figure 1 shows the
maximum growth of |γ −1| that we found at 8 kpc from the Galactic center. Brighter colors mean
a larger increase of |γ−1| compared to the quasistatic approximation. The values of the frequency
and amplitude that lie in the black region of the plot, give waves that do not significantly
impact γ compared to the quasistatic solution. Therefore, in this region of parameter space, the
screening mechanism is efficient and hides the extra degree of freedom from gravity experiments.
From Figure 1, one concludes that higher frequencies and amplitudes for the incoming scalar
waves give larger deviations from the general relativity result (i.e., γ = 1). The limit where
amplitude and frequency go to zero is equivalent to the quasistatic limit, where no waves are
produced and their energy is zero. As one goes into the high frequency and amplitude regime, the
waves carry more energy, and therefore, the PPN parameter γ starts deviating significantly from
the quasistatic limit. Note that, since in the symmetron model, the fifth force is Fφ ∝ ∇φ2 /M 2 ,
these values can be immediately extrapolated to the impact of the waves on this quantity.
The dependence of the γ PPN parameter on the wave amplitude is straightforward to understand: When a wave propagates through the screened regions of the halo, a larger amplitude
wave will lead to larger displacements of the field from the screening value φ ≈ 0. Therefore,
2
|γ − 1| ∝
∼ φ will increase accordingly.
The frequency dependence of the γ parameter is a consequence of the following: The effective
potential of the symmetron grows steeper and narrower in high density areas. In other words,
the mass of the field increases towards the center of the halo. Therefore, it becomes more difficult
to perturb the field away from the minimum, and a higher wave energy is needed to displace it.
Specifically, if the energy of the external waves is small compared to the mass of the field, the
field will not be perturbed and the γ parameter will not be affected.
The results obtained imply that if waves with sufficient amplitude or frequency can somehow

be generated in a given model for modified gravity, they will have to be taken into account when
constraining the model parameters. Cosmic tsunamis, resulting from extreme events, could
even completely ruin the screening mechanisms in modified gravity by increasing the deviations
from general relativity by several orders of magnitude compared to the quasistatic case. A
subject that that must be discussed now is the generation of such waves. Extreme events on
small scales, such as collision of neutron stars, stellar, or super-massive black holes are obvious
examples. Generation of waves by pulsating stars are another possibility.
In the specific case of the symmetron model, it is possible to obtain waves from events that
occur on cosmological scales. First, the symmetron model undergoes a phase transition when the
density falls below a specific threshold. This transition first occurs in voids when the expansion
factor is close to aSSB . When this happens, the scalar field receives a kick, which produces
waves traveling from the center of the voids towards the dark matter halos. We find that, in
a symmetron model with slightly different parameters, the amplitude of cosmological waves is
typically smaller that 0.1 and the associated frequencies are of the order of 1/Myr. Note that
these values depend on the model parameters and, hence, must be taken only as indicative.
Scalar waves can also be created through the collapse of topological defects, which are known
to exist in any model in which such phase transition occurs.
4

Conclusions

The viability of modified theories of gravity is strongly dependent on the existence of a screening mechanism that suppresses any extra degrees of freedom at these scales. Here, we show
that waves propagating in an additional gravity degree of freedom, may significantly spoil the
screening mechanism and, hence, jeopardize the viability of the given modified gravity theory. Specifically, we show that waves in a given model can increase the amplitude of the
fifth force and the PPN parameter |γ − 1| by several orders of magnitude, rendering theories previously assumed to be viable unfeasible. To demonstrate that similar effects can be
expected in other theories, we propose a simple calculation regarding a viable chameleon model
(n = 1, M = 10−3 MPl , Λ = 2 meV). When a white dwarf explodes as a type Ia supernova,
waves in the chameleon field will be measurable at several Mpc distance.
The applicability of the quasistatic approximation should be carefully analyzed when obtaining constraints for modified gravity theories from Solar System experiments. Our results
show that, in modified gravity, the Solar System—and indeed, the Galaxy—can not be studied
in isolation; events that occur on cosmological scales might actually impact events that happen
in the inner Solar System. While our conclusions make it more difficult to build viable modified gravity theories based on screening mechanisms, the existence of nonstatic effects opens a
completely new window for developing new tests of gravity.
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Degenerate Higher-Order Scalar-Tensor (DHOST) theories
David Langlois
APC (Astroparticules et Cosmologie), CNRS-Université Paris Diderot,
10, rue Alice Domon et Léonie Duquet, 75013 Paris, France
This contribution reviews scalar-tensor theories whose Lagrangian contains second-order
derivatives of a scalar field but nevertheless propagate only one scalar mode (in addition
to the usual two tensor modes), and are thus not plagued with the Ostrodradsky instability.
These theories, which encompass the so-called Horndeski and Beyond Horndeski theories, have
recently been fully classified up to cubic order in second-order derivatives. After introducing
these theories, I present a few phenomenological aspects. In cosmology, these theories can
be included in the unified effective description of dark energy and modified gravity. Finally,
neutron star solutions in some specific models are discussed.

1

Introduction

There have been numerous attempts to modify or extend general relativity, with either the
motivation to account for dark energy (and sometimes dark matter) or, more modestly, to
construct benchmark models that are useful to test general relativity quantitatively. Scalartensor theories have often played a prominent role in these attempts and, lately, special attention
has been devoted to scalar-tensor theories whose Lagrangians contain second-order derivatives
of a scalar field.
Lagrangians of this type, which contain “accelerations”, are generically plagued by an instability due to the presence, in addition to the usual scalar mode and tensor modes, of an extra
scalar degree of freedom (unless the higher order terms can be treated as perturbative terms
in the sense of low energy effective theories). Until recently, it was believed that only theories
that yield second-order Euler-Lagrange equations were free of this dangerous extra degree of
freedom. In the last couple of years, it has been realized that there in fact exists a much larger
class of theories that satisfy this property.
2
2.1

From Horndeski to DHOST theories
Higher-Order Scalar-Tensor theories

In this section, we introduce scalar-tensor theories whose action is a functional of a metric gµν
and of a scalar field φ, allowing for a dependence not only on φ and its gradient φµ ≡ ∇µ φ
as usual, but also on its second derivatives φµν ≡ ∇µ∇ν φ. Restricting our investigation to
Lagrangians that depend on φµν up to cubic order, we are interested by actions of the form
Z
S[g, φ] =

d4 x

√

h
µνρσ
−g f0 (X, φ) + f1 (X, φ)2φ + f2 (X, φ) R + C(2)
φµν φρσ +
i
µνρσαβ
+f3 (X, φ) Gµν φµν + C(3)
φµν φρσ φαβ ,

(1)

where the functions fi depend only on φ and X ≡ φµ φµ , while R and Gµν denote, respectively,
the usual Ricci scalar and Einstein tensor associated with the four-dimensional metric gµν . The
tensors C(2) and C(3) are the most general tensors constructed with the metric gµν and the
scalar field gradient φµ .
It is easy to see that the terms quadratic in φµν can be rewritten as
µνρσ
C(2)
φµν φρσ =

5
X

(2)

aA (X, φ) LA ,

(2)

A=1

with
(2)

(2)

L1 = φµν φµν ,

(2)

L2 = (2φ)2 ,

(2)

L3 = (2φ)φµ φµν φν ,

(2)

L4 = φµ φµρ φρν φν ,

L5 = (φµ φµν φν )2 ,

(3)

where the aA are five arbitrary functions of X and φ. Similarly, the cubic terms can be written
in terms of ten arbitrary functions bA , as
µνρσαβ
C(3)
φµν φρσ φαβ =

10
X

(3)

bA (X, φ) LA ,

(4)

A=1

where
(3)

L1 = (2φ)3 ,
(3)

(3)

L2 = (2φ) φµν φµν ,

L5 = 2φ φµ φµν φνρ φρ ,
(3)

(3)

(3)

L3 = φµν φνρ φµρ ,

L6 = φµν φµν φρ φρσ φσ ,

L8 = φµ φµν φνρ φρ φσ φσλ φλ ,

(3)

(3)

L4 = (2φ)2 φµ φµν φν ,

(3)

L7 = φµ φµν φνρ φρσ φσ ,

L9 = 2φ (φµ φµν φν )2 ,

(5)

(3)

L10 = (φµ φµν φν )3 .

Theories described by an action of the form (1) in general contain, in addition to the usual
scalar mode and two tensor modes, an extra scalar mode leading to the so-called Ostrogradsky
instability [1]. However, by imposing some restrictions on the functions f2 , f3 and aA and bA ,
it is possible to find theories that only one propagating scalar mode.
Historically, theories of this type were found in several steps. The starting point was the
construction of higher-order theories leading to at most second-order Euler-Lagrange equations
for the metric and for the scalar field, due to Horndeski [2]. Until recently, it was (wrongly)
believed that requiring at most second-order Euler-Lagrange equations was necessary to get rid
of the extra scalar degree of freedom and, as a consequence, Horndeski theories were considered
to be the most general theories without Ostrogradsky instability. This belief was challenged by a
new class of theories, now often called Beyond Horndeski (or GLPV), proposed in [3], extending
Horndeski’s theories and leading to higher-order equations of motion a . Beyond Horndeski
theories were finally superseded by a larger class of theories, the DHOST theories, once it was
understood that the crucial element that characterizes higher-order theories propagating a single
scalar degree of freedom is the degeneracy of their Lagrangian [5], rather than the order of their
equations of motion b . By using the degeneracy criterium, the quadratic DHOST theories were
first identified in [5], extending both quadratic Horndeski and Beyond Horndeski Lagrangians c .
More recently, all DHOST theories up to cubic order have been systematically classified [9].
a

It is also worth noting that [4] had already pointed out the possibility to construct theories “beyond Horndeski”
by applying disformal transformations of the metric to the Einstein-Hilbert action.
b
In [6], after showing that the equations of motion of Beyond Horndeski theories, written in an arbitrary gauge,
can be reformulated as a system of equations with at most second-order time derivatives, it was suggested that
this property could provide a characterization of theories with a single scalar DOF. However, one can notice that
this reformulation also applies to theories that are not degenerate (and thus propagate an extra scalar DOF),
therefore invalidating this diagnostic. Note that, for scalar-tensor theories, the presence of redundant variables,
due to the diffeomorphism invariance, makes it difficult to count the number of degrees of freedom just from the
order of the equations of motion; instead, one needs to identify the number of independent initial conditions that
are physically relevant.
c
The name DHOST was not coined in the original paper but later in [7]. Note that the very same (quadratic)
theories were also dubbed “Extended Scalar-Tensor” in [8].

2.2

Degeneracy of the Lagrangian

As mentioned above, the crucial ingredient that singles out higher-order theories with a single
scalar degree of freedom is the degeneracy of their Lagrangian [5]. To better understand this
notion of degeneracy, it is instructive to present a very simple toy model based on classical point
dynamics. Let us consider the Lagrangian
1
1
1
L = a φ̈2 + b φ̈ q̇ + φ̇2 + c q̇ 2 − V (φ, q) ,
2
2
2

(6)

where a, b and c are constant coefficients and V (φ, q) is some potential. This Lagrangian involves
the acceleration of φ but not that of q. If a 6= 0, one gets fourth-order equations of motion,
whereas, if a = 0 but b 6= 0, one obtains third-order equations of motion.
In order to work with a more familiar Lagrangian containing only velocities, let us introduce,
following [5], the auxiliary variable
Q ≡ φ̇ ,

(7)

leading to the new (and equivalent) Lagrangian
1
1
1
L = a Q̇2 + b Q̇ q̇ + c q̇ 2 + Q2 − V (φ, q) − λ(Q − φ̇) ,
2
2
2

(8)

which does not include any acceleration.
Let us now try to identify the number of independent physical degrees of freedom in the
system. Equivalently, one can count the number of initial conditions that are needed to fully
determine the system at some initial time. From the equations of motion, it is easy to see that
two cases arise, depending on the nature of the Hessian matrix, defined by

M≡

∂2L
∂v a ∂v a




=

a b
b c


,

(9)

where the symbol v a denotes the velocities, i.e. v a ≡ {Q̇, q̇}.
In the generic case where M is invertible, one finds that six initial conditions are needed,
which corresponds to the existence of three degrees of freedom. While the variable q describes
as usual one degree of freedom, the variable φ is associated with two degrees of freedom. By
contrast, in the particular cases where M is degenerate, i.e.
det M = ac − b2 = 0 ,

(10)

only four initial conditions are necessary, which means that only two degrees of freedom are
present. The extra mode associated with φ is eliminated when M is degenerate. By extension,
it can be said that the initial Lagrangian (6) is degenerate in this situation.
The number of degrees of freedom can also be determined by resorting to a Hamiltonian
analysis. When the Lagrangian is degenerate, the conjugate momenta satisfy a (primary) constraint. By writing down the time evolution of this constraint, one finds that it leads to a
secondary constraint in phase space. These two constraints eliminate one degree of freedom, in
agreement with the analysis based on the equations of motion.
The above discussion can be generalised to the case of n variables similar to φ. In order
to get rid of all of the n extra degrees of freedom that arise in general, one must not only
impose a degeneracy of order n of the Hessian matrix, which guarantees the existence of n
primary constraints, but also require additional constraints to ensure the presence of n secondary
constraints [10, 11].

2.3

Horndeski and Beyond Horndeski theories

Well-known particular examples of DHOST theories are Horndeski’s theories. They are characterized by four arbitrary functions of φ and X, corresponding to the four functions fA that
appear in the general action (1). The other functions aA and bA are then completely determined
in terms of f2 and f3 , respectively. The quadratic part of the Horndeski action, which it is
convenient to denote LH
(2) [f2 ], is thus fully determined by the function f2 , with the quadratic
coefficient aA given by
a1 = −a2 = 2f2,X ,

a3 = a4 = a5 = 0 .

(11)

Similarly, the cubic part of Horndeski theories, LH
(3) [f3 ], depends only on the functions f3 , while
3
3b1 = −b2 = b3 = f3,X ,
bA = 0 (A = 4, . . . , 10) .
(12)
2
The so-called Beyond Horndeski (or GLPV) theories, introduced in [3], extend Horndeski theories by including two additional Lagrangians, each characterized by a single arbitrary function.
The first of these Lagrangians, which can be written as LbH
(2) [g2 ], is quadratic and characterized
by the coefficients
a1 = −a2 = Xg2 ,

a3 = −a4 = 2g2 ,

a5 = 0 .

(13)

The second new Lagrangian, which is cubic and will be denoted LbH
(3) [g3 ], depends on a single
arbitrary function g3 and its non vanishing coefficients bA are given by
b1
b2
b3
b4
b5
b6
b7
=−
=
=− =
=
= − = g3 .
X
3X
2X
3
6
3
6

(14)

In the original paper [3], it was not yet fully clear whether arbitrary sums of the four
bH
Horndeski Lagrangians and of the two new Lagrangians LbH
(2) [g2 ] and L(3) [g3 ] were viable. It was
first pointed out in [12] that some Beyond Horndeski theories could be related to Horndeski
theories via (invertible) conformal-disformal transformations, in which case they should have
the same number of degrees of freedom as their Horndeski counterparts d . But it was only with
the concept of degeneracy that this question was finally settled, with the results of [5] and [13].
Let us briefly summarize these results, by stressing that the sum of two degenerate Lagrangians is not necessarily degenerate. Moreover the terms f0 and f1 2φ can always be added
in the action without modifying the degeneracy of the total Lagrangian, so we do not need
to worry about these terms any further. For the remaining terms, the following combinations
bH
H
bH
bH
bH
involving Beyond Horndeski terms are degenerate: LH
(2) + L(2) , L(3) + L(3) and L(2) + L(3) . By
bH
H
H
bH
bH
contrast, the following combinations are not degenerate: LH
(2) + L(2) + L(3) , L(2) + L(2) + L(3) .
2.4

DHOST theories

As discussed above, the crucial element that characterizes higher-order theories with a single
scalar degree of freedom is the degeneracy of their Lagrangian, hence their name DHOST e .
DHOST theories were originally identified at quadratic order in φµν (i.e. with the functions
f2 and aA only) in [5] and a complete Hamiltonian analysis in [14] soon confirmed that they
indeed contained only one scalar degree of freedom. Quadratic DHOST theories were further
studied in [7, 8, 15]. More recently, the identification of DHOST theories has been extended up
to cubic order, i.e. by including the second line of (1), in [9] and the interested reader will find
the full classification there.
d

Note that the calculation in the final part of [12], directly inspired by a similar calculation in [4], does not lead
to a manifestly second-order system, as originally claimed. But the main point of the paper, based on disformal
transformations, remains valid.
e
Amusingly, this acronym can be obtained by substituting the initial of ’ghost’ with ’D’ of ’degeneracy’.

In summary, DHOST theories include seven subclasses of quadratic theories (four classes
with f2 6= 0 and three classes with f2 = 0) and nine subclasses of cubic theories (two with
f3 6= 0 and seven with f3 = 0). These quadratic and cubic subclasses can be combined to yield
degenerate hybrid theories, involving both quadratic and cubic terms, but all combinations are
not possible: only 25 combinations (out of 63) lead to degenerate theories, often with extra
conditions on the functions aA and bA in the Lagrangian (see [9] for details and for the explicit
form of the functions in each subclass).
2.5

Disformal transformations

A legitimate question about this classification is whether seemingly different DHOST theories
could correspond the same theory in different guises, in other words whether some theories could
be identified via field redefinitions f . Since the Lagrangian depends on a metric and on a scalar
field, natural field redefinitions of the metric involve disformal transformations [16]
g̃µν = C(X, φ)gµν + D(X, φ) φµ φν .

(15)

Via this transformation, any action S̃ given as a functional of g̃µν and φ induces a new action S
for gµν and φ, when one substitutes the above expression for g̃µν in S̃:
S[φ, gµν ] ≡ S̃ [φ, g̃µν = C gµν + D φµ φν ] .

(16)

The actions S and S̃ are then said to be related by the disformal transformation (15). The
disformal transformations of all quadratic DHOST theories have been investigated in [7], where
it was shown that all seven subclasses are stable under the action of disformal transformations.
Interestingly, there is a nice correspondence between the type of disformal transformations
and the extent of the corresponding stable class of theories:
• Horndeski theories are stable under disformal transformations characterized by C(φ) and
D(φ), i.e. conformal and disformal factors that depend only on φ, but not on X [17].
• Beyond Horndeski theories are stable under disformal transformations characterized by
C(φ) and D(φ, X) [12].
• Finally, DHOST theories are stable under the most general disformal transformations
where C and D depend on both φ and X [7].
3

Cosmology and astrophysics

After the short introduction to DHOST theories given in the previous section, let us now discuss
briefly some phenomenological consequences of these theories in the context of cosmology and
of astrophysics.
3.1

Cosmology

In order to study the cosmology of DHOST theories, it is very convenient to resort to the unified
formalism that has been developed for an effective description of Dark Energy and Modified
Gravity (see e.g. [18] for a review).
This approach is based on a 3 + 1 decomposition of spacetime, in which the spatial slices
coincide with uniform scalar field hypersurfaces. In this particular gauge, sometimes called
unitary gauge, the action of DHOST theories is of the form
Z
√
S = d3 x dt N h L[N, Kij , 3Rij ; t] ,
(17)
f
The coupling to matter is ignored here. If, after a redefinition of the metric, two related theories are minimally
coupled to matter, then they are physically distinct.

where N is the lapse function [which appears in the 3 + 1 form of the spacetime metric ds2 =
−N 2 dt2 + hij (dxi + N i dt)(dxj + N j dt), N i being the shift vector, hij the spatial metric]; Kij is
the extrinsic curvature tensor and 3Rij the intrinsic curvature tensor.
The Friedmann equations associated with a spatially flat Friedmann-Lemaı̂tre-RobertsonWalker (FLRW) spacetime ds2 = −N̄ 2 (t)dt2 + a2 (t)δij dxi dxj , are then simply derived from the
homogeneous action
Z
ȧ i 3
Shomog = dt N a3 L[N = N̄ (t), Kji =
δ , Rij = 0; t] .
(18)
N̄ a j
To study the dynamics of linear perturbations, one needs to write down the action at quadratic
order in perturbations. These perturbations are associated with the three basic ingredients of
the action:
δN ≡ N − N̄ ,
δKji = Kji − Hδ i ,
δ 3Rji = 3Rji ,
(19)
where H = ȧ/N̄ a is the Hubble parameter, and 3Rji is already a perturbation since it vanishes
in the background. The Lagrangian at quadratic order is then obtained via a Taylor expansion,
which is formally written as
L(qA ) = L̄ +

∂L A 1 ∂ 2 L
δq +
δq A δq B + . . . .
∂qA
2 ∂qA ∂qB

(20)

where q A = {N, Kji , 3Rji }.
All (quadratic and cubic) DHOST theories lead to a Lagrangian quadratic in linear perturbations of the form [19]
√




2
2
3 δ h
3
=
d x dt a
δKij δK − 1 + αL δK + (1 + αT ) R 3 + δ2 R + H 2 αK δN 2
2
3
a

β
2
3
2
3
(21)
+4HαB δKδN + (1 + αH ) R δN + 4β1 δKδ Ṅ + β2 δ Ṅ + 2 (∂i δN ) ,
a
Z

Squad

3

3M

2



ij

where δ2 3R denotes the second order term in the perturbative expansion of 3R, where the parameters M , αL , αT , αK , αB , αH , β1 , β2 and β3 are time-dependent functions. Moreover, one finds
that these parameters, for DHOST theories, are restricted to satisfy either one of the following
sets of conditions:
CI :

αL = 0 ,

β2 = −6β12 ,

β3 = −2β1 [2(1 + αH ) + β1 (1 + αT )] ,

(22)

or
CII :

β1 = −(1 + αL )

1 + αH
,
1 + αT

β2 = −6(1 + αL )

(1 + αH )2
,
(1 + αT )2

β3 = 2

(1 + αH )2
.
1 + αT

(23)

The category CI contains the subclass of Horndeski theories and of those related to Horndeski
via disformal transformations.
In the static linear regime around Minkowski, one can define an effective Newton’s constant
given by [19]
−1

2
β3
−2 (1 + αH )
−
,
(24)
8πGN = M
1 + αT
2
which diverges for theories satisyfing CII .
The coupling to matter can be minimal or nonminimal. One can derive the transformation of
the parameters that describe the matter coupling at linear level under disformal transformations
(15). Similar transformations exist for the parameters of (21). See [19] for details.

3.2

Stars in Beyond Horndeski theories

Even if the main motivation for modified gravity arises from the observed acceleration of the
cosmological expansion, it is indispensable to verify that any viable theory remains compatible
with astrophysical observations and solar system constraints.
As part of this programme, let us concentrate on Beyond Horndeski theories. In these models,
it has been noticed that the Vainshtein mechanism is partially broken inside matter [20]. For
spherical bodies, a new term appears in the gravitational law,
dΦ
GN M (r) Υ
d2 M (r)
=
+
G
,
N
dr
r2
4
dr2

(25)

where Φ is the gravitational potential and M (r) is the mass inside a sphere of radius r. This
leads to a modified profile of Newtonian stars [21, 22].
Following the recent works [23] and [24], let us discuss neutron stars in a specific model
described by the action
Z
S=

4

d x

√


−g

MP2





R
ζ 2
− k0 Λ − k2 X − X + L(2),bH [g2 ] ,
2
2

(26)

where k0 , k2 , ζ and g2 are assumed to be constant. By writing the Friedmann equations for this
model, one can easily find de Sitter solutions where the Hubble parameter H is constant. In
order to embed a spherical object within such cosmological spacetime, it is useful to rewrite the
de Sitter solution in Schwarzschild-like coordinates,
ds2 = −(1 − H 2 r2 )dt2 +
φ(r, t) = v0 t +


dr2
2
2
2
2
+
r
dθ
+
sin
θdφ
,
1 − H 2 r2

v0
ln(1 − H 2 r2 ) .
2H

(27)
(28)

One can then insert a spherical symmetric object in this cosmological solution by trying to solve
the Einstein equations for a metric of the form

ds2 = −eν(r) dt2 + eλ(r) dr2 + r2 dθ2 + sin2 θdφ2 ,

(29)

going asymptotically to (27). The energy-momentum tensor receives a contribution from the
scalar field as well as a contribution from a perfect fluid which is assumed to model the neutron
star’s matter. Remarkably, one can find an exact solution outside the star, corresponding to
a Schwarzschild-de Sitter geometry. Inside the star, the equations of motion can be solved
numerically, assuming some equation of state, in order to determine the matter density profile
and the internal geometry.
When Υ < 0, one finds that stars with fixed mass have a larger radius than their GR counterparts. Moreover, for the same equation of state, the maximum mass can increase significantly
with respect to GR [23]. Modified gravity could thus provide a solution to the hyperon puzzle.
Moreover, one can derive a relation between the dimensionless moment of inertia Ic2 /G2 M 3 and
the compactness GM/Rc2 , which is robust in the sense that it weakly depends on the equation
of state and which can discriminate between modified gravity and GR [24].
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STABILITY OF FUNDAMENTAL COUPLINGS AND DARK ENERGY:
A PRE-ESPRESSO ANALYSIS AND FORECAST
C. J. A. P. MARTINS, A. C. O. LEITE, A. M. M. PINHO, C. S. ALVES,
F. M. O. MOUCHEREK, T. A. SILVA
Centro de Astrofı́sica da Universidade do Porto and IA, Universidade do Porto, Rua das Estrelas,
4150-762 Porto, Portugal
We highlight some recent developments in tests of the stability of nature’s fundamental couplings, which provide a direct handle on new physics: a detection of variations will be revolutionary, but even improved null results provide competitive constraints on a range of cosmological and particle physics paradigms. A joint analysis of all currently available data shows a
preference for variations of α and µ at about the two-sigma level, but inconsistencies between
different sub-sets (likely due to hidden systematics) suggest that these statistical preferences
need to be taken with caution. On the other hand, these measurements strongly constrain
Weak Equivalence Principle violations. Plans and forecasts for forthcoming studies with facilities such as ALMA, ESPRESSO and the E-ELT, which should clarify these issues, are also
briefly discussed, showing how a new generation of precision consistency tests of the standard
paradigm will soon become possible.

1

Scalars, because they are there

We now know, from experiments at the LHC, that fundamental scalar fields are among Nature’s building blocks and that Nature’s fundamental dimensionless couplings run with energy.
Whenever one such field is included in the Lagrangian, it will naturally couple to the rest of the
model’s degrees of freedom, unless a new (unknown) principle is postulated to suppress them.
This leads to potentially observable long-range forces and spacetime varying couplings 1,2,3 , which
can therefore roll in time (or equivalently redshift) and ramble in space (in practice, depending
on the local environment).
Tests of the stability of nature’s fundamental couplings, whether they reveal detections of
variations or simply null results, constrain fundamental physics and cosmology. Varying dimensionless physical constants imply a violation of the Einstein Equivalence Principle (demonstrating that gravity is not a purely geometric phenomenon) as well as the presence of a fifth force
of nature. There will also be violations of the temperature-redshift relation and the distance
duality relation, which provide key consistency tests 4,5 . Conversely, null results provide upper
bounds on Equivalence Principle violations as well as on dynamical dark energy and several
particle physics paradigms. These constraints ensure a ’minimum guaranteed science’, which is
relevant when developing the science cases and technical designs of future facilities.
The importance of improved bounds can be ascertained by comparison to constraining the
dark energy equation of state or, to be more specific, its present-day value w0 . The dynamically
relevant parameter (1 + w0 ) (the ratio of the square of the field speed to its total density, in
the simple case of a canonical scalar field) is naively or order unity, but observationally known
to be less than 0.1. But if this is not of order unity, there is no known natural physical scale
to set its value: either there is fine-tuning, or a new (currently unknown) symmetry forces it

to be zero. The same argument can be made for the relative variation of say the fine-structure
constant α, henceforth defined as ∆α/α(z) = (α(z) − α0 )/α0 , with α0 being its present-day
laboratory value, the difference being that this parameter is observationally constrained to be
(conservatively) less that 10−5 , as we will discuss in the rest of this article. Stringent as this
bound is, it is important to go further, as illustrated by the strong CP Problem in QCD: a
parameter naively expected to be of order unity is known to be smaller than 10−10 , leading to
the postulate of Peccei-Quinn symmetry and the axion (an interesting dark matter candidate) 6 .
A sufficiently tight bound would either indicate that there are no dynamical fields in cosmology
or that a new symmetry suppresses the couplings—whose existence would be as significant as
that of the original field.
2

Current measurements

A compilation of the current astrophysical tests of the stability of fundamental couplings has
recently been published in 7 . They comprise 293 archival measurements of the fine-structure
constant α of Webb et al. 8 , 21 more recent dedicated measurements of α, 16 measurements of
the proton-to-electron mass ratio µ, and 29 measurements of various combinations of α, µ and
the proton gyromagnetic ratio gp .
A global likelihood analysis of all this data, assuming a single redshift-independent astrophysical value for each of the dimensionless couplings, yields
∆α
= −1.6 ± 0.5 ppm ,
α

∆µ
= −0.2 ± 0.1 ppm ,
µ

∆gp
= 1.7 ± 1.3 ppm ,
gp

(1)

where the values are given in units of parts per million (10−6 ), and unless otherwise stated all
values are quoted with one-sigma (68.3%) confidence level. A more detailed tomographic analyis,
dividing the data into several redshift bins has also been done 7 . This reveals inconsistencies at
the one to two sigma level beween radio/mm and optical/UV measurements. Since the former
and the latter typically yield measurements at redshifts z < 1 and z > 1 respectively, naive
theorists may interpret this as differences between acceleration and matter era values (which
are indeed expected in realistic models for varying couplings) while skeptical observers will
suspect hidden systematics in one or both types of measurements. Efforts are ongoing to clarify
these issues through obervations with APEX and ALMA, while the forthcomng ESPRESSO
spetrograph will play a key role in this endeavour.
The archival data of Webb et al. 8 provides a 4.2σ statistical evidence for a dipole in the values
of α. An updated analysis including all currently available data 7 lowers this statistical evidence
to only 2.3σ, with the posterior likelihood for the amplitude of the dipole (marginalized over sky
direction) being Aα = 5.6 ± 1.8 ppm. A similar analysis can be done for the µ measurements.
In this case the statistical preference for a dipole is less than 2σ, and the two sigma (95.4%
confidence) upper bound on its amplitude is Aµ < 1.9 ppm; furthermore the preferred directions
of both putative dipoles differ by about 3σ. A defintive test of a parts per million level dipole will
be carried out by ESPRESSO. Meanwhile, a more robust method to constrain spatial variation
will be discussed below.
3

Dark energy and Equivalence Principle constraints

The energy content of the Universe is dominated by a component whose gravitational behavior
is known to be quite similar to that of a cosmological constant. This may well turn out to be the
case, but given the well known theoretical problems associated with this explanation a dynamical
scalar field is (arguably) more likely. Such a field must be slow-rolling (which is mandatory for
a negative pressure) and be dominating the cosmological dynamics around the present day.
These are enough to ensure that couplings of this field will lead to potentially observable longrange forces and varying ’constants’ 1,2,3 . As we presently show, current measurements already

provide competitive constraints on fundamental physics and cosmology, and the improvement of
these constraints is among the flagship science cases (and design drivers) for forthcoming ESO
facilities, including ESPRESSO and the E-ELT.
If the same degree of freedom is responsible for dark energy and varying α, the latter’s
evolution is parametrically determined. In the simplest case of a canonical quintessence-type
scalar field, one has
Z zq
∆α
dz 0
3Ωφ (z 0 )(1 + wφ (z 0 ))
,
(2)
(z) = ζ
α
1 + z0
0
where ζ is the dimensionless coupling between the scalar field and the electromagentic part of
the Lagrangian and Ωφ (z) = ρφ (z)/(ρφ (z) + ρm (z)) is the fraction of the universe’s energy in
the dark energy component, where for simplicity we have neglected the contribution form the
radiation density since the astrophysical measurements under consideration are all at low redshifts. Current constraints, combining the aforementioned astrophysical measurements of α with
atomic clock constraints on its present-day drift rate 9 and background cosmology measurements
of Type Ia supernova and Hubble parameter measurements 10,11 lead to the following 2σ upper
bound 12,13,14 |ζ| < 4 × 10−6 . The ESPRESSO GTO measurements, discussed in Ana Catarina
Leite’s contribution to these proceedings, should improve this bound by a factor of 10, assuming
null results 15 .
In these models the scalar field will inevitably couple to nucleons (through the α dependence of their masses) and lead to violations of the Weak Equivalence Principle 2,3,16 . Thus
measurements of α constrain the Eotvos parameter η: the current 2σ bound for these models is
13,14

η < 1.6 × 10−14 .

(3)

This is an order of magnitude stronger than the current best direct bounds from torsion balance
and lunar laser ranging experiments 17,18 . We therefore predict that the MICROSCOPE satellite,
whose foreseen sensitivity on η should be around 10−15 (cf. the contributions by M. Rodrigues
and G. Métris in these proceedings) will not find violations at least up to the above level. On
the other hand, with the ESPRESSO GTO measurements we expect to reach a sensitivity on η
of 2 × 10−16 (about 5 times better than MICROSCOPE). In the longer term, the ELT-HIRES
sensitivity is expected to be at the level of a few times 10−18 , similar to that of proposed STEP
satellite.
4

Other models: rollng tachyons and symmetrons

Astrophysical measurements of α constrain other classes of models. A rolling tachyon is a BornInfeld scalar motivated in string theory which naturally yields coupling to gauge fields. The
tachyon Lagrangian generalizes the one for a relativistic particle, like quintessence one generalizes
that of a non-relativistic one. In these models the potential slope determines both w(z) and
α(z), unavoidably leading to thawing models with ∆α/α < 0. Nhe current α measurements
lead to the extremely tight constraint on the present-day dark energy equation of state, at the
3σ (99.7%) confidence level (1 + w0 ) < 2.4 × 10−7 . Therefore background cosmology probes can
not distinguish these models from standard ΛCDM, while α data can.
Above we discussed constraints on pure spatial α dipoles. While one can also fit a dipole to
any such dataset, physically such a behavior is not expected to ensue from any realistic model
(except perhaps at the cost of significant fine-tuning). In these cases one rather expects that
α will have environmental variations (e.g., it can depend on the local density). In 20 we have
introduced a methodology to test models with spatial variations of α, based on the calculation
of the angular power spectrum of these measurements. This enables comparisons of observations
and theoretical models through their predictions on the statistics of the α variation. Applying
it to the case of symmetron models we find no deviations from the standard behavior, with
current data providing an upper limit to the strength of the symmetron coupling to gravity

log β 2 < −0.9 when this is the only free parameter, and not able to constrain the model when
also the symmetry breaking scale factor is also free to vary. The forthcoming ESPRESSO data
will enable more stringent constraints on this and other models with spatial variations.
5

Conclusions

Precision spectroscopy is a direct and competitive probe of the (unknown) new physics behind
the universe’s acceleration. It provides the best current constraints on Weak Equivalence Principle violations, and it offers unique opportunities to map the behavior of the dark energy equation
of state deep into the matter era 21 .
The ESPRESSO spectrograph is coming soon, and will be a game changer. It will provide a
consistency test of the MICROSCOPE results (and enable interesting joint analyses) as well as a
range of competitive ’guaranteed science’ implications for dark energy and fundamental physics.
In the 2020’s the E-ELT will be the flagship tool in a new generation of precision consistency
tests, which together have a unique value of complementarity, redundancy, and synergies with
other facilities, including ALMA, Euclid and the SKA.
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GENERALISED PROCA THEORIES
LAVINIA HEISENBERG
Institute for Theoretical Studies, ETH Zurich,
Clausiusstrasse 47, 8092 Zurich, Switzerland

In this work we will summarise the recent progress made in constructing consistent theories
for a massive vector field with derivative self-interactions. The construction is such that
only the three desired polarisations of the Proca field propagate. We apply a systematic
construction of the interactions by using the anti-symmetric Levi-Civita tensors. This finite
family of allowed derivative self-interactions can be also obtained from the decoupling limit by
imposing that the Stückelberg field only contains second derivatives both with itself and with
the transverse modes. These interactions can be generalised to curved backgrounds, which
relies on the presence of non-minimal couplings and constitutes a general family of vectortensor interactions. We discuss also some extensions of these interactions by alleviating the
restriction of second order nature of the equations or by imposing global symmetries. We will
also comment on their interesting cosmological applications.

1

Introduction

The Standard Model of Big Bang cosmology constitutes the prevailing cosmological model,
which is able to satisfactorily represent the physics on cosmological scales using the two fundamental pillars of General Relativity and the Cosmological Principle. The latter stands for
the homogeneity and isotropy. The combined inquiry of the available cosmological observations
has firmly established ΛCDM as the standard model for our universe in a simple picture. It
describes the evolution of the universe from its earliest known periods through the subsequent
formation of large-scale structures and it provides comprehensive explanation for most of the
observed phenomena. Despite being elegant and simple, the model relies on the presence of
three unknown ingredients, namely a cosmological constant acting as dark energy, a cold dark
matter and an inflaton field, and it still faces some theoretical challenges. The most troublesome
is the Cosmological Constant Problem and is a permanent reminder of our worrisome lack of a
fully satisfactory and deep theoretical understanding for the value of the cosmological constant.
Our theoretical foundation is shaky because we can not account for the enormous discrepancy
between observations and the radiative corrections of massive particles to the vacuum energy
using known standard techniques of quantum mechanics 1 . Along this line manifests itself another tenacious fundamental problem: we do not know how to construct a consistent theory of

quantum gravity. Naive attempts of applying the principles of quantum mechanics to gravity
immediately fail. The constructed theory of graviton bosons is not renormalisable and loses its
predictive power. We are also prone to encounter classical primordial and black hole singularities. These singularities might be cured by the quantum nature of the interactions or by classical
modifications of gravity at high curvatures (see for instance 2 ).
Concerning the dark matter component of the standard model, it is as essential and inevitable
as the dark energy. It is fundamental for a successful description of the rotation curves of galaxies,
Cosmic Microwave Background (CMB) anisotropies, large scale structures and weak lensing
measurements. If dark matter exists, then we believe that it should be a distinctive matter
from the ordinary baryonic matter beyond the standard model of particle physics. Its unique
manifestation comes uniquely from its gravitational effect and it does not interact with photons.
Notwithstanding the tremendous efforts, it has never been directly observed. Leaving aside the
theoretical challenges, from purely observational side, the standard model with a cosmological
constant and a cold dark matter fits the data almost impeccable. The word ”almost” reflects
the fact, that there are still some remaining anomalies. Just to mention a few, there is the
tension in the Hubble constant obtained from local measurements versus from the CMB, the
CMB hemispherical asymmetry together with the lack of power on large scales. There seem to be
also some unusual large scale correlations and large scale bulk flows referred from distant quasar
measurements. Even in the presence of dark matter, a slightly different cosmology is implied
by the galaxy clusters than by the CMB measurements. It is also worth mentioning that there
are unobserved predictions of the standard model, for instance the phase-space correlation of
galaxy satellites and the generic formation of dark matter cusps in galaxies’s central regions. On
the contrary, the observations seem to indicate some tight correlations between the dynamical
versus luminous mass, as the baryonic Tully-Fisher relation, which is not accounted for by
the standard model. Most of the above mentioned anomalies do not have yet an overwhelming
statistical significance, nonetheless, combined they might point out the failure of the assumptions
of the Cosmological Principle and General Relativity.
The above mentioned theoretical challenges together with the remaining observational anomalies have motivated the exploration of modifications of gravity both in UV and IR. Thanks to
the advances in observational cosmology in high precision measurements, cosmology is the ideal
place to test fundamental physics and get to the heart of the true nature of gravitational interactions. Most extensively studied modifications of gravity are based on scalar fields since they
can for instance naturally give rise to accelerated expansion without changing the Cosmological
Principle. A homogeneous and isotropic universe can be realised with a time dependent scalar
field and the non-vanishing vev of the scalar field could naturally support a (quasi) de Sitter
solution. However, as a candidate for dark energy the scalar field needs to be extremely light
resulting unavoidably in long-range forces. Nonetheless, these additional fifth forces have never
been observed in local gravity tests and therefore without any further mechanisms would be ruled
out by observations. Luckily, screening mechanisms come to rescue. The presence of a successful
screening mechanism makes it possible to disguise the scalar field on small scales while being
unleashed on large scales producing the wanted cosmological effects. There are many modifications of General Relativity that bear an additional scalar field with these promising properties.
Just to mention a few, for instance massive gravity 3,4,5,6,7 and higher dimensional frameworks 8
naturally contain a scalar field as the helicity-0 part of the graviton with very specific non-linear
interactions.
The Standard Model of elementary particles contains both abelian and non-abelian vector
fields as the fundamental fields of the gauge interactions. Therefore, it is well motivated to
explore the role of bosonic vector fields in the cosmological evolution. Traditionally, there is the
worry that vector fields might generate large scale anisotropic expansion, which would make them
not a natural candidate for dark energy. However, cosmic vector fields would naturally explain
some of the aforementioned anomalies, specially those in relation with a possible preferred

direction. A possible way to make the vector field to support isotropic cosmological solutions
would be to promote the vector field to be a Proca field. A promising route in this respect
has been considered in the works 9,10,11 (see also 12,13,14,15,16 ). These vector-tensor theories can
indeed support isotropic cosmological solutions with the temporal component of the vector field
17,18,19,20,21,22,23 . They also feature screening mechanisms 24 . Interesting extensions of these
generalised Proca interactions can be constructed by alleviating some of the requirements or
enriching some of the symmetries 25,26,27,28,29,30,31 .
1.1

Generalised Proca theories

We would like to generalize the interactions of a massive vector field without changing the
propagating number of degrees of freedom, namely two transverse and one longitudinal mode
of the vector field. To start with, we can promote the mass term to a general potential term
V (A2 ). This will not alter the spectrum of propagating degrees of freedom, since there is not
any derivative of the vector field involved. In a similar way, we can consider any gauge invariant
interactions constructed out of the field strength tensor Fµν = ∂µ Aν − ∂ν Aµ and its dual and
also any contraction of those with the vector field, since they will not contain any dynamics for
the zeroth component of the vector field A0 . Collecting all these type of interactions gives
L2 = f2 (Aµ , Fµν , F̃µν ).

(1)

The independent contractions will be in form of X = −Aµ Aµ /2, F = −Fµν F µν /4 and Y =
Aµ Aν Fµ α Fνα 9,32 and therefore this function can be also rewritten as f2 (X, F, Y ) (ignoring the
partiy violating terms). In first order in derivatives of Aµ , we can start with the interaction
L3 = f3 (A2 ) ∂ · A ,

(2)

with the arbitrary function f3 (A2 ). Note, that this interaction does not give a total divergence
due to f3 . The temporal component of the vector field remains non-dynamical and the corresponding Hessian matrix vanishes identically. Alternatively, we can write this interaction in
terms of the Levi-Civita tensor
L3 = −

f3 (A2 ) µνρσ α

 νρσ ∂µ Aα = f3 (A2 )∂ · A .
6

(3)

It is clear that there is only one way of contracting the indices of the Levi-Civita tensors at
this order. This term would correspond to the cubic Galileon interaction for the longitudinal
mode if we take the decoupling limit. The indices of the Levi-Civita tensors were contracted
among themselves. We could have also contracted them with two additional vector fields, like
so f˜3 (A2 )µνρσ αβ ρσ ∂µ Aα Aν Aβ . This would have resulted in an interaction that is conformally
related to the previous one f˜3 (A2 )Aµ Aν (∂µ Aν ). As next order in derivatives of the vector field
we can consider the following three possible ways of contracting the Lorentz indices
h

i

L4 = f4 (A2 ) c1 (∂ · A)2 + c2 ∂ρ Aσ ∂ ρ Aσ + c3 ∂ρ Aσ ∂ σ Aρ ,

(4)

where f4 is again an arbitrary function and the parameters c1 , c2 and c3 need to be constrained in
order to maintain the required property of three propagating degrees of freedom. In other words,
we have to guarantee the presence of a second class constraint. We can ensure that by demanding
that the corresponding determinant of the Hessian matrix det(HLµν4 ) = 2(c1 + c2 + c3 )(−2c2 )3 is
zero. Hence, we need to ensure c1 + c2 + c3 in order to obtain the required constraint. Choosing
c1 = 1 together with the condition c3 = −(1 + c2 ), the Lagrangian then becomes
h

i

L4 = f4 (∂ · A)2 + c2 ∂ρ Aσ ∂ ρ Aσ − (1 + c2 )∂ρ Aσ ∂ σ Aρ .

(5)

We can obtain these interactions in terms of the Levi-Civita tensors immediately. The antisymmetric structure of the two tensors will directly impose the conditions that we just worked

out by hand. Since the vector field has the symmetric and antisymmetric parts of ∂µ Aν we can
contract the indices in two ways
1
L4 = − µνρσ αβρσ (f4 (A2 )∂µ Aα ∂ν Aβ + c2 f˜4 (A2 )∂µ Aν ∂α Aβ )
2h
i
= f4 (∂ · A)2 − ∂ρ Aσ ∂ σ Aρ + c2 f˜4 (∂ρ Aσ ∂ ρ Aσ − ∂ρ Aσ ∂ σ Aρ ) .

(6)

One recognises that the terms proportional to c2 are just the field strength tensor F
h

i

2
L4 = f4 (∂ · A)2 − ∂ρ Aσ ∂ σ Aρ + c2 f˜4 Fρσ

(7)

and can be thus absorbed into f2 . In a very similar way, we can construct the other interactions
at next orders. We can either consider all the possible contractions of the interactions at each
order and demand the vanishing of the determinant of the Hessian matrix, or we can directly
apply the corresponding contractions with the Levi-Civita tensors. Both techniques result in
the same terms. The self-interactions of the vector field can be summarised as the following
Lagrangians at each order 9,11
L2 = f2 (X, F, Y )
L3 = f3 (A2 ) ∂ · A
h

L4 = f4 (A2 ) (∂ · A)2 − ∂ρ Aσ ∂ σ Aρ

i

h

i

L5 = f5 (A2 ) (∂ · A)3 − 3(∂ · A)∂ρ Aσ ∂ σ Aρ + 2∂ρ Aσ ∂ γ Aρ ∂ σ Aγ + f˜5 (A2 )F̃ αµ F̃ βµ ∂α Aβ
L6 = f6 (A2 )F̃ αβ F̃ µν ∂α Aµ ∂β Aν .

(8)

Note, that the series stops after L6 and there are not any higher order interactions. All these
interactions give rise to second order equations of motion for the vector field and by construction
they do not give rise to any dynamics of the temporal component of the vector field 9,10,11 .
2

Alternative construction from the decoupling limit

In a similar way we could have obtained the previously discussed systematic form of these
interactions starting from the consistent interactions in the decoupling limit. In this limit
the interactions of the transverse and longitudinal modes can be schematically written as an
expansion
!n
!p


X
S
A m F
,
(9)
L∼
cm,n,p
ΛM
Λ2F
Λ2S
m,n,p
where we introduced the symmetric part of the interactions as Sµν = ∂µ Aν +∂ν Aµ and the scales
ΛM , ΛF and ΛS of the objects with some coefficients cm,n,p . One very useful trick is to restore
the broken gauge invariance of the vector field using the Stückelberg field as Aµ → Aµ + ∂µ π/M ,
where M stands for the mass of the vector field. In this language the scalar field π represents
the longitudinal mode of the original massive vector field. One can now very easily take the
decoupling limit by sending M → 0 with the leading order contributions Aµ → ∂µ π/M and
similarly Sµν → ∂µ ∂ν π/M . The aforementioned expansion of the interactions in this limit
becomes
!n
!p

m
X
∂π
F
∂∂π
.
(10)
Ldec ∼
cm,n,p
M ΛM
Λ2F
M Λ2S
m,n,p
We can now go order by order in the derivative of the scalar field and impose the conditions on
cm,n,p after the summation. At the lowest order p = 0, we only have one derivative per scalar
field
!n

m
X
∂π
F
p=0
Ldec ∼
cm,n,0
.
(11)
M ΛM
Λ2F
m,n

A glance at the interactions reveals that one would obtain three types of interactions at this
order after summation in m and n. The summation in n maintaining m = 0 would correspond
just to functions of F 2 . In the same way the summation in m with n = 0 would give rise
to functions of the vector norm A2 . The third type of interactions at this order with m 6= 0
and n 6= 0 would just give rise to functions of Fµ α Fνα Aµ Aν type. Summarizing, the schematic
interactions in (11) correspond exactly to the interactions f2 (X, F, Y ) in (17) when one takes
the decoupling limit. In the same way, we can analyse the next order interactions with p = 1
Lp=1
dec

X

∼



cm,n,1

m,n

m

∂π
M ΛM

!n

F
Λ2F

∂∂π
M Λ2S

!

.

(12)

We will again have the interactions with n = 0 and they represent nothing else but the standard
Galileon interactions at cubic order f3 (∂π 2 )∂µ ∂ µ π. In fact, they represent the leading order
interactions of f3 (A2 ) ∂ · A in L3 . The novel interesting interactions arise for the case n 6= 0,
which gives rise to the first non-trivial mixing between the gauge field and the scalar field, where
the scalar field comes in with second derivatives acting on it. After perfoming the summation
in m and n, the resulting symmetric rank-2 tensor will be contracted with ∂µ ∂ν π and one has
to impose that the 00− component of this tensor does not contain any time derivatives other
than π̇. In other words, this symmetric rank-2 tensor can only be built out of f3 (∂π 2 )F̃ µα F̃ ν α
in order to satisfy this requirement, since its magnetic part F̃ 0α F̃ 0 α ∝ B 2 is purely potential.
Hence, the decoupling limit interactions at this order can only be


2 µν
+ c0,2,1 F̃ µα F̃ ν α
Lp=1
dec ∼ c2,0,1 (∂π) η

∂ ∂ π
µ ν

M Λ2S

.

(13)

The coefficients can be arbitrary functions of (∂π 2 ). The first type of interactions are the
leading order terms of f3 (A2 )∂ · A in L3 and the second type interactions are the leading order
contributions of f˜5 (A2 )F̃ αµ F̃ βµ ∂α Aβ in L5 in the decoupling limit. We see in the decoupling
limit, that these are the only allowed interactions that give rise to second order equations of
motion for both the scalar field and the gauge field. In complete analogy we can build the next
order interactions with p = 2
Lp=2
dec

∼

X



cm,n,2

m,n

∂π
M ΛM

m

F
Λ2F

!n

∂∂π
M Λ2S

!2

.

(14)

We have to impose again that the purely scalar interactions have to correspond to the scalar
Galileon interactions whereas the mixed interactions with n 6= 0 need to be constructed in a
similar way as before, in other words the magnetic field of the gauge field should be allowed only
to couple to the second time derivatives of π. This leads uniquely to
2
Lp=2
dec ∼ c2,0,2 (∂π)

∂µ ∂α π∂ν ∂β π
(∂α ∂ α π)2 − (∂µ ∂ν π)2
+ c0,2,2 F̃ µν F̃ αβ
,
M 2 Λ4S
M 2 Λ4S

(15)

with the coefficients being arbitrary functions of (∂π 2 ). The first type interactions is the
purely quartic Galileon interactions,
which are the leading order terms of the interactions

f4 (A2 ) (∂ · A)2 − ∂ρ Aσ ∂ σ Aρ in L4 whereas the second type of interactions are the leading
order mixed terms of f6 (A2 )F̃ αβ F̃ µν ∂α Aµ ∂β Aν in L6 in the decoupling limit. Finally, the cubic
order interactions in ∂∂π with p = 3
Lp=3
dec

∼

X
m,n



cm,n,3

∂π
M ΛM

m

F
Λ2F

!n

∂∂π
M Λ2S

!3

(16)

contain only the pure Galileon interactions and there is no consistent mixing between the scalar
field and the gauge field at this order. One can not construct any new interactions with n 6= 0.

Note also, that the series stop here and hence the decoupling limit Lagrangian has a finite order
of allowed interactions for the mixed couplings. From these decoupling limit Lagrangian one
can obtain the full interactions by performing ∂µ π → Aµ and ∂µ ∂ν π → Sµν . They correspond
to the same exact interactions that we constructed above using the Levi-Civita tensors. The
total Lagrangian written in terms of the symmetric and antisymmetric parts is Lgen.Proca =
P5
S
n=2 αn Ln with
LS2 = f2 (Aµ , Fµν , F̃µν )
LS3 = f3 (A2 )[S]




LS4 = f4 (A2 ) [S]2 − [S 2 ]




LS5 = f5 (A2 ) [S]3 − 3[S][S 2 ] + 2[S 3 ] + f˜5 (A2 )F̃ αµ F̃ βµ Sµν
LS6 = f6 (A2 )F̃ αβ F̃ µν Sαµ Sβν .

(17)

For the construction of these interactions the requirement of second order equations of motion
and the absence of any dynamics for the temporal component of the vector field were very
crucial. The latter condition reflects itself in the absence of higher order equation of motion for
the scalar field once the broken gauge field is reintroduced using the Stückelberg trick. For more
details see 9,11 .
3

Curved background

The interactions we constructed above were so far on a flat background and it would be crucial
to promote these interactions to the curved background case for different applications. In the
presence of gravity the interactions have to be adjusted by counter-terms in order to maintain
the property of second order equations of motion. If we simply replace the partial derivatives by
covariant derivatives, then this would result in higher order equations of motion. In fact, specific
non-minimal couplings have to be added for some of the interactions in order to guarantee
the nature of second order equations of motion. For the construction of these non-minimal
couplings the divergenceless tensors of the gravity sector play an important role. The pure
Stückelberg field should this time possess the scalar Horndeski interactions 33 . This helps to
construct the interactions for the vector field in curved backgrounds. The Lagrangian becomes
√ P6
Lcurved
−g n=2 βn Ln with 9,11
gen.Proca =
L2 = G2 (Aµ , Fµν )
L3 = G3 (X)∇µ Aµ
h

L4 = G4 (X)R + G4,X (∇µ Aµ )2 − ∇ρ Aσ ∇σ Aρ

i

h
1
L5 = G5 (X)Gµν ∇µ Aν − G5,X (∇ · A)3
6
i
γ ρ σ
+ 2∇ρ Aσ ∇ A ∇ Aγ − 3(∇ · A)∇ρ Aσ ∇σ Aρ

− g5 (X)F̃ αµ F̃ βµ ∇α Aβ
L6 = G6 (X)Lµναβ ∇µ Aν ∇α Aβ +

G6,X αβ µν
F̃ F̃ ∇α Aµ ∇β Aν ,
2

(18)

where we have now the covariant derivatives ∇ instead of partial and the vector field couples to
the Ricci scalar, Einstein tensor and the double dual Riemann tensor Lµναβ = 14 µνρσ αβγδ Rρσγδ
in order to counter balance the corresponding derivative interactions of the vector field. Note,
that the interaction G̃5 (Y )F̃ αµ F̃ βµ ∇α Aβ does not require the introduction of a non-minimal
coupling.

4

Extensions of Generalized Proca theories

The interactions we constructed so far satisfy the condition of second order equations of motion
for both the vector field and the graviton. One could alleviate this restriction and construct more
general interactions. In accordance with the beyond Horndeski construction for scalar fields 34,35 ,
one can construct similar beyond generalized Proca interactions allowing higher order nature
of the equations of motion but still maintaining the correct number of propagating degrees of
freedom 25,26 . The interactions need to be constructed such that the presence of a constraint
equation is not jeopardised. With these less restrictive conditions one can for instance construct
˜N
N
N
new beyond generalized Proca interactions LN = LN
4 + L5 + L5 + L6 , where in terms of the
Levi-Civita tensors their novelty becomes apparent 25
β1 β2 β3 γ4 α1
α2
α3
LN
4 = f4 (X)δ̂α1 α2 α3 γ4 A Aβ1 ∇ Aβ2 ∇ Aβ3 ,

(19)

β1 β2 β3 β4 α1
α2
α3
α4
LN
5 = f5 (X)δ̂α1 α2 α3 α4 A Aβ1 ∇ Aβ2 ∇ Aβ3 ∇ Aβ4 ,
L̃N = f˜5 (X)δ̂ β1 β2 β3 β4 Aα1 Aβ ∇α2 Aα3 ∇β Aβ ∇α4 Aβ ,

(20)

,

(22)

5
LN
6

=

α1 α2 α3 α4
1
2
3
4
β1 β2 β3 β4
α1 α2
α3
α4
f6 (X)δ̂α1 α2 α3 α4 ∇β1 Aβ2 ∇ A ∇β3 A ∇β4 A

(21)

where we introduced δ̂αβ11βα22γγ33γγ44 = α1 α2 γ3 γ4 β1 β2 γ3 γ4 . The presence of these interactions results
in a detuning between the relative coefficients of the non-minimal couplings to gravity and the
derivative self interactions of the vector field and gives rise to higher order equations of motion.
However, due to the constraint equation one still has five propagating degrees of freedom, namely
the two transverse graviton modes and the three vector modes. Instead of using the systematical
construction in terms of the Levi-Civita tensors, one can on a similar footing write down all the
possible interactions between the fields and their derivatives with a priori arbitrary coefficients
and put constraints on them afterwards coming from the vanishing of the determinant of the
Hessian matrix as we did in 1.1 for the interactions in flat space-time. This reasoning was applied
in 26 to construct the corresponding interactions up to L4 on curved space-time.
Another natural extension of the generalised Proca interactions can be constructed by promoting the broken gauge symmetry from U (1) to the SU (2) case. By breaking the non-abelian
gauge symmetry, can we construct derivative self-interactions for a set of massive vector fields?
One can indeed do that by following the same construction scheme using the antisymmetric
Levi-Civita tensors and demanding that the equations of motion for Aaµ remain second order
while keeping the zero components non-dynamical 28,29,30,31 . Some of these interactions will
correspond to the straightforward generalisation of the single Proca field to the multi-Proca
interactions with global SO(3) symmetry 29
a
L2 = G2 (Aaµ , Fµν
)

L4 = G4 R + G04 δab

(23)
a S bµν
Sµν

a
L6 = G6 Lµναβ Fµν
Faαβ

Sµaµ Sνbν

−
4
G06 aαβ µν b
+
F̃
F̃a Sαµ Sbβν .
2

It is worth to mention at this point that the restriction of the global SO(3) symmetry diminishes
the allowed interactions and for that reason one can not construct the analog of L3 and L5
interactions of the single Proca. Besides these direct extensions, there will be also genuine new
interactions, which do not have the single Proca field analog 29
L3 = S aµν Abµ Adν Acα Aeα δde abc
a
L4 = αβγδ F̃αλ
S bλ β Aaγ Abδ
c
L5 = abc Aaµ Aµd F̃dαν F̃νbβ Sαβ
.

(24)

In difference to the interactions L4 and L6 in (23), these genuine new interactions do not require
the presence of non-minimal interactions. All these different extensions of the generalised Proca
interactions offer promising routes to investigate further and may offer richer phenomenology.
5

Cosmological applications of generalized Proca theories

If one deals with massless abelian gauge fields, then the only possible cosmological application
can be realised by considering N vector fields that are randomly distributed. In the case of
a non-abelian vector field, one can construct interactions with global SO(3) symmetry and
consider field configurations where three vector fields point along the spatial directions. In
the context of massive vector fields, one can achieve isotropic expansion with yet another field
configuration. One can use the temporal component of the vector field as an auxiliary field in
order to construct homogeneous and isotropic solutions. Compatible with the background of the
metric ds2 = −dt2 + a2 (t)d~x2 , one can assume the following field configuration for the vector
field:
Aµ = (φ(t), 0, 0, 0) .
(25)
From the action one can easily obtain the corresponding Einstein field equations for the background 18,20
G2 − G2,X φ2 − 3G3,X Hφ3 − 6(2G4,X + G4,XX φ2 )H 2 φ2
+6G4 H 2 + G5,XX H 3 φ5 + 5G5,X H 3 φ3 = ρM ,
2

2

(26)
2

G2 − φ̇φ G3,X + 2G4 (3H + 2Ḣ) − 2G4,X φ (3H φ + 2H φ̇ + 2Ḣφ)
−4G4,XX H φ̇φ3 + G5,XX H 2 φ̇φ4 + G5,X Hφ2 (2Ḣφ + 2H 2 φ + 3H φ̇) = −PM ,

(27)

where H = ȧ/a is the Hubble function. In a similar way, the vector field equations can be
obtained in a straightforward way




φ G2,X + 3G3,X Hφ + 6G4,X H 2 + 6G4,XX H 2 φ2 − 3G5,X H 3 φ − G5,XX H 3 φ3 = 0 ,

(28)

where ρM and PM represent the energy density and pressure of the matter fields. One immediate
observation is that the temporal component of the vector field has only an algebraic equation
and hence we can integrate it out in terms of the Hubble function. One also sees that the
de Sitter solutions will correspond to Ḣ = 0 and φ̇ = 0, and will be attractor de Sitter fixed
points. This type of cosmological solutions will be very relevant for the dark energy applications.
However, because of their attractor nature, these solutions will not be so interesting for the
early universe applications. Instead, a better application will be delivered from the multi-Proca
generalisations. Apart from the standard field configurations Aai = A(t)δia , as it was for instance
considered in non-abelian gauge theories, one can assume that the vector fields rather acquire the
field configurations Aaµ = φa (t)δµ0 + A(t)δµa . These new field configurations open new promising
possibilities for cosmological scenarios for the early universe, that have not been considered so
far in the literature 29 .
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TESTING GENERAL RELATIVITY FROM CURVATURE & ENERGY
CONTENTS AT COSMOLOGICAL SCALE

ZIAD SAKR, ALAIN BLANCHARD
Université de Toulouse, UPS-OMP, CNRS, IRAP, F-31028 Toulouse, France
In this work we examine what are the cosmological implications of allowing the geometrical
curvature density to behave independently from the energy density contents. Using the full
data extracted by Planck mission from CMB, combined with BAO and SNIa measurements,
we derive, in the light of this approach, new constraints on the cosmological parameters. In
particular we determine the behavior of the curvature dark energy degeneracy when allowing
a varying equation of state for the latter. We also examine whether this approach could bridge
the gap recently found between the Hubble parameter value determined from CMB and that
from the local universe measurements

1

Introduction

One of the prediction of the theory of inflation is that the universe is spatially flat 1 . The spatial
curvature parameter Ωk was found smaller than < 10−4 when constrained 2 , with very high accuracy, using the observed cosmic microwave background (CMB) fluctuations 6 combined with
other cosmological observations, like type Ia supernova (SNIa)3 and baryon acoustic oscillation
(BAO) 5 . Observations 7 8 have shown that the expansion of the universe is accelerating, leading to the existence of what is called dark energy. This relies on the general relativity (GR)
paradigm in which a geometrical tensor is set equal to the matter-energy tensor. Consequently,
according to GR, for the curvature parameter of the universe Ωk is uniquely related to its energy
contents. Therefore, testing this relation allows to test GR at cosmological scales. This can be
done by introducing on one side a geometrical curvature parameter denoted Ωkgeo and the other
P
side another parameter related to the energy contents: Ωkdyn = 1 − Ωi .
Zolnierowski & Blanchard 9 , ZB hereafter, (see also Clarkson 10 ), tried, using datasets from BAO,
SNIa and reduced CMB parameters, to perform this test and to analyze the relation between
the two curvature parameters and dark energy. One of the main result they found was that the
fiducial values Ωkgeo = Ωkdyn = 0 were consistent with data but a significant degeneracy exists
when allowing a dark energy equation of state parameter w different from the value −1. Yu 11
performed a similar analysis with full treatment of CMB and didn’t find as much degeneracy
as the former study. In the present work, we follow the same approach as Yu using newly released data, trying to set the degeneracy limits. We also examine, whether in this approach, the
tension found between the two determination of the Hubble expansion parameter H0 from local
and distant universe probes could be alleviated.

2

Methods

To derive a solution of GR field equations :
Gµν =

8πG
Tµν
c4

(1)

for an homogenous and isotropic universe, one uses Robertson-Walker metric:
!

2

2

2

ds = −c dt + a(t)

2

dr2
+ r2 (dθ2 + sin2 θdφ2 )
1 − kr2

(2)

in which a(t) is the expansion factor of the universe and k = −1, 0, +1 according to the geometry
of space.
That leads to the Friedman-Lemaı̂tre equations:
H(z)2 = H02 E(z)2
H02

=

h

(3)
3

i

2

Ωm (1 + z) + Ωk (1 + z) + ΩDE (z) .

where Ωk = −kc2 /(Ha)2 , which we note Ωkgeo , is the cosmological curvature parameter arising
P
from the LHS of Equ. 1. Equ. 3 set the equality in GR between Ωkdyn and Ωkdyn = 1 − Ωi . In
the following these two quantities are treated as independent. The evolution of the background
of the universe described by Equ. 3 involving Ωkdyn , while for deriving the angular and luminosity
distance we need Ωkgeo in addition of Ωkdyn . The luminosity distance for SNIa becomes:
DL =

c (1 + z)
H0

q

|Ωkgeo |

Sk

q

|Ωkgeo |

Z z
0

du
.
E(u)


(4)

with Ωkdyn entering E(z). The same applies for BAO probe which is determined using the
angular diameter distance DA . The later being related to DL through: DL (z) = DA (z)(1 + z)2 .
We show in Fig 1 the dependence of the SN luminosity variation function of redshift on the two
curvature parameters change.
While for the CMB measurements, the two curvature parameters enter in the determination
of the fluctuations temperature, polarization and lensing power spectrum, first with Ωkdyn , entering the expansion and propagating in the whole derivation of the former spectrums, second with
Ωkgeo playing a significant role in different places, mainly in projections of angular correlations
or distances used to derive lensing effects.

Figure 1 – The effect of changing the value of the parameters Ωkdyn = 0.25 (lower red line) or Ωkgeo = 0.25 (upper
green line) on the SN distance modulus as a function of redshift, compared to the fiducial value Ωk = 0 (middle
blue line)

We show in Fig. 2 the effect of changing Ωkdyn or Ωkgeo parameter on the angular power
spectrum from CMB measurements.

Figure 2 – The effect of Ωkdyn or Ωkgeo parameters change on the angular power spectrum from CMB measurements, with the following priors {ωb , ωcdm , h, As , ns , τreio } = {0.022, 0.12, 0.67, 2.3e−9 , 0.09}

3

Results

0.3

0.9

0.9

0.2

1.2

1.2

0.1
0.0

w

w

Ωkdyn

To perform our analysis, we use the CMB’s C`s temperature, polarization and lensing measurements from Planck 2015 6 releases. For the BAO probe we use datasets from Boss 2014
measurements 5 while for luminosity distance from supernovae, we use UnionII 2010 observations 4 .
To constrain our parameters we use MontePython 13 to perform a Monte Carlo Markov
Chain analysis in which the two curvature parameters assumption is implemented by changing
the underlying Boltzman code and cosmological solver CLASS 12 . The latter can calculate the
theoretical cosmological distances as well as the CMB temperature, polarization and lensing
spectrums that are compared to observations in an appropriate likelihood.
All the cosmological parameters of the cosmological model as well as the nuisance parameters
and the two curvature parameters Ωkdyn and Ωkgeo are left free. The dark energy equation of
state parameter w is set to −1 in the first case and can take any constant value in the second
case.
Let us know examine how constraints on cosmological parameters may change when we relax
the Ωkdyn and Ωkgeo equality.
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Figure 3 – 2D 68%, 95% contours for Ωkdyn vs Ωkgeo (first panel), Ωkdyn vs w (second panel) and Ωkgeo vs w (third
panel), derived from MCMC analysis using CMB Planck2015 T T, EE, T E, BAO boss 2014 and SNIa UnionII.
The (purple) line corresponds to GR prediction in the first panel while red CC corresponds to w free to vary in
all panels and blue to the fiducial case w = −1 in the first panel. Green CC corresponds to w free vs Ωk in GR
assumption.

In Fig 3 we show in the first panel the confidence contours (CC) of Ωkdyn vs Ωkgeo : with
w = −1 we observe a small degeneracy but the two values are well constrained around the

fiducial null value while when we allow w to vary, we observe a bigger degeneracy. As can be
seen from the plots of Fig 1 and 2, the variation in Ωkdyn is one order of magnitude higher
than that of Ωkgeo . This result agrees with both studies of ZB and Yu for that case (w =
−1). In the second and the third panel, we consider the variation of the two Ωk with w, as
one can see, Ωkdyn is much degenerate with w, in agreement with the result obtained by ZB.
One may wonder whetehr the degeneracy of the two Ωk
primarily comes from having let w free and not from
having relaxed the equality of the two curvature parameters. We examine this issue where we plot CC in both
cases, i.e. in GR, i.e. with Ωkdyn = Ωkgeo (green) and
without (grey). As one can the above large degeneracy
results from having relaxed the equality Ωkdyn = Ωkgeo .
Lastly in Fig 4, we examine if the tension found
between the determination of the Hubble parameter H0
by Riess et al. 14 from probes in the local universe and
the one determined from our used probes in the more
deep universe, can be alleviated. For that, we show the
likelihood of the Hubble parameter H0 for three cases: Figure 4 – 1D Likelihood of H0 (in
one with the traditional Ωk and w = −1, the other km.s−1 .M pc−1 ) using Planck, BAO and
with the same hypothesis but w free and the last with SNIa: with the standard Ωk and w = −1
our approach with w free to vary. We notice that the (blue), the same hypothesis but with w free
(red) and the last with Ωkdyn different from
tension with H0 is reduced only when we allow the two Ωk with w free to vary (black).
The dashed
geo
curvature parameters assumption with w free while the line corresponds to the central value measured
tension remains the same within the standard picture in the local universe by Riess et al.
with or without letting w free to vary.
4

Conclusions

In this work we tested a scenario in which the curvature parameter and the energy density
content parameter are distinct and vary with dark energy using the BAO, SN and the CMB
measurements with a full treatment of the latter. We found that the standard picture in which
Ωkdyn = Ωkgeo = 0 with w = −1 is consistent with present day data with Ωk well constrained but
that a significant degeneracy is observed if the equation of state parameter w is allowed to vary.
We also found that using this approach and letting dark energy parameter vary reduces the
tension on the value of the Hubble parameter measured between local and deep universe. This
shows the need of more model independent studies when analyzing cosmological observations.
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A graviton detection is an extremely hard problem1 but if a graviton exists then it relatively
easier to evaluate a graviton mass. In February 2016 the LIGO & VIRGO collaboration
reported the discovery of gravitational waves in merging black holes, therefore, the team confirmed GR predictions about an existence of black holes and gravitational waves in the strong
gravitational field limit. Moreover, in their papers the joint LIGO & VIRGO team presented
an upper limit on graviton mass such as mg < 1.2 × 10−22 eV 2 analyzing gravitational wave
signal as it was suggested earlier 3 . So, the authors concluded that their observational data
do not show any violation of classical general relativity. We show that an analysis of bright
star trajectories could constrain graviton mass with a comparable accuracy with accuracy
reached with gravitational wave interferometers and the estimate is consistent with the one
obtained by the LIGO & VIRGO collaboration. This analysis gives an opportunity to treat
observations of bright stars near the Galactic Center as a useful tool to obtain constraints on
the fundamental gravity law such as modifications of the Newton gravity law in a weak field
approximation. In that way, based on a potential reconstruction at the Galactic Center we
obtain bounds on a graviton mass.

1

Introduction

In spite of a great success of a general relativity (GR) development in a more than a century we
know only a few cases where we really need a strong gravitational field approximation to describe
a physical reality. If we speak about observable manifestations of black hole features we need
models with a strong gravitational field to describe 1) inspiraling, merging and ring down stage
of binary black hole evolution; and 2) shapes of shadows around black holes. Perhaps, very soon
observers will need GR corrections and later a full GR approach to fit observational data for
bright stars near the Galactic Center. Assuming that a radiation in a spectral line is emitted from
a region near a black hole horizon, it was found (and after that it was observed the X-ray Kα -line)
that an observed shape of the spectral line can be an important indicator of a strong gravitational
field near a black hole, moreover, one can evaluate a black hole spin analyzing a spectral line
structure 4,5 . Another phenomenon, where one really needs a strong gravitational field approach,
is a shadow formation started since papers 6,7,8 (see also calculations of shadows for different
cases 9,10,11,12,13,14,15 and recent reviews on the subject 16,17 ). The problem is connected with
attempts to resolve the smallest spot at the Galactic Center with VLBI interferometry in mm-

band 18 . Simulations show that in general cases shadows (dork spots in the sky) are surrounded
by bright images 7,8 . As it was noted earlier, observations of bright star trajectories near the
Galactic Center could provide an efficient tool to evaluate a gravitational potential in particular,
analyzing these trajectories one can obtain constraints on parameters of black hole and stellar
cluster 19 and on parameters of dark matter distribution 20,21 .
Two groups of astronomers with VLT and Keck telescopes observe stars near the Galactic
Center, see papers22,23,24 and references therein. An analysis of S2 like star trajectories gives
an opportunity to obtain stringent constraints on alternative theories of gravity, including Rn
theory which is a generalization of the classical GR and n = 1 corresponds to GR25,26 (there are
also stringent constraints from Solar system data 27 ), and Yukawa gravity28 . In the paper we
describe a procedure to obtain a graviton mass constraint from analysis of trajectories of bright
stars at the Galactic Center.
2

Gravity Theories with Massive Graviton

A gravity theory with massive graviton was introduced in M. Fierz and W. Pauli29 . However, some unexpected properties of such theories have been found such as van Dam–Veltman–
Zakharov (vDVZ) discontinuity and a presence of ghosts (and related instabilities) and other
pathologies from quantum field theory point of view 30 . However, there is a significant progress
to overcome such problem and build a consistent theory without Boulware – Deser ghosts31,32 .
Here, we will not discuss theoretical aspects of massive gravity theory and we will consider
only observational features of such an approach. There are different suggestions to evaluate a
graviton mass, some of them are rather exotic and based on hardly verified assumptions32,33 .
Systematics of proposed experiments and observations is not well investigated, moreover, some
weaknesses of the proposals for a graviton mass evaluation are pointed out in the review32 .
3

Graviton Mass Estimate from Gravitational Wave Signal

If a graviton has a mass mg , then in this case a speed of gravitational wave propagation could
differ from c and we have a dispersion relation3,34
vg2
m2g c4
=
1
−
,
c2
E2

(1)

where E is a graviton energy. Gravitons with different energies propagate with different velocities. Assume that we have gravitational waves and electromagnetic waves from the same source
(from supernovae exoplosion, for instance). In this case we have3,34

 
vg
∆t
−17 200 Mpc
= 5 × 10
1−
,
(2)
c
D
1s
where ∆t = ∆ta − (1 + z)∆te is the time difference, where ∆ta and ∆te are the differences in
arrival time and emission time of the two signals, respectively, and z is the redshift of the source.
Usually ∆te is unknown, however, one could find an upper limit for ∆te (for instance from a
vg
theoretical model), therefore, one could evaluate 1 − , therefore, mg . Following papers3,34 and
c
assuming that the frequency of gravitational wave is ν and hν  mg c2 (h is Planck’s constant),
vg
1 h
h
1
1
therefore, we have
≈1−
, where λg =
or λg ≈ p
. If one has an upper
c
2 λg ν
mg c
2 1 − vg /c
limit for 1 − vg /c, it can be re-written as a lower limit for λg , as the following expression 3,34
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λg = 3 × 10 km
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.
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Figure 1 – χ2 (solid lines) as a function of Yukawa range of interaction λ. The values λg < λx can be excluded
with 90% probability.

It is a lucky case if one observe electromagnetic and gravitational radiation from the same source.
But even in the case if only gravitational radiation has been detected as it was noted3 because
gravitational wave signal with a massive graviton will be different from signal for a graviton with
a vanishing mass and in this case for D ≈ 200Mpc, ν ≈ 100Hz, ν∆t ∼ ρ−1 ≈ 0.1. The result is
λg > 1013 km. Based on ideas expressed in 3,34 , the LIGO/VIRGO collaboration obtained the
same estimate for the Compton wavelength of a massive graviton2,35,36 .
4

Graviton Mass Estimates from Trajectories of Bright Stars near the Galactic
Center

We use a modification of the Newtonian potential corresponding to a massive graviton case3,34 :
 r #
"
−
GM
V (r) = −
1 + δe λ ,
(1 + δ)r

(4)

where δ is a universal constant (we put δ = 1). In our previous studies28 we found constraints
on parameters of Yukawa gravity. As it was described in papers37,38 we used observational data
from NTT/VLT22 . If we wish to find a limiting value for λx , so that λ > λx with a probability
P = 1 − α (where we select α = 0.1) normalized χ2 depending on λx has to be equal to the
threshold depending on degree of freedom ν and parameter α or in other words, χ2 (λx ) = χ2ν,α .
Computing these quantities we obtain λx = 2900 AU ≈ 4.3 × 1011 km. Now we obtain the upper
limit on a graviton mass and we could claim that with a probability P = 0.9, a graviton mass
should be less than mg = 2.9 × 10−21 eV (since mg = h c/λx ) in the case of δ = 1 37,38,39,40 , see
also Fig. 1 ( the plot is adopted from the paper38 ) .
5

Conclusions

As it was noted earlier, our graviton mass estimate is slightly greater than estimate with LIGO
interferometer, however, a) our estimate was obtained in independent way with other observational data; b) our estimate is consistent with LIGO’s one; c) our estimate will definitely
improved with forthcoming facilities such as GRAVITY, E-ELT and TMT because more precise
observations of bright star orbits will give an opportunity to reconstruct a gravitational potential
at the Galactic Center in a more accurate way, therefore, one can expect a better estimates for
λ parameter and a graviton mass. However, such a progress will be not very rapid because of
an exponential dependence of a potential on λ.
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We review our recent derivation of a Fokker action describing the conservative dynamics of a
compact binary system at the fourth post-Newtonian (4PN) approximation of general relativity. The two bodies are modeled by point particles, which induces ultraviolet (UV) divergences
that are cured by means of dimensional regularization combined with a renormalization of the
particle’s wordlines. Associated with the propagation of wave tails at infinity is the appearance of a non-local-in-time conservative tail effect at the 4PN order in the Lagrangian. In
turn this implies the appearance of infrared (IR) divergent integrals which are also regularized
by means of dimensional regularization. We compute the Noetherian conserved energy and
periastron advance for circular orbits at 4PN order, paying special attention to the treatment
of the non-local terms. One ambiguity parameter remaining in the current formalism is determined by comparing those quantities, expressed as functions of the orbital frequency, with
self-force results valid in the small mass ratio limit.

1

Introduction

Inspiraling and merging black-hole binary systems are the most common sources of gravitational
waves detectable by ground or space-based laser interferometric detectors. 1 Banks of extremely
accurate replica of theoretical templates are a compulsory ingredient of a successful data analysis
for these detectors — both on-line and off-line. In the early inspiral phase, the post-Newtonian
(PN) approximation of general relativity should be pushed to extremely high order. Furthermore, high accuracy comparison and matching of PN results are performed with numerical
relativity computations appropriate for the final merger and ringdown phases. In this context,

we have undertaken the derivation of the equations of motion for binary systems of compact
(non-spinning) objects at the 4PN order. Solving this problem is of great importance for various
applications, most notably numerical/analytical self-force comparisons 2 and effective-one-body
calculations, 3 and paves the way to the determination of physical observables in the radiation
field such as the orbital phase at the 4PN order beyond the Einstein quadrupole formalism.
After the introduction by Lorentz & Droste 4 of the perturbative PN scheme for solving
the Einstein field equations (EFE) for weakly gravitating, slowly moving sources, it was further
explored in several historical works, including the famous paper on the motion of N planets at the
1PN order by Einstein, Infeld & Hoffmann. 5 In the 1980s, the PN scheme was successfully applied
to the derivation of the equations of motion of compact binaries up to the 2.5PN order, where
radiation reaction effects first appear, 6 which put an end to the radiation reaction controversy
raging at the time. 7 The 3PN dynamics was tackled in the 2000s with the help of various
methods, and the 4PN order has been investigated since the early 2010s.
After first partial results obtained by means of the effective field theory (EFT) 8,9 and the
Arnowitt-Deser-Misner (ADM) formalism, 10 the important effect of gravitational wave tails at
the 4PN order was included into the ADM Hamiltonian. 11,12 This allowed a better control of
the IR divergences and the completion of the full 4PN dynamics, in spite of the appearance of
one unfixed numerical constant which could only be set by comparison with self-force calculations. We report here on our alternative approach, 13,14,15 based on the construction of a Fokker
Lagrangian in harmonic coordinates, and whose end result is physically equivalent to the one of
the ADM Hamiltonian formalism. 10,11,12
2

Fokker action for post-Newtonian sources

The two compact objects are represented by means of non-spinning, structureless particles, with
µ
(t) = (c t, yA (t)) (with A = 1, 2), where c represents the speed of
masses mA and trajectories yA
light. The corresponding matter action reads
Z
q
X
µ ν
2
Sm = −
mA c
dt −(gµν )A vA
vA /c2 ,
(1)
A
µ
µ
/dt = (c, vA ). The time-dependent tensor (gµν )A stands for the metric evaluated
= dyA
with vA
at the location of the particle A. We deal with the divergences arising there by means of
dimensional regularization. On the other hand, the gravitational sector is described by the
Einstein-Hilbert action in Landau-Lifshitz form with the usual harmonic gauge-fixing term


Z

 1
c3
ρ
4 √
µν
λ
ρ
λ
αβ ρσ µ
ν
Sg =
d x −g g
Γµλ Γνρ − Γµν Γρλ − gµν g g Γαβ Γρσ ,
(2)
16πG
2

where G is the Newton constant, g = det gµν , and Γρµν stands for the Christoffel symbols.
The gravitational action can be written in terms of the deviation of the gothic metric from
√
the inverse flat metric η µν = diag(−1, 1, 1, 1), namely hµν = −gg µν − η µν . The action appears
then as an infinite non-linear power series in h, in which indices on h and on partial derivatives
∂ are lowered and raised with the Minkowski metric η. The Lagrangian density Lg can take
various forms, obtained from each other by integrations by parts. For our purpose, we adopt
the form that starts at quadratic order by terms like ∼ hh, i.e., the “propagator” form, with
2 denoting the flat d’Alembertian operator. Therefore, the general structure of our
 = η ρσ ∂ρσ
Lagrangian density is Lg ∼ hh + h∂h∂h + h h∂h∂h + · · · .
The harmonic gauge fixed action yields the following “relaxed” EFE:
hµν =

16πG µν
τ ,
c4

τ µν ≡ |g|T µν +

c4
Σµν [h, ∂h, ∂ 2 h] .
16πG

(3)

The quantity τ µν denotes the pseudo stress-energy tensor of the matter and gravitational fields,
with T µν = √2−g δSm /δgµν . The gravitational source term Σµν is at least quadratic in h or
its first and second derivatives. Those wave-like equations have the same Green function as in
harmonic gauge, although the harmonicity conditions ∂ν hµν = 0 do not hold unless the evolution
equations for the matter are also satisfied.
The Fokker action is obtained by inserting back into (1)–(2) an explicit PN iterated solution
of the field equations (3) given as a functional of the particle’s trajectories, i.e., an explicit PN
metric gµν (x; yB (t), vB (t), ...) at point x. The extra variables indicated by ellipsis are higher
derivatives such as accelerations aB (t) or derivatives of accelerations bB (t). Their presence is
due to the fact that we solve Eqs. (3) without replacing accelerations because we are off-shell
at this stage. Thus, the Fokker generalized PN action, depending not only on positions and
velocities but also on accelerations and their derivatives, reads
Z
SF [yB (t), vB (t), ...] = d4 x Lg [x; yB (t), vB (t), ...]
Z
q
X
µ ν
2
dt −gµν (yA (t); yB (t), vB (t), ...) vA
−
mA c
vA /c2 .
(4)
A

Now, by the stationarity of the total action S = Sg + Sm for the PN iterated solution, the PN
equations of motion are nothing but the Euler-Lagrange equations of SF for the particles. Once
they have been obtained, they may then be order reduced as usual, by replacing all accelerations
by the PN equations of motion themselves. The classical Fokker action is completely equivalent,
in the “tree-level” approximation, to the effective action used in the EFT. 8,9,16,17
In (4), the gravitational term integrates over the whole space a PN solution of the EFE that
is valid only in the near zone of the source. Denoting by h the PN expansion of the full-fledged
gravitational field h ≡ h(x; yA (t), vA (t), ...), solution of the EFE (3), we have the equality h = h
in the near zone of the matter system. By contrast, outside the near zone, h is not expected to
agree with h and typically diverges at infinity. On the other hand, the multipole expansion of the
metric perturbation, denoted M(h), agrees with h in all the exterior region of the source, but
blows up when formally extended inside the near zone as r → 0. 18 To properly define the Fokker
action, we initially introduced 13 a Hadamard regularization (HR). With that regularization, we
demonstrated that the gravitational part of the Fokker Lagrangian, say LHR
g , can be written as
a space integral over the looked-for PN Lagrangian density, plus an extra contribution involving
the multipole expansion:
Z
Z
 r B
 r B
HR
3
Lg = FP d x
Lg + FP d3 x
M(Lg ) .
(5)
B=0
B=0
r0
r0
Here, we have introduced a regulator (r/r0 )B , with B being a complex number, and a finite part
(FP) at B = 0 in order to cure the divergences of the PN expansion when r ≡ |x| → +∞ in the
first term while dealing with the singular behaviour of the multipole expansion when r → 0 in
the second one. The constant r0 , representing an IR scale in the first term and a UV scale in the
second, cancels out between the two contributions. We have proved, though, that the second
term in (5) does not contribute to SF below the 5.5PN order, hence we consider at 4PN order:
Z
 r B
HR
Lg .
(6)
Lg = FP d3 x
B=0
r0
3

The 4PN conservative dynamics

The general PN solution that matches an exterior solution with retarded boundary conditions
at infinity may be decomposed in two pieces. The first one consists of the naive near zone
expansion of the retarded integral of the PN source, each term being regularized by means of

the same FP procedure as in Eq. (6). The second piece is a homogeneous multipolar solution
regular inside the source, expanded in the near zone, 19,20
h

µν

 µν

+∞
RL (t − r/c) − Rµν
16πG −1 µν 2G X (−)`
L (t + r/c)
=
ret τ − 4
.
∂L
c4
c
`!
r

(7)

`=0

The multipole moments Rµν
L in (7) are functionals of the multipole expansion of the effective
gravitational source in the EFE, M(τ µν ), thus depending on the boundary conditions imposed
at infinity. Most importantly, the functions Rµν
for the tail effects in the near
L are responsible
µν
zone metric. At the 4PN order, where they first appear in h , it is sufficient to consider only
quadrupolar tail terms corresponding to the interaction between the total ADM mass M of the
source and its Symmetric Trace-Free (STF) quadrupole moment Iij . Inserting them into the
original Fokker action, we obtain, after redefining the matter variables yA with the help of an
appropriate non-local-in-time 4PN shift, a net contribution
ZZ
G2 M
dtdt0 (3)
(3)
SFtail =
Pf
I (t) Iij (t0 ) ,
(8)
8
5c 2s0 /c
|t − t0 | ij
where the upper indices (3) represent third order time differentiation. With HR, a dependence
on the scale s0 [a priori different from r0 in (6)] occurs through the definition of the Hadamard
partie finie Pf. a Varying the action (8) with respect to the particle’s worldlines, we recover the
conservative part of the known 4PN tail effect. 21
Following previous works on the 3PN equations of motion 22,23 we shall proceed in several
−1
steps. First, we parametrize the particular solution ret in the metric by means of specific
PN potentials. Next, those potentials are computed at any point in three-dimensional space
and inserted into the action. To deal with quadratic source terms, we extensively make use
of the important Fock function g = ln(r1 + r2 + r12 ), such that ∆g = r1−1 r2−1 with rA =
|x − yA | and r12 = |y1 − y2 |. We also need to integrate a cubic source term for which we
resort to more complicated elementary solutions. 24 The integration of the Lagrangian density
is then implemented by means of a Hadamard regularization, later corrected to a dimensional
regularization (DR) for the UV divergences. The UV poles ∝ 1/(d − 3) are then renormalized
through a redefinition of the particle’s worldlines. 23
4

IR divergences and ambiguity parameters at the 4PN order

The ensuing Fokker Lagrangian 13 depends on the IR length r0 and on the scale s0 in the tail
term (8). However, we have shown that these two scales combine into a single undetermined
constant α = ln(r0 /s0 ) after suitable shifts of the particle’s worldlines. Then, the tail integral (8)
simply involves the separation distance r12 as “partie finie” scale. The constant α cannot
be eliminated and is considered to be an ambiguity parameter, equivalent to the ambiguity
parameter called C in the ADM Hamiltonian formalism.11,12
The ambiguity parameters are associated with IR divergences, which are in turn linked to
the presence of the tail effect at the 4PN order.21 It is thus important to check the “stability” of
the calculation under a change of regularization procedure for the IR divergences, and eventually
to determine which regularization should be used. We argued 14 that the Fokker Lagrangian
derived by resorting to dimensional regularization for both IR and UV divergences is not dynamically equivalent to the HR Lagrangian obtained via our original approach, the difference being
a

For any regular function f (t) tending to zero sufficiently rapidly when t → ±∞, we have
 h
Z +∞
Z +∞
i
f (t0 )
τ
≡
dτ
ln
Pf
dt0
f (1) (t − τ ) − f (1) (t + τ ) .
0
τ0 −∞
|t − t |
τ0
0

composed of two and only two types of terms (modulo some irrelevant shifts of the trajectories):
LDR = LHR +


G4 m m21 m22 
2
2
δ
(n
v
)
+
δ
v
,
1
12
12
2
12
4
c8 r12

(9)

where (n12 v12 ) denotes the scalar product between the unit separation vector n12 = (y1 −y2 )/r12
2 = (v v ) and m = m + m . A pragmatic
and the relative velocity v12 = v1 − v2 , while v12
12 12
1
2
way to circumvent the problem is to acknowledge our (provisional) ignorance about the real
values of δ1 , δ2 and regard them as ambiguity parameters. Moreover, the terms containing α in
LHR can be put precisely in the form of the extra terms in (9) so that α can be absorbed into a
redefinition of the two ambiguity parameters δ1 and δ2 without loss of generality.
Now, it turns out that the two ambiguity parameters are uniquely fixed by making our
dynamics compatible with existing gravitational self-force (GSF) calculations of the conserved
energy and periastron advance for circular orbits in the small mass-ratio limit ν = m1 m2 /m2 → 0
(see the next section). Nonetheless, it is important to determine them from first principles, i.e.,
without resorting to external calculations. A recent progress has been made in that direction: 15
We have replaced the HR prescription for Eq. (6) above by a full DR evaluation based on
Z
LDR
=
dd x Lg ,
(10)
g
for the instantaneous terms, and computed the analogue of the tail term (8) in d = 3 + ε dimensions. Notably, the computation of the difference between the two prescriptions for the
HR
instantaneous terms, i.e., LDR
g − Lg , is quite lengthy as it depends on the detailed structure
of the expansion of the integrand at infinity. We proved that, in DR, the instantaneous terms
develop an IR pole, but that it is exactly cancelled by a corresponding UV pole coming from the
tail term in d dimensions (related cancellation of poles has been discussed in the EFT formalism 16,17 ). Finally, with our full DR calculation, we found that the two ambiguity parameters
can be expressed with a single parameter κ as
δ1 =

1733 176
−
κ,
1575
15

δ2 = −

1712 64
+ κ.
525
5

(11)

This parameter κ comes from our computation of the tails and is (provisionally) left undetermined. It is equivalent to our former parameter α or to the ambiguity parameter C in the
Hamiltonian formalism. 11 Let us now see how to compute κ thanks to the circular orbit limit
of the invariants of the motion.
5

Conserved energy and periastron advance at 4PN order

To investigate the notions of conserved energy and angular momentum in the case of a nonlocal-in-time dynamics, we adopt the Hamiltonian formalism where the two-body system is
described by the canonical conjugate variables yA and pA . The Hamiltonian is made of a local
instantaneous piece (containing many instantaneous terms up to 4PN order) and the non-localin-time tail part which is the analogue of Eq. (8), namely
Z +∞
G2 M ˆ(3)
dτ ˆ(3)
H tail [xA , pA ] = −
I
(t)
Pf
Iij (t + τ ) .
(12)
ij
8
5c
2s0 /c −∞ |τ |
The hat over the quadrupole moment means that all time derivatives must be explicitly evaluated
by means of the Newtonian equations of motion. It is crucial to realize that, in Hamilton’s
equations, the tail part of the Hamiltonian is to be differentiated in the sense of functional
derivatives, e.g.,
(3)
Z +∞
δH tail
2G2 M ∂ Iˆjk
dτ ˆ(3)
=−
Pf
I (t + τ ) .
(13)
i
i
8
5c
δyA
∂yA 2s0 /c −∞ |τ | jk

Since the time derivative of H computed on shell is linked to the partial derivatives of H,
through the chain rule, the usual cancellations implying dH(t)/dt = 0 do not occur when nonlocal-in-time contributions are present. We find instead a more complicated “non-conservation”
law dH/dt = P tail , where P tail involves non-local integrals constructed from the tail term (12).
From that law, we can derive explicitly the conserved energy E associated with the non-local
Hamiltonian. 14 We start by performing a Taylor expansion of Iˆij (t + τ ) when τ → 0. To
remedy the appearance of divergent integrals, we introduce in the integrand an exponential
cut-off factor e−|τ | for some  > 0, and let  tend to zero at the end of our calculation. It
is then straightforward to recast P tail as a total time derivative, say −d∆H tail /dt, so that
E = H + ∆H tail . Aiming at getting a non-perturbative (resummed) expression for ∆H tail ,
we notice that the Newtonian quadrupole moment, being a periodic function of time, may be
conveniently decomposed in discrete Fourier series, with coefficients p Iij (p ∈ N). All integrals
entering ∆H tail can be evaluated in closed (albeit Fourier-expanded) form, which yields
∆H tail = −



2G2 M ω 6 X
1 X
p3 q 3 (p − q)
p i(p+q)`
2 6
|
,
|
p
−
ln
e
Iij
Iij Iij
5c8
2
p+q
q
p
p q
p

(14)

p+q6=0

where ω represents the orbital frequency. Remarkably, this expression contains a constant
(DC) contribution [first term in Eq. (14)] proportional to the gravitational wave energy flux,
(3)
F GW = 5cG5 h(Iij )2 i. The remaining (AC) terms average to zero, and are strictly zero in the case
of circular orbits. A similar procedure allows us to construct the conserved angular momentum. 14
The complete expression of the energy through 4PN order in the limiting case of circular
orbits is the sum of the instantaneous part of the 4PN dynamics, composed of many different
terms, and of the tail part, composed of (12) plus the crucial DC contribution in (14). After
reducing to the frame of the center of mass and specializing to circular orbits, we obtain
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The PN parameter reads x = (Gmω/c3 )2/3 and we have used the approximation M = m1 + m2
in the tail terms. We adjust the remaining ambiguity parameter in (11) by comparing to the
circular energy obtained in the GSF framework, at first order in the perturbative expansion in
the small mass ratio limit. 25,26 The correct value is κ = 41
60 . Such value agrees with the one found
in the computation of the tail term in d dimensions (including both conservative and dissipative
effects) by means of EFT methods. 16
Finally we report the complete expression of the periastron advance at the 4PN order, for a
slightly non-circular orbit, in the limit where the eccentricity goes to zero: 27,14
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(16)
Note that, for the previous value of κ, the result agrees directly with GSF calculations. The
GSF contribution to the periastron is generally described by means of the function ρ(x) such

that K −2 = 1 − 6x + νρ(x) + O(ν 2 ):
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(17)

The 4PN coefficient ρ4PN = a4PN + b4PN ln x, in particular the coefficient a4PN with numerical
value a4PN ' 64.6406, is in perfect agreement with GSF numerical results. 28 It is worth mentionning that the GSF periastron advance (analytical or numerical) is not computed directly but
indirectly deduced from the so-called redshift variable via the first law of binary mechanics, but
the latter has been checked to hold even at the 4PN order for the non-local-in-time dynamics. 29
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4.5 Post-Newtonian order gravitational radiation
Tanguy Marchand
Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014 Paris, FRANCE

Post-Newtonian (PN) theory enables us to predict the waveform and the phase evolution of
the gravitational waves emitted by a system of two compact objects coalescing in its inspiral
phase. State-of-the-art works provide the phase of the expected signal up to 3.5PN 5 (i.e.
up to 1/c7 ). Comparison with numerical relativity, as well as the promising evolution of
gravitational wave detectors and the new discoveries incite us to pursue this computation to
a higher order. In our current program, we are aiming at reaching the phase of the signal at
the 4.5PN order (i.e. 1/c9 ). For this purpose, the energy flux emitted by such a system for
circular orbits has to be known at 4.5PN. One difficulty of this computation is the high-order
interactions - commonly called tails- between the mass of the system and its mass and current
multipole moments during the propagation of the signal. In Marchand et al. 2016 1 , we
have computed the contribution of all the tails entering the flux at the 4.5PN order, and in
particular the third-order mass-quadrupole interactions known as ”tails-of-tails-of-tails”. Our
work enables to fully determine the 4.5PN coefficient of the flux for circular orbits (while the
4PN coefficient is still unknown).

1

Introduction

With the spectacular discoveries by the LIGO/VIRGO collaboration of gravitational waves from
the coalescence of black-hole binaries, we foresee the possibility of extremely accurate measurements of the so-called post-Newtonian (PN) coefficients that describe the gravitational waveform
of these systems in the inspiral phase prior to the final coalescence. The PN coefficients are especially important because they probe the non-linear structure of general relativity (GR) and
provide thus very constraining tests of this theory. In turn, they permit accurate measurements
of the physical parameters of the binary, essentially the masses of the compact objects and their
moments of rotation or spins. The PN coefficients of the phase of a gravitational signal is known
up to 3.5PN (i.e. up to ( vc )7 ) 5 . Our current goal is to determine the phase (as well as other
interesting physical quantities like the polarization modes) up to 4.5PN for a spinless compact
binary system in circular orbit. For that, different tasks need to be fullfill. In particular, the
contribution of the third-order tails effect (or ”tails-of-tails-of-tails”) in the flux is required. In
this work, we have completely determined this contribution.

2
2.1

The Multipolar Post-Minkowskian (MPM) algorithm
Introduction to the MPM algorithm

The goal of our work is to understand the gravitational field in the region outside an isolated
matter source. For that, we have to solve the Einstein field equations in the exterior of that
source by using the Multipolar Post-Minkowskian (MPM) algorithm in harmonic coordinate
developed in Blanchet and Damour 1986 2 (cf also Blanchet 1998 3 for more details). The
gravitational field in the region outside an isolated matter source, solving the vacuum Einstein
field equations in the exterior of that source, is written in “gothic” Minkowskian deviation form.
√
We have thus hµν = −gg µν − η µν where η µν is the (inverse) Minkowski metric, while g and
g µν are the determinant and the inverse of the covariant metric gµν . Our signature is almost
plus, i.e., ηµν = diag(−1, 1, 1, 1) = η µν . We use Cartesian coordinates and solve iteratively the
Einstein field equations using the harmonic coordinates condition ∂ν hµν = 0 (indices will always
be raised and lowered with respect to ηµν ). We formally develope hµν as a post-Minkowskian
or non-linearity expansion:
X
Gn hµν
(1)
hµν =
(n) ,
n

G being the Newton constant. If we inject (1) into the vacuum Einstein field equations, we find:
αβ
µν αβ
hµν
(i) = Λ (h(1) , . . . , h(i−1) )

∂ µ h(i)µν = 0

(2)
(3)

where i geq1 and  = η ρσ ∂ρσ is the flat d’Alembertien operator and Λµν is a complicated
non linear source term depending only on the previous iteration. The MPM algorithm provides an explicit solution (computed iteratively) of the latter equations starting at linear order
by Thorne’s 8 linearized multipolar solution hµν
(1) [ML , SL ] depending on two sets of multipole
moments ML (mass-type) and SL (current-type). This linearized solution isa :


4 X (−1)l
1
h00
=
−
∂
M
(u)
(4a)
L
L
(1)
c2
l!
r
l≥0





X
4
(−1)l
1 (1)
l
1
0i
h(1) = 3
∂L−1
I
(u) +
iab ∂aL−1
SbL−1 (u)
(4b)
c
l!
r iL−1
l+1
r
l≥1





4 X (−1)l
1 (2)
2l
1
(1)
ij
h(1) = − 4
∂L−2
I
(u) +
∂aL−2
 J
(u)
(4c)
c
l!
r ijL−2
l+1
r ab(i j)bL−2
l≥2

The sets of function {ML } and {SL } can be interpreted as the set of mass multipole moments
and current multipole moments of the source. The function M (l = 0) is the ADM-mass of the
source and Mi = const, Si = const. It is always possible to achieve Mi = 0 by translating the
origin of our coordinates to the center of mass. In this work, we will only study the interactions
between the ADM-mass M and the mass quadrupole moments Mij and we will focus on the
µν
µν
µν
µν
µν
µν
µν
µν
µν
following termb : hµν
(1) = hM + hMij , h(2) = hM 2 + hM ×Mij + hMij ×Mkl , h(3) = hM 3 + hM 2 ×Mij +
µν
µν
hµν
M ×Mij ×Mkl + hMij ×Mkl ×Mmn etc. The final goal of this algorithm is to reach the term hM 3 ×Mij
contained in h(4) that corresponds to the ”tails-of-tails” and that is required in order to know
the 4.5PN contribution of non-local terms in the flux.
a
Here, L = i1 · · · i` denotes a multi-index composed of ` spatial indices (ranging from 1 to 3); we pose
L − 1 = i1 · · · i`−1 , and so on; ∂L = ∂i1 · · · ∂i` is the product of ` partial derivatives ∂i ≡ ∂/∂xi . Symmetrization
over indices is denoted by T(ij) = 21 (Tij + Tji ). The STF projection is indicated with a hat, e.g., n̂L ≡ STF[nL ], or
with angular brackets hi surrounding the relevant indices, e.g., xhi vji = x(i vj) − 31 δij xk vk . The indices of multipole
moments ML and SL are symmetric and trace-free (STF). Time derivatives of the moments are indicated by
superscripts (n) and u denotes the retarded time u = t − r.
b
In our notations, hµν
Mij corresponds to the terms in (4a)-(4b)-(4c) that depends on Mij and hM ×Mij to the
terms in h(2) sourced in equation (2) by Λ(hM , hMij ) etc.

2.2

First step: Finite-Part regularization

The first difficulties to address is the existence of U.V. divergences due to the multipolar expansion of the metric. In fact, the MPM solution of the metric will correspond to the true metric
in the far-zone region, outside the source. Inside the matter source, the MPM metric is no long
valid and divergences appear. These infinities occur when we want to solve the d’Alembertien
equation. For example, the equation:
αβ
µν αβ
uµν
(n) = Λ (h(1) , . . . , h(n−1) ),

(5)

(−1)

is usually solved using the usual retarded propagator ret . However, applying this propagator
αβ
1
will lead to divergences if Λµν (hαβ
(1) , . . . , h(n−1) ) ∼r→0 rk with k ≥ 3. In order to solve this issue,
 B
αβ
r
we multiply the source Λµν (hαβ
,
.
.
.
,
h
)
by
a
regulartor
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(6)

The solution we are looking for is then defined by the MPM algorithm to be the finite part of
the analytical continuation of uµν
(n)B when B → 0, i.e. the coefficient of the zeroth power of B
0
(i.e. B ) in the Laurent expansion of uµν
(n)B when B → 0. In order words, if we denote FPB=0
this regularization procedure, we have:
uµν
(n)

= FP

B=0

−1
ret

"

r
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#

B
Λ
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αβ
(hαβ
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(7)

αβ
µν αβ
Such a definition yields a solution of the wave equation uµν
(n) = Λ (h(1) , . . . , h(n−1) ).

2.3

Second step: Harmonic coordinate condition

Once the solution uµν
(n) is computed, we need to add an extra homogeneous solutions to it in
order to satisfy the harmonic coordinates equation (3). In order words, according to the MPM
µν
µν
µν
µν
µν
algorithm we define hµν
(n) = u(n) + w(n) with w(n) = 0 and ∂µ w(n) = −∂µ u(n) . For explicit on
µν
the definition of w(n)
, see Blanchet 1998 3 .
2.4

The matching equation

The MPM algorithm provides an explicit solution of the vacuum Einstein equations expressed
with yet unspecified functions {ML , SL }. By matching this MPM expansion to a post-Newtonian
expansion valid inside the source and in the near-zone (i.e. in a region smaller than the gravitational wavelength of the source), explicit formulae for ML and SL can be found for any
post-Newtonian order (cf Blanchet 1999 4 ).
3
3.1

Results
Radiative quadrupole moments

We have applied the algorithm in order to compute the effects of non-local terms in the massquadrupole interactions up to the 4.5PN order. The result can be expressed as a radiative
multipole mass quadrupole describing the metric in the radiative zone (cf Thorne 1980 8 for
a definition of the radiative multipole moments). The mass-quadrupole interactions in the
radiative moments were known up to the 3.5PN order 5 and we pushed it up to the 4.5PN order.

The result yields c :
Uij (TR ) =
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Energy flux for circular orbits

We can specify our result for compact binary systems in circular orbits and compute the energy
flux emitted by such a system (by substituting the expression of M and Mij for circular orbits).
1 m2
The result is express as a function of the symmetric mass ratio ν = (mm1 +m
2 and the frequency2)

2/3
related quantity x = Gmω
which is a 1-PN parameter. We can check that all the gauge
c3
constants (i.e. r0 and b0 ) disappear. We found the energy flux to be:
Ftotal =
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(9)

This flux was already known up to 3.5PN 5 . We can test our result by comparing the test
particle limit when ν → 0 with results from black holes perturbation theory 6 . Besides, our work
has been recently confirmed by Effective-One-Body computation 7 .
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EFFECTIVE FIELD THEORY OF POST-NEWTONIAN GRAVITY
INCLUDING SPINS
MICHELE LEVI
Institut de Physique Théorique, CEA Saclay, Université Paris-Saclay,
91191 Gif-sur-Yvette, France
We present in detail an Effective Field Theory (EFT) formulation for the essential case of
spinning objects as the components of inspiralling compact binaries. We review its implementation, carried out in a series of works in recent years, which leveled the high post-Newtonian
(PN) accuracy in the spinning sector to that, recently attained in the non-spinning sector. We
note a public package, “EFTofPNG”, that we recently created for high precision computation
in the EFT of PN Gravity, which covers all sectors, and includes an observables pipeline.

1

Introduction

A new era of high precision Gravity has been launched with the recent direct detection of
gravitational waves (GWs) from compact binary coalescence 1,2 . The influx of improved GW
data is expected to increase, and more accurate GWs templates will be required to optimally
analyze the signal. The continuous GW signal comprises various kinds of physics, corresponding
to the different phases in the evolution of the radiating binary. The initial inspiral phase,
where the components of the binary orbit with a non-relativistic velocity, can only be treated
analytically with the post-Newtonian (PN) theory of General Relativity 3,4 . Indeed, in recent
years there has been a remarkable progress in high order PN theory, in particular also involving
the essential spins of the components of the binary. In what follows we detail the formal progress,
which has been obtained within an extension of the Effective Field Theory (EFT) for the binary
inspiral to spinning objects 5,6 . We also review its specific applications, which we carried out.
2

Effective Field Theory of Post-Newtonian Gravity including Spinning Objects

Effective Field Theories (EFTs) and their setup are universal. Once a hierarchy of scales is
identified in the physical problem, be it classical or quantum, the robust EFT framework can
then be applied. For the compact binary coalescence in the inspiral phase of its evolution, this
observation was made by Goldberger et al. 7,8 . Indeed, there are three distinct characteristic
length scales in the problem: rs , r, and λ, corresponding to the scales of the internal structure
of the single compact component of the binary, the orbital separation of the binary, and the
wavelength of radiation emitted from the binary, respectively. They are widely separated by
powers of v  1, the typical non-relativistic orbital velocity at the inspiral phase, as we have
that rs ∼ r v 2 ∼ λ v 3 . Goldberger et al. 7,8 put forward a program to tackle the binary inspiral
problem with a tower of EFTs, corresponding to each of the scales. We note that the only scale
in the full theory is the UV scale m, the mass of the isolated compact object, where rs ∼ m. For
the general case that we tackle in our work, where the compact object is spinning, and hence
also characterized by its spin length 6 , S 2 , we also have that S . m2 .

The construction of an EFT follows one of two general procedures, top-down and bottomup. These approaches differ on how the effective action, which formally represents the EFT, is
obtained. The bottom-up approach constructs the effective action from scratch as an infinite
sum of operators, constrained by symmetry considerations. The top-down approach obtains the
effective action by explicitly eliminating degrees of freedom (DOFs) from the action of the high
energy (small scale) theory. We apply, in fact, both of these approaches in our construction
of the EFTs. First, we remove the scale rs , using a bottom-up approach, by eliminating the
s , where the gravitational field is decomposed into g
s
strong field modes gµν
µν ≡ gµν + ḡµν , and
ḡµν represents the field modes in scales above rs . The effective action for an isolated compact
object can then be generically written as:
Z
X Z


1
µ µ
4 √
Seff ḡµν , y , eA = −
d x ḡR [ḡµν ] +
Ci dσOi (σ) ,
(1)
16πG
i
|
{z
}
Spp ≡point particle action

where we introduce a point particle action, Spp , with an infinite tower of worldline operators,
Oi (σ). These should contain the DOFs relevant at this scale, and satisfy the symmetries of the
theory. Hence, it is crucial to accurately identify the DOFs and symmetries for the general case
of spinning gravitating objects as we further elaborate below 6 . Here, y µ , and eµA , are the particle
worldline coordinate, and tetrad DOFs, respectively. All of the UV physics is encapsulated in
the Wilson coefficients, Ci (rs ), in the point particle action, Spp .
For the next EFT in the tower, where the orbital scale r is removed, we use the top-down
approach. First, we decompose the field into ḡµν ≡ ηµν + Hµν + e
hµν , where Hµν represents
e
the field modes at the orbital scale, and hµν , the radiation modes. These different field modes
scale with a definite power of the small PN parameter v: ∂t Hµν ∼ vr Hµν , ∂i Hµν ∼ 1r Hµν ,
hµν . Then, we use the effective action of two compact objects, with a copy of Spp for
∂ρ e
hµν ∼ vr e
each object, to integrate out the field modes Hµν by computing the following functional integral:
Z
µ µ
µ
µ
iSeff(composite) [e
hµν ,y µ ,eµ
]
A ≡
e
DHµν eiSeff [ḡµν ,y1 ,y2 ,e(1) A ,e(2) A ] ,
(2)
taking only the tree level for the classical limit. This defines the effective action of the composite
object with y µ , and eµA , now being its worldline coordinate, and tetrad, respectively. In general,
we should proceed to integrate out the radiation modes, e
hµν , to get the final EFT. However,
this is not required in the conservative sector, where no radiation modes are present. Therefore,
we stress that the final effective action at this stage should consist of no remaining field modes
at the orbital scale 9,10,6 .
As we noted, in order to construct the point particle action in Eq. 1, it is crucial to accurately
identify the DOFs and symmetries of the theory 6 . As for the DOFs for a spinning object, of
which we have three kinds, it is important to note the following: 1. As for the gravitational field
we should consider the tetrad field, η ab ẽa µ (x)ẽb ν (x) = g µν (x), rather than just gµν (x); 2. As
for the particle worldline coordinate, y µ (σ), the particle worldline position does not in general
coincide with the object’s “center”; 3. As for the particle worldline rotating DOFs, from the
Aν
worldline tetrad, η AB eA µ (σ)eB ν (σ) = g µν , we define the angular velocity, Ωµν (σ) ≡ eµA De
Dσ ,
∂L
and add its conjugate, the worldline spin, Sµν (σ) ≡ −2 ∂Ω
µν , as further DOFs. Later, we switch
AB
a
b
ab
to the worldline Lorentz matrices, η ΛA (σ)ΛB (σ) = η , and the conjugate local spin, Sab (σ).
Regarding the symmetries of the theory, it is crucial to note the additional symmetries that
play a role for the spinning case, i.e. beyond general covariance, and worldline reparametrization
invariance. These additional symmetries are: 1. Parity invariance; 2. Internal Lorentz invariance
of the local frame field; 3. SO(3) invariance of the worldline spatial triad; 4. Spin gauge invariance, that is invariance under the choice of completion of the worldline spatial triad through
a timelike vector. This is a gauge of the rotational variables, i.e. of both the worldline tetrad,

and spin. In addition to these symmetries, we assume that the isolated object has no intrinsic
permanent multipole moments beyond the mass monopole, and the spin dipole.
For a spinning object we can write the point particle action in Eq. 1 in the form 11,12,6 :


Z
√
1
µν
µ
µ
2
Spp = dσ −m u − Sµν Ω + LSI [u , Sµν , ḡµν (y )] ,
(3)
2
where uµ ≡ dy µ /dσ, and LSI denotes the Lagrangian part, which is nonminimal coupling, and
as we assume, contains only spin-induced higher multipoles. While the minimal coupling here
is fixed only from covariance and reparametrization invariance, it can still be worked out to
further incorporate the other symmetries related with the worldline tetrad. As for nonminimal
coupling, parity invariance also plays a role in constraining it. Indeed, in 6 we work out the point
particle action of a spinning object, required for the first EFT of a single spinning particle.
In the spirit of Stueckelberg, we first want to introduce the gauge freedom of the rotational
variables into the effective action. We do this by applying a 4-dimensional covariant boost-like
transformation on the worldline tetrad 6 . This introduces new gauge DOFs, wµ , as the timelike
vector of the tetrad, ê[0]µ = wµ , and also leads to a generic gauge condition for the spin:


p
Ŝ µν pν + p2 ê[0]ν = 0.
(4)
All in all, these constitute the 3 + 3 necessary gauge conditions for the redundant unphysical
DOFs, that are contained in the 4-dimensional antisymmetric angular velocity, and spin tensors.
The minimal coupling term then yields:
1
1
Ŝ µν pν Dpµ
Sµν Ωµν = Ŝµν Ω̂µν +
,
(5)
2
2
p2 Dσ
where an extra term appears in the action. This extra term, originating from minimal coupling,
is of course not preceded by any Wilson coefficient, although it contributes to finite size effects.
As for the spin that appears in spin-induced nonminimal couplings in the action, it is transformed
to the generic spin variable as:
Ŝµρ pρ pν
Ŝνρ pρ pµ
+
.
(6)
p2
p2
As we noted, the nonminimal coupling action with spin should also be constrained, using
the full set of symmetries of the theory, that we detailed above. Based on these symmetries,
and further considerations and properties of the problem, the leading order (LO) nonminimal
couplings are indeed fixed to all orders in spin 6 :
Sµν = Ŝµν −

LSI

∞
X
Eµ µ
(−1)n CES 2n
=
Dµ · · · Dµ3 √ 1 2 S µ1 S µ2 · · · S µ2n−1 S µ2n
(2n)! m2n−1 2n
u2
n=1
∞
X

+

n=1

Bµ µ
(−1)n CBS 2n+1
Dµ2n+1 · · · Dµ3 √ 1 2 S µ1 S µ2 · · · S µ2n−1 S µ2n S µ2n+1 ,
(2n + 1)! m2n
u2

(7)

where new spin-induced Wilson coefficients precede each of the nonminimal coupling terms.
These operators are composed from either the electric, or magnetic curvature tensors, Eµν , or
Bµν , respectively, together with the spin vector S µ . Of the above operators, the quadrupole,
octupole, and hexadecapole couplings should notably be taken into account up to the fourth PN
(4PN) order 13,6,14 . These couplings explicitly read:
CES 2 Eµν µ ν
√ S S ,
2m u2
C 3 Dλ Bµν µ ν λ
≡ − BS2 √
S S S ,
6m
u2
C 4 Dλ Dκ Eµν µ ν λ κ
√
S S S S .
≡ ES 3
24m
u2

LES 2 ≡ −

(8)

LBS 3

(9)

LES 4

(10)

We recall that for the second EFT we need to remove the field modes at the orbital scale.
To this end the field DOFs should be disentangled from the particle DOFs. This can only be
attained if the gauge of the rotational variables is fixed in the action, as was put forward in
9 . We stress that as we work in an action approach the gauge of the rotational variables can
be directly inserted at any stage. But first we need to switch to new rotational variables: the
Aa dΛ̂A b , and the local
locally flat angular velocity with worldline Lorentz matrices, Ω̂ab
flat = Λ̂
dσ
spin, Ŝab = ẽµa ẽνb Ŝµν . Then, using the Ricci rotation coefficients with the tetrad field, defined by
ωµ ab ≡ ẽb ν Dµ ẽaν , we can rewrite the minimal coupling term in Eq. 5 in the form 5,6 :
1
1
1
ab µ
Ŝµν Ω̂µν = Ŝab Ω̂ab
(11)
flat + Ŝab ωµ u .
2
2
2
Now, before we integrate out the field modes at the orbital scale, we need to fix all gauges in
the action, which also eliminates all unphysical DOFs from the action. To begin with, we apply
the beneficial non-relativistic space+time Kaluza-Klein decomposition on the gravitational field,
i.e. we switch to the non-relativistic gravitational (NRG) fields 15,16 . The tetrad field gauge is
then accordingly fixed to Schwinger’s time gauge with the NRG parametrization, and finally we
fix the gauge of the rotational variables to a gauge, that is dubbed the “canonical” gauge.
3

Summary of formal results and applications

In conclusion, we have provided an EFT formulation for the essential case of spinning objects
as the components of inspiralling compact binaries, which constitutes a challenging extension
of the EFT of PN Gravity 6 . In particular, we have also provided spin-induced nonminimal
couplings to all orders in spin for a gravitating spinning particle. Moreover, the equations of
motion (EOMs), and Hamiltonians are simply derived from the resulting effective action of the
composite object. The (physical) EOMs of both the position, and spin, take a simple form, and
are obtained directly via a proper variation of the action. Notably, for the precession equations
it should be stressed, that one makes an independent variation with respect to the spin, and to
its conjugates, the Lorentz matrices 10,6 . In addition, the useful Hamiltonians are obtained in
the standard manner similarly to the non-spinning case.
As for the implementation, we have completed in a series of works all of the interaction
potentials, as well as their derivatives and observables, in the spinning sectors up to the 4PN
order, on par with the PN accuracy recently attained in the generally simpler point mass sector.
These potentials include: the linear-in-spin next-to-next-to-leading order (NNLO) spin-orbit at
3.5PN order 17 , and NNLO spin1-spin2 at 4PN order 18,10 , the NNLO spin-squared at 4PN order
14,19 , and the LO cubic, and quartic in spin at 3.5PN, and 4PN orders, respectively 13 .
Moreover, we have recently created a new public package, “EFTofPNG”, for high precision
computation in the EFT of PN Gravity (PNG), including spins 20 . The “EFTofPNG” package
version 1.0 covers the point mass sector, and all the spin sectors, up to the 4PN order, and
two-loop level. It is released as a public repository in GitHub, and can be found in the URL:
“https://github.com/miche-levi/pncbc-eftofpng”. The “EFTofPNG” package is self-contained,
modular, and designed to be accessible to the classical Gravity community. Its final unit provides
the full computation of derivatives of interest, and gauge invariant observables, and serves as a
pipeline chain for the modeling of GW templates for the detectors.
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On solving post-Newtonian accurate Kepler Equation
Yannick Boetzel
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, 8057 Zürich
We provide an elegant way of solving analytically the third post-Newtonian (3PN) accurate Kepler equation, associated with the 3PN-accurate generalized quasi-Keplerian parametrization
for compact binaries in eccentric orbits. We perform comparisons between our PN-accurate
analytic solution and a very accurate numerical solution of the PN-accurate Kepler equation.
Our approach can be adapted to compute crucial 3PN-accurate inputs that will be required to
compute analytically both the time and frequency domain ready-to-use amplitude-corrected
PN-accurate search templates for compact binaries in inspiralling eccentric orbits. This work
is based on a publication submitted to Physical Review D in May 2017, in collaboration with
A. Susobhanan, A. Gopakumar, A. Klein and P. Jetzer.

1

Introduction

The present paper provides an elegant analytical solution to the PN-accurate Kepler equation associated with the 3PN accurate generalized quasi-Keplerian parametrization, available in
Ref. 1 . Specifically, we derive analytical 3PN-accurate infinite series expression for the eccentric anomaly u in terms of the mean anomaly l. This solution requires us to derive compact
PN-accurate infinite series expressions for certain trigonometric functions of the true anomaly
v in terms of u. We manipulate complex exponential representations of various trigonometric
functions of v and u for these derivations. We invoke an improved version of Mikkola’s method,
detailed in Refs. 2,3 , to compare the accuracy of our analytical solution for various values of
the orbital eccentricity. Our PN-accurate analytic solution shows excellent agreement with its
numerical counterpart for moderate values of eccentricity.
2
2.1

Derivation of analytic solution to PN-accurate Kepler Equation
The Bessel function approach to tackle the classic Kepler Equation

We begin by reviewing the classical Keplerian parametrization that describes semi-analytically
the Newtonian-accurate orbital motion of a binary in non-circular orbits 4,5 . In polar coordinates
and in the center-of-mass reference frame, this approach provides a parametric description for
an eccentric orbit of Newtonian dynamics using
r = a(1 − e cos u) ,



φ − φ0 = v ≡ 2 arctan

1+e
1−e

1/2

u
tan
,
2


(1)

where r and φ define the components of the relative separation vector r = r(cos φ, sin φ, 0). The
auxiliary angles u and v are called eccentric and true anomaly. The classical Kepler equation
defines the temporal evolution of these auxiliary angles and is given by
l ≡ n(t − t0 ) = u − e sin u ,

(2)

where l is the mean anomaly.
In what follows, we sketch the derivation of a widely used analytic solution of the Kepler
equation, involving the Bessel functions 6 . We start by expressing u − l as a Fourier series in l:
u − l = e sin u =

∞
X

As sin(sl) ,

s=1

2
As =
π

Z π
0

(u − l) sin(sl)dl .

(3)

Integrating by parts leads to
As =

2
π

Z π
0

(u(l) − l) sin(sl)dl =

2
sπ

Z π

2 1
s π


cos(sl)du =
0

Z π
0



cos(su − se sin u)du .

(4)

The expression in the curly brackets can be identified with Js (se), namely the Bessel functions
of the first kind. This allows us to write
u=l+

∞
X
2
s=1

s

Js (se) sin(sl) .

(5)

This expression provides the most popular solution of the transcendental Kepler equation. In
what follows, we adapt a similar approach to tackle the PN-accurate Kepler equation.
2.2

3PN-accurate solution to PN-accurate Kepler equation

It is possible to obtain a Keplerian-type parametric solution to the PN-accurate orbital dynamics of compact binaries in non-circular orbits 5,7,8,1 . At the third post-Newtonian order, the
conservative orbital dynamics of compact binaries in eccentric orbits is specified by providing
the following parametrization for the dynamical variables r and φ:
r = ar (1 − er cos u) ,

(6)

φ − φ0 = (1 + k)v + (f4φ + f6φ ) sin(2v)

+ (g4φ + g6φ ) sin(3v) + i6φ sin(4v) + h6φ sin(5v) .

(7)

The following 3PN accurate Kepler equation links the eccentric anomaly u to the mean anomaly
l = n (t − t0 )
l = u − et sin u + (g4t + g6t ) (v − u) + (f4t + f6t ) sin v + i6t sin(2v) + h6t sin(3v) .

(8)

The expressions g, f , i and h are orbital functions entering at 2PN and 3PN order.
In what follows, we derive an elegant solution to the 3PN accurate Kepler equation. It
is possible to bring in a compact infinite series expansion, similar to Eq. (3), by invoking the
following exact relations:
v−u =

2

∞ βj
X
φ
j=1

j

sin(ju) ,

(9)

q

sin v =

∞
2 1 − e2φ X

eφ

βφj sin(ju) ,

(10)

j=1

q

sin(2v) =

∞
4 1 − e2φ X

e2φ

j=1

 q



βφj j 1 − e2φ − 1 sin(ju) ,

(11)

q

sin(3v) =

∞
2 1 − e2φ X

e3φ

j=1



q



βφj 4 − e2φ − 6j 1 − e2φ + 2j 2 (1 − e2φ ) sin(ju) ,

(12)

with βφ = (1 −

q

1 − e2φ )/eφ . These compact expressions allow us to express Eq. (8) as
l = u − et sin u +

∞
X

αj sin(ju) ,

(13)

j=1

where the explicit expressions for the PN-accurate orbital functions αj can be extracted with
the help of Eqs. (8) and (9-12). They are given by
q

αj

=

2βφj

1 − e2φ
e3φ

(f4t + f6t )e2φ +

h q

i

(g4t + g6t )e3φ
q

j 1 − e2φ
h

+2i6t eφ j 1 − e2φ − 1 + h6t 4 −

e2φ

q

2

− 6j 1 − e2φ + 2j (1 −

e2φ )

i

!

.

(14)

It is worth noting that the functional forms of αj are identical in both the modified harmonic
(MH) and Arnowitt-Deser-Misner (ADM) coordinates, since Eq. 8 takes an identical form in
both gauges 1 . However, the explicit expressions for these orbital functions in terms of the
conserved orbital energy and angular momentum or the parameters x and et differ.
The functional form of the PN-accurate Kepler equation, namely Eq. (13), allows us to write
the following PN-accurate Fourier series for u − l
u−l =

∞
X

As sin(sl) ,

s=1

As =

2
π

Z π
0

(u − l) sin(sl)dl .

(15)

Integrating by parts and using Eq. (13) gives
2 π
2 π
(u − l) sin(sl)dl =
cos(sl)du
π 0
sπ 0
Z
∞


X
2 π
αj sin(ju) du .
cos su − set sin u + s
sπ 0
j=1
Z

As =
=

Z

(16)

We can expand the above result to first order in αj and this leads to
As =
=

=

2
sπ

Z π
0

Z π
∞
2X
αj
sin (su − set sin u) sin(ju)du
cos (su − set sin u) du −
π j=1
0

Z
2 π

cos (su − set sin u) du
sπ 0
Z π
∞
1X
αj
{ cos ((s + j)u − set sin u) − cos ((s − j)u − set sin u) }du
+
π j=1
0
∞
X
2
Js (set ) +
αj {Js+j (set ) − Js−j (set )} ,
s
j=1

(17)

where we employed the usual integral definitions for Jn (x) to reach the last step. This step allows
us to write down a simple and elegant solution to 3PN-accurate generalized Kepler equation in
terms of Bessel functions as
u=l+

∞
X
s=1

∞
X
2
Js (set ) +
αj {Js+j (set ) − Js−j (set )}
s
j=1

!

sin(sl) .

(18)

2.3

Comparison to numerical solution



fL2 =

1
2π

Z 2π

2

1/2

f dl

,

(19)

0

where f stands for the above mentioned fractional relative error. The
results in MH gauge is displayed in
Fig. 1. We find that our L2-norm
error estimate is small (< 1%) for
eccentricities up to et = 0.95 for x
values relevant for the early inspiral phase like x ≈ 0.01. However, it
diverges quickly for higher x values
and this is true even for moderate et
values like 0.5.
3

Integrated error

We now compare our analytic solution against a very accurate way of solving PN-accurate
Kepler Equation, detailed in Refs 9,10 . This numerical approach is based on an efficient and
accurate (numerical) way of solving the classical Kepler Equation, developed by Mikkola 2 and
is valid for all l and for 0 ≤ et ≤ 1. Our analytic solution is expected to be valid only up to
certain values of the PN-expansion parameter x and it will diverge for large values of x. It
will be useful to concentrate on the differences between u and l values due to the nature of
Eq. (18). These considerations influenced us to probe how the fractional relative error, namely
|((unum −l)−(uanl −l))/(unum −l)|, varies as a function of et for few x values while incorporating
200 terms in the analytic solution.
We invoke the more familiar in100
100
tegrated error over one period using
10−1
10−1
the L2-norm, namely
10−2
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Figure 1 – Integrated relative error as a function of et for different
x values. We let η = 0.25 and truncate the analytic series solution
at j = 200. x ≈ 0.01 corresponds to a binary neutron star system
entering the aLIGO band at 10Hz, while a binary black hole system
with masses around 10M enters at x ≈ 0.03.

A brief summary

We derived a compact and elegant solution to the 3PN-accurate Kepler equation, present in
the generalized quasi-Keplerian parameterization for compact binaries in eccentric orbits. This
result crucially depends on certain 3PN-accurate infinite series expressions for trigonometric
functions of v in terms of u. We probed the accuracy and correctness of our solution using
analytical and numerical methods.
It will be interesting to extend the present analysis for compact binaries in hyperbolic orbits. This requires a 3PN-accurate Keplerian-type parametric solution for compact binaries in
hyperbolic orbits and this is currently under investigation. It will also be interesting to include
spin effects into these computations with the help of Ref. 11 . Additionally, it will be worthwhile
to compute fully analytic 3PN-accurate amplitude-corrected expressions for h+,× with the help
of our compact expressions and Ref. 12 , that provides inputs to compute amplitude-corrected
h+,× in terms of dynamical variables.
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8. G. Schäfer and N. Wex. Second post-Newtonian motion of compact binaries. Physics
Letters A, 174:196–205, March 1993.
9. M. Tessmer and A. Gopakumar. Accurate and efficient gravitational waveforms for certain
galactic compact binaries. Mon. Not. R. Astron. Soc., 374:721–728, January 2007.
10. S. Tanay, M. Haney, and A. Gopakumar. Frequency and time-domain inspiral templates
for comparable mass compact binaries in eccentric orbits. , 93(6):064031, March 2016.
11. A. Klein and P. Jetzer. Spin effects in the phasing of gravitational waves from binaries on
eccentric orbits. , 81(12):124001, June 2010.
12. C. K. Mishra, K. G. Arun, and B. R. Iyer. Third post-Newtonian gravitational waveforms
for compact binary systems in general orbits: Instantaneous terms. , 91(8):084040, April
2015.

Millisecond Pulsars at the Center of the Galaxy
W. A. Majid
Jet Propulsion Laboratory, California Institute of Technology,
4800 Oak Drive, Pasadena, CA, USA

The black hole in the center of the Milky Way, Sagittarius A* (Sgr A*) is an ideal candidate
for testing general relativity in the strong-field regime. The tracking of young stars at very
close orbits has already led to a direct measurement of its mass. The discovery and subsequent
timing of a single radio pulsar in orbit around Sgr A* will also allow for a direct measurement
of the black holes spin and quadrupole moment. The presence of a cluster of young, massive
stars in orbit around Sgr A* makes it highly likely that a large population of such pulsars exist.
Moreover, the detection of excess gamma-rays in this region of the galaxy by the Fermi LAT
instrument provides further hints that a population of millisecond pulsars maybe the culprit
in the production of excess gamma-rays. I will provide an overview of the recent findings and
will discuss prospects for near and long term radio searches and challenges.

1

Introduction

Millisecond pulsars (MSPs) are rapidly rotating neutron stars that are spun up by transfer of
material from a companion star over long timescales. MSPs, loosely defined with P ≤ 30 ms and
Ṗ ∼ 10−20 ss−1 is a distinct population of pulsars, occupying the lower left part of the P − Ṗ
diagram (Figure 1). MSPs exhibit a multi-wavelength emission spectrum that include both
pulsed and un-pulsed emission from radio wavelengths up to GeV gamma-rays. Roughly 350
MSPs are currently known, discovered mostly through their pulsed emission in radio frequencies.
The majority of these MSPs, ∼ 250 of them are field MSPs in the Galactic disk, the remainder
are associated with 28 different globular clustersa . Globular clusters have long been known to
harbor MSPs due to the high stellar density and consequently high rate of stellar interactions,
which result in an abundance of low-mass X-ray binaries (LMXBs), the progenitors of MSPs.
The notion that such dense stellar clusters become nurseries for MSPs is borne out by the fact
that over 90% of pulsars in globular clusters have spin periods that are shorter than 30 ms.
In analogy with globular clusters, the dense stellar environment at the Galactic Center (GC)
is expected to harbor a large population of MSPs through frequent interactions with neighboring
stars (Verbunt 1987). In fact the stellar density in the central region of the GC reaches values
close to 106 pc−3 (Schödel et al. 2007), roughly two orders of magnitude larger than the stellar
density in globular clusters. Estimates based on Monte Carlo methods by (Zhang & Cheng 1997)
a

http://www.naic.edu/~pfreire/GCpsr.html.

Figure 1 – The P − Ṗ diagram of known pulsars from the ATNF catalog (Manchester et al. 2005). The population
of millisecond pulsars are shown in the bottom left region of the figure, noted by the dashed circle.

suggest 6000 MSPs residing within 200 pc of Sgr A*. More recent analysis put the number of
pulsars in the inner regions of the GC in a few thousands (Pfah & Loeb 2004, Wharton et al.
2012), with ∼ 1000 pulsars beamed toward Earth, and therefore, at least in principal potentially
detectable with further observations.
2

Tests of GR and the Fermi GeV Excess

Over two decades of infrared (IR) monitoring of ∼ 30 stellar orbits in the center of our Galaxy
(e.g. Gillessen et al. 2009) has yielded the mass of the central object to be ∼ 4 × 106 M ,
unambiguously classifying it as a super massive black hole (SMBH). A massive black hole at a
distance of ∼8.5 kpc is an ideal laboratory for extreme physics. The detection of even a single
MSP, at distances similar to IR stars with an orbital period Porb ≤ 100 yr in this region would
serve as an excellent probe of strong-field gravity, making it possible to carry out precision tests
of Einsteins General Relativity (GR) in the strong-field regime through measurements of time
dilation, gravitational redshifts, frame dragging, Shapiro delays and possibly even determine the
spin of the black hole (Pfahl & Loeb 2004; Liu et al. 2012). Although GR is empirically accurate
to high precision, tests that have been conducted are in the weak field regime, with the exception
of compact binary pulsars. In comparison with the best forecasted precisions of IR astrometry
and doppler measurements, timing of pulsars in this region has the potential of increasing the
astrometric precision by at least three orders of magnitude. MSPs offer this prospect because the
precise clock-like stability of the emitted pulses, now demonstrated to reach in some cases below
100 ns, translate in extraordinary astrometric precision that is orders of magnitude better than
10 µas precision expected from the next generation of proposed IR interferometric experiments.
Furthermore, recent analysis of the Fermi LAT data has shown a persistent excess of gammarays from the Galactic Center region of the Galaxy. This excess is measured above the predicted
diffuse gamma-ray emission models and gamma-ray source catalogs (Hooper & Goodenough
2011). While several interpretation of this excess has been offered in the literature, the two
primary interpretations are direct annihilation of dark matter (DM) particles in the galactic
halo and an unresolved population of gamma-ray pulsars located in the inner region of the
galaxy. The DM annihilation scenario, however, also implies a measurable emission from dwarf
spheroidal satellites of the Milky Way. However, no such evidence of gamma-ray flux from these
dwarf galaxies has been detected, which puts the DM interpretation of the GC excess in tension
with observations (Albert et al. 2017). The latter interpretation, on the other hand, is supported
by an excellent agreement of the energy spectrum of the GeV excess with Fermi observations
of MSPs in the galactic field. Combined emission from several thousand MSPs are required to
explain the detected gamma-ray signal from this region of the Galaxy (Abazajian 2011).

3

Radio Searches for MSPs

Several radio pulsar searches have been conducted within a degree of the GC and have resulted
in the detection of 5 pulsars and one magnetar. All the pulsars are within 150 of Sgr A*, with
none closer than 110 . However, all five of these pulsars are considered canonical pulsars with
spin periods ∼1 s. The reason for this deficit, despite the expected large number of pulsars in
this region, is well understood and attributed to hyper-strong scattering of radio waves by the
turbulent, ionized gas within the central 100 pc of Sgr A* (corresponding to an angular width of
4000 , using a GC distance of 8.5 kpc from the Earth), which results in temporal smearing of pulsed
signals. This pulse broadening has a strong frequency dependence, τscat ∝ ν −4 , where ν is the
observing frequency, making it nearly impossible to detect MSPs at low observing frequencies.
Even with the more recent searches at 5 and 15 GHz, carried out with the Green Bank Telescope
(GBT), no detections in the inner few parsecs around Sgr A* have been made (Deneva et al.
2009; Macquart et al. 2010). Using the 1 GHz scattering time from the NE2001 model of Cordes
& Lazio (2002), scatter broadening times of ( 1.0, 0.01) s at observing frequencies of (5,15) GHz
are expected, which explains the absence of any MSP detections.
The recent discovery of J1745-2900, a magnetar (neutron star with extremely high magnetic
field) orbiting Sgr A* at a projected separation of 0.1 pc (Mori et al. 2013, Kennea et al.
2013) has unleashed a wave of excitement and re-examination about radio scattering in this
region of the galaxy with significantly less pulse broadening than predicted from the NE2001
model, assuming the magnetar is at the location of Sgr A*. Unfortunately, magnetars as a
class of objects have very large spin-down rates and are not sufficiently stable for astrometric
measurements. Magnetars are also quite intermittent and transient in nature, typically detected
in radio during large flares in gamma and X-rays. However, since radio magnetars are a rare
class of pulsars (1 in 500 radio pulsars), the detection of J1745-2900 suggests that there may
be a large GC pulsar population of such objects to be discovered through multi-wavelength
monitoring campaigns of the GC region.
4

Future Surveys

Observations at higher radio frequencies are needed to mitigate the severe effects of pulse broadening. Pulsars, however, have steep spectra with a typical spectral index of 1.7, implying lower
fluxes at higher frequencies, therefore necessitating increased sensitivity of the radio survey.

Figure 2 – DSS-43: DSN’s 70-m diameter antenna in Canberra, Australia (left). A single pulse from the GC
magnetar, J1745-2900 (right): The bottom subpanel shows the original dynamic spectrum; the middle subpanel
shows the dedispersed dyanamic spectrum; the top subpanel shows the projected lightcurve of the single pulse.

In the short term, we are planning to use one of the Deep Space Network’s (DSN) 70m diameter antenna (Figure2 - left panel) in Canberra, Australia, to search for pulsars in this
region of the galaxy. The instrument, currently the most sensitive radio telescope in the southern

hemisphere, is equipped with a number of receivers with center frequencies of 1.6, 2.2, 8.4, and
20 GHz, the latter two being more appropriate for MSP searches. We have recently carried out a
few pilot observations of the GC magnetar, J1745-2900, with this instrument, resulting in clear
detections of this pulsar at its nominal period of 3.76 s and a DM of 1720 pc cm-3. A typical
single pulse detection from these pilot observations is shown in Figure 2 (right panel).
In the longer run, the Square Kilometer Array (SKA), currently in development phase,
will make substantial progress in probing this region of galaxy for pulsars, owing to its higher
sensitivity. However, even with the SKA, it will be quite challenging to detect MSPs in the inner
degree of the GC region due to increased scattering at SKA operating frequencies. In addition,
future gamma-ray telescopes like GAMMA-400, ASTROGRAM, and PANGU, now in various
planning stages, will allow the detection of many more point sources and may therefore lead to
the discovery of MSPs in this region of the galaxy.
5

Conclusions

The detection of even a single MSP in the inner regions of the GC would constitute a major
discovery, that will enable precision tests of GR in the strong-field regime. In addition, the
detection of MSPs would achieve a breakthrough in our understanding of the gamma-ray excess
seen by Fermi, enabling the study of radio and gamma-ray properties of these sources, better
understanding of the diffuse emission from the inner regions of the Galaxy, and even shedding
light on the DM annihilation channels proposed to explain the excess. However, significant
challenges in carrying out such surveys include overcoming the severe scatter broadening due to
the turbulent interstellar medium in the vicinity of Sgr A*. Despite these challenges, surveys
of the inner region of the galaxy with current and upcoming radio instruments, could yield
important results over the next few years.
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NEUTRON STARS WITH REALISTIC EQUATIONS OF STATE IN
SCALAR-TENSOR THEORIES OF GRAVITY
ZAHRA A. MOTAHAR, JOSE BLÁZQUEZ-SALCEDO, BURKHARD KLEIHAUS, JUTTA KUNZ
Institute of Physics, Carl von Ossietzky University of Oldenburg, Germany

In this study, we address static spherically symmetric realistic neutron stars as well as slowly
rotating ones in Scalar-Tensor Theories (STT) of gravity. We consider several realistic Equations Of State (EOS) with the values of the scalar field coupling constants constrained by
current observations. We already know that in addition to the solutions of General Relativity
(GR) with a trivial scalar field, STT can allow for solutions with a nontrivial scalar field,
which are energetically more favorable. Our numerical results show the existence of neutron
star models with a nontrivial scalar field also in the case of alternative scalar field coupling
functions. We further compute the moments of inertia of neutron stars in STT which are
slowly rotating. We present various results to illustrate the deviation of our models from GR.

1

Introduction

The properties of neutron stars as obtained in GR with realistic EOS have been tested successfully by observations in diverse astrophysical scenarios. However, there are various reasons to
expect that GR will be superseded by a generalized theory of gravity. 1 STT are one of the most
natural extensions of GR. In these theories a scalar field is included as an additional mediator of
the gravitational interaction besides the metric tensor mediator of GR. Some of the alternative
theories of GR like STT are indistinguishable from GR in the weak field regime but can differ
significantly for strong fields. Neutron stars are good examples of the strong field regime because
of their high densities and compactness. Therefore they provide an ideal laboratory for testing
gravity.
The study of neutron stars in STT revealed an interesting phenomenon called spontaneous
scalarization. 2,3 When a scalar field is nonminimally coupled to gravity, a nontrivial configuration
of the scalar field can appear, because the scalar field nonlinearities can intensify the attractive
nature of the scalar field interactions. Then it can become energetically favorable to generate
more scalar-field energy without any external source. This clearly leads to neutron star models
which can possess significantly different properties than their GR counterparts as shown in
the static and slowly rotating case by Damour and Esposito-Farese 2,3 and for rapidly rotating
neutron stars by Doneva et al. 4 Here we address the effect of alternative scalar field coupling

functions in STT on static spherically symmetric and slowly rotating neutron stars for several
realistic EOS.
2

Basic Equations and Numerical Method

We consider the gravitational action in the Einstein frame
S=

1
16πG∗

Z

√
d4 x −g [R − 2g µν ∂µ ϕ∂ν ϕ − 4V (ϕ)] + Sm [Ψm ; A2 (ϕ)gµν ],

(1)

where G∗ is the gravitational constant, and the Ricci scalar curvature R is defined with respect to
the metric in Einstein frame gµν . The matter action involves the non-minimal coupling function
A(ϕ) to the scalar field ϕ. We here assume a vanishing scalar potential V (ϕ) = 0, and set
G∗ = 1 and c = 1. The Einstein-matter equations then read
1
Rµν − gµν R = 8πTµν + 2∂µ ϕ∂ν ϕ − gµν g αβ ∂α ϕ∂β ϕ,
2

(2)

∇µ ∇µ ϕ = −4πk(ϕ)T,

(3)

. The energy momentum tensor is given by Tµν = (ε + p)uµ uν + pgµν ,
where k(ϕ) = d ln(A(ϕ))
dϕ
where ε, p and uµ are the energy density, the pressure and the four-velocity in the Einstein
frame, which are related to the corresponding quantities in the Jordan frame by ε = A4 (ϕ)ε̃,
p = A4 (ϕ)p̃, and uµ = A−1 (ϕ)ũµ . From the Bianchi identities the conservation law for the
Einstein frame energy-momentum tensor ∇µ T µ ν = k(ϕ)T ∂ν ϕ is obtained.
In our study we have considered two STT with the following coupling functions
1. A(ϕ) = exp( 21 β1 ϕ2 ),
2. A(ϕ) =

1
cosh(β2 ϕ) ,

where the first coupling function has been investigated before, 2,3,4 whereas the second coupling
function is new. There are observational constraints on the possible values of β, that should
2
be taken into account. 5 Considering d ln(A(ϕ))
|ϕ=0 > −4.8, we have employed β1 = -4.5 and
dϕ2
√
√
-4.8 for the exponential coupling function, while we have used β2 = 4.8 and 4.5 for the new
coupling function.
The metric describing a slowly rotating neutron star can be chosen as
ds2 = −ef (r) dt2 +

1
dr2 + r2 dθ2 + r2 sin2 θ(dφ + ω(r)dt)2 ,
n(r)

(4)

where the metric function ω(r) vanishes in the static case. With the metric ansatz Eq. (4) and
the scalar field ϕ = ϕ(r), the pressure p = p(r), and the energy density ε = ε(r), the Einstein
field equations for static neutron stars reduce to the following system of ordinary differential
equations to be solved numerically
"

dn
1
dϕ
= − 8πr2 A4 (ϕ)ε̃ + nr2
dr
r
dr


"

df
1
dϕ
=
8πr2 A4 (ϕ)p̃ + nr2
dr
nr
dr


#

2

+n−1 ,
#

2

−n+1 ,

d2 ϕ
4πrA4 (ϕ)
dϕ
=
r
(ε̃ − p̃) + k(ϕ)(ε̃ − 3p̃) −
2
dr
nr
dr
 

"



dp̃
4πrA4 (ϕ)p̃ r
= −(ε̃ + p̃)
+
dr
n
2





dϕ
dr

2

(5)



dϕ
+ k(ϕ)
dr


dϕ
dr



(6)


(n + 1)
,
nr

(7)

#

n−1
−
.
2nr

(8)
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Figure 1 – Mass M vs radius R for different EOS

We have first solved these equations to obtain the spherically symmetric neutron stars (static
case). Then we have considered the first order perturbation equation for the slowly rotating case
#


 
" 

d2 ω
4πrA4 (ϕ)
dω
4ω
dω
dϕ 2 4
=
(ε̃ + p̃)
+
+
−
.
(9)
r
dr2
n
dr
r
dr
dr
r
In solving these ODEs numerically, we have used the COLSYS (COLlocation for SYStems)
code. For the static solutions
  we have chosen the boundary conditions n(∞) = 1, f (∞) = 0,
p̃(0) = p̃c , ϕ(∞) = 0, dϕ
dr (0) = 0, and we have assumed slow rigid rotation with ω(0) = ωc
and ω(∞) = 0.
3

Equations of State

For the static and slowly rotating neutron stars in STT we have studied a polytropic EOS and
several realistic ones. In a polytropic EOS the pressure p̃ and the baryonic mass density ρ̃ are
ρ̃Γ
+ ρ̃, p̃ = K ρ̃Γ , where we have chosen for the polytropic constant
related according to ε̃ = K Γ−1
K = 1186.0, and for the adiabatic index Γ = 1 + N1 the polytropic index N = 0.7463.
We have also used various realistic EOS. But due to lack of space we here present only some
examples of our results, which have been obtained using SLy 6 for nuclear matter, ALF2 7 for
quark matter, and BS4 8 for hybrid quark-nuclear matter.
4

Results

Let us now discuss some of our results obtained in the study of static and slowly rotating neutron
stars in STT with the two coupling functions A(ϕ) = exp( 21 β1 ϕ2 ) and A(ϕ) = 1/ cosh(β2 ϕ),
using realistic EOS. Fig. 1 illustrates the effects of the spontaneous scalarization on the mass–
radius relationship of static neutron stars. Here the mass M/M is shown versus the radius
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Figure 2 – Moment of inertia I vs central density ρc for two EOS

R for a polytropic EOS and for three realistic ones. For comparison the GR results are also
exhibited. Also, both coupling functions are used, where the respective values of the coupling
constants are chosen to obtain the same quadratic expansion coefficients of A(ϕ). Then the
scalarization arises for both coupling functions at the same GR configurations, independent of
the EOS. Clearly, since the exponential coupling function is smaller for larger ϕ than the new
coupling function, the effects concerning the scalarization are larger for the exponential coupling.
Thus the results for the new coupling function are closer to the GR results. We observe that
for larger values of |βi | the maximum mass is reached at a larger radius. For smaller values of
|βi | the maximum mass is reached only close to the upper bifurcation point for the polytropic
EOS and ALF2. For Sly the maximum mass is smaller than in GR. Fig. 2 shows the moment
of inertia I versus the central density ρc for two EOS, the polytropic EOS and the Sly EOS, to
present also an example for a realistic EOS (see also Staykov et al. 9 ).
In further studies we might consider rapidly rotating neutron stars with realistic EOS in
STT with new coupling functions. It would also be interesting to study a massive scalar field
for new coupling functions. Indeed, Yazadjiev et al. 5,10 have studied a massive scalar field for
slowly and rapidly rotating neutron stars and shown that the inclusion of a mass term for the
scalar field leads to very interesting new results.
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TESTING THE GRAVITATIONAL THEORY WITH SHORT-PERIOD STARS
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A. HEES1 , A. M. GHEZ1 , T. DO1 , J. R. LU3 , M. R. MORRIS1 , E. E. BECKLIN1 , G. WITZEL1 ,
A. BOEHLE1 , S. CHAPPELL1 , Z. CHEN1 , D. CHU1 , A. CIURLO1 , A. DEHGHANFAR1 ,
E. GALLEGO-CANO2 , A. GAUTAM1 , S. JIA3 , K. KOSMO1 , G. D. MARTINEZ1 , K. MATTHEWS4 ,
S. NAOZ1 , S. SAKAI1 , R. SCHÖDEL2
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Motion of short-period stars orbiting the supermassive black hole in our Galactic Center has
been monitored for more than 20 years. These observations are currently offering a new way to
test the gravitational theory in an unexplored regime: in a strong gravitational field, around
a supermassive black hole. In this proceeding, we present three results: (i) a constraint on a
hypothetical fifth force obtained by using 19 years of observations of the two best measured
short-period stars S0-2 and S0-38 ; (ii) an upper limit on the secular advance of the argument
of the periastron for the star S0-2 ; (iii) a sensitivity analysis showing that the relativistic
redshift of S0-2 will be measured after its closest approach to the black hole in 2018.

1

Introduction

Testing General Relativity (GR) and constraining alternative gravitational theories has been a
long-standing endeavor in the scientific community. The primary motivation is the development
of a quantum theory of gravitation, of a theory that would unify all fundamental interactions
and by models of dark matter and dark energy. While GR is extremely well tested in the Solar
System and with binary pulsars (e.g. Will 1 ), observations of stars orbiting the supermassive
black hole (SMBH) at the center of our Galaxy offer the opportunity to probe gravity in a strong
field regime 2,3 as depicted on the left of Fig. 1.
The motion of short-period stars around our Galactic Center (GC) has been monitored for
more than 20 years by two experiments: one carried out at the Keck Observatory 4,5 and the
other with the Very Large Telescope 6,7 . These observations have provided proof for existence
of a SMBH in our GC 4,6 and have been used to determine the distance to our GC with a 2%
relative accuracy 5,7 .
In this proceeding, we show that we are currently entering an era where observations of shortperiod stars around our GC can be used to probe fundamental physics. We report a constraint on
a hypothetical fifth force obtained using observations of the two best measured stars in our GC.
In addition, we present an upper limit on the secular advance of the argument of the periastron
for the star S0-2 which can be used to constrain various theoretical and astrophysical scenarios
in our GC. Finally, we present a sensitivity analysis that shows that S0-2’s closest approach in
2018 will enable the first measurement of relativistic effects with S-stars.
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Figure 1 – Left: The gravitational potential probed by different tests of gravitation against the mass of the central
body that generates gravity in these tests. Short-period stars, such as S0-2, around our Galactic Center explore
a new region in this parameter space. Figure inspired by Psaltis 8 .
Right: 95% confidence upper limit on the fifth force parameter |α| as a function of λ. The shaded regions are
excluded by various experiments. Our analysis is represented by the red shaded area (GC) 9 while the other curves
are from Fig. 31 of Konopliv et al 10 . The dashed curve is a reasonable extrapolation based on Solar System
results 10 . Left panel: the horizontal axis is λ in meters or in AU. Right panel: the horizontal axis is λ expressed
in term of the gravitational radius of the central mass that generates gravitation in the different experiments.

2

Constraint on a hypothetical fifth force

The fifth force formalism considers a modification from Newtonian gravity in which the gravitational potential takes the form of a Yukawa potential
i
GM h
U=
(1)
1 + αe−r/λ ,
r
where G is the Newton’s constant, M is the mass of the central body, r is the distance to
the central body, α is the strength of the fifth interaction and λ is its length scale. This
phenomenological framework is motivated by several theoretical scenarios such as: theories
with additional interactions, massive gravity, massive tensor-scalar theories, higher dimensional
theories, etc 11,12 . This phenomenology has motivated many experiments at a wide variety of
scales 12 : in the lab, with geophysical measurements, with satellite and lunar laser ranging and
with planetary ephemerides. In addition, it has been shown that a fifth force would impact the
short-period star S0-2 13 .
We used 19 years of observations of the two stars with the highest orbital phase coverage S0-2
and S0-38 to constrain a hypothetical fifth force in our GC 9 . The dataset used is fully described
in Boehle et al 5 . The model used in our orbital fit includes 21 parameters consisting of 6 orbital
parameters for each star and of 9 global parameters: the fifth force parameter α, the SMBH
GM , the amount of extended mass enclosed within 0.011 parsec, the distance to our GC, the
positions and velocities of the SMBH. The positions and velocities of the SMBH are important to
take into account imperfections in the construction of our reference frame. In addition, in order
to estimate the systematics uncertainties arising in the construction of the absolute reference
frame, a Jackknife resampling method is used 5,9 . No deviation from Newtonian gravity is found
and upper limit on the fifth force strength α has been derived and is presented on the right of
Fig. 1. Our best constraint is at the level of λ ∼ 150 astronomical units, with a 95% confidence
upper limit of |α| < 0.016. These constraints are complementary to the ones obtained in the
Solar System in the sense that they are probing space-time in a new region of the parameter
space (see left panel of Fig. 1): around a SMBH, which is conceptually different from Solar
System tests where the space-time curvature is generated by weakly gravitating bodies and in a
much higher gravitational potential. This is highlighted in the right panel from Fig. 1 where λ is
expressed in term of the gravitational radius of the central body. In addition, some alternative
theories of gravity exhibit screening mechanisms which may screened the deviations from GR in
the Solar System. In this context, searches for deviations from GR in other environments are
important.

3

Upper limit on the advance of the argument of periastron of the star S0-2

Most alternative theories of gravitation predict a different secular drift of the argument of
periastron ω than GR. In addition, several astrophysical scenarios produce a similar effect.
Therefore, we derived an upper limit on a linear drift of the argument of the periastron ω̇ for
the star S0-2 9 using the 19 years of observations described in Boehle et al 5 . Our orbital fit
includes 7 parameters for each star: the 6 standard orbital parameters and the secular drift of
the argument of periastron ω̇. The global parameters included in our fit consist of the SMBH
GM , the distance to our GC and the positions and velocities of the SMBH (important to take
into account imperfections in the construction of our global reference frame). As a result of our
analysis including the Jackknnife resampling to estimate systematics uncertainties, we obtained
an upper limit on a linear drift of the argument of periastron for S0-2 given by
|ω̇S0-2 | < 1.7 × 10−3 rad/yr

at 95% C.L. .

(2)

This limit is one order of magnitude larger than the relativistic advance of the periastron ω̇GR =
1.6 × 10−4 rad/yr for S0-2. Nevertheless, this limit can be used to derive preliminary constraints
on various theoretical and astrophysical scenarios in our GC. A similar, although not as stringent,
limit can be obtained for the star S0-38 and is given by |ω̇S0-38 | . 7.6 × 10−3 rad/yr.
4

Measurement of the relativistic redshift

In 2018, the star S0-2 will reach its closest approach to the SMBH. As anticipated by many 2,3 ,
this event will allow us to measure the first post-Newtonian effect around a SMBH: the relativistic
redshift that impacts S0-2’s radial velocity. The contribution of the first order relativistic redshift
on the radial velocity is given by
[RV ]rel =

v 2 GM
+
,
2c
rc

(3)

where r/v are the norm of the position and velocity of the star with respect to the SMBH and c
the speed of light. The first term is a contribution due to special relativity while the second term
corresponds to the gravitational redshift. The relativistic redshift contribution to S0-2’s radial
velocity reaches 200 km/s as shown on the left of Fig. 2. One way to measure the relativistic
redshift is to model the total radial velocity as RV = [RV ]Newton + Υ [RV ]rel , where [RV ]Newton
is the standard Newtonian radial velocity and Υ is a dimensionless parameter whose value is
equal to 1 in GR. The idea is to fit Υ simultaneously with the other parameters in the orbital
fit: a value significantly different from 0 but compatible with 1 would be evidence of a successful
detection of the relativistic redshift while a value significantly different from 1 would indicate a
deviation from GR. The current observations of S0-2 are compatible with GR and exclude the
Newtonian model at 1.2σ.
In order to maximize the use of telescope time in 2018, we developed an adaptive scheduling
tool that determines the optimal observation nights in order to measure the relativistic redshift,
as shown in Fig. 2 (left). The optimal observation epochs for a detection of the redshift correspond to the turning points of the radial velocity curve (i.e. the extremal points, see left of
Fig. 2). The right of Fig. 2 shows the evolution of the signal-to-noise ratio (defined as 1/σΥ )
of the relativistic redshift measurement with the additional observations. The optimal observations ensure a successful detection of the relativistic redshift above 5σ at the end of the 2018
observation campaign.
5

Conclusion

In this proceeding, we show that we are currently entering an era where observations of shortperiod stars in our GC can be used to probe fundamental physics. We presented a constraint
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Figure 2 – Left: S0-2’s radial velocity for the total RV (bottom panel) and the relativistic contribution (top panel)
from Eq. 3. The blue points correspond to existing data from Keck and VLT 7 . The red points correspond to
the an observation plan for 2017 and 2018 optimally designed to detect the relativistic redshift. The optimal
observations are the ones corresponding to the turning points of the RV curve.
Right: evolution of the signal-to-noise ratio of the relativistic redshift measurement with future observations. The
blue points correspond to the future observations.

on a hypothetical fifth force and an upper limit on the secular drift of S0-2’s argument of
periastron obtained using 19 years of observations 9 . Finally, we have shown that a carefully
designed observations plan for 2018 will lead to a successful measurement of the relativistic
redshift of the star S0-2. In the longer term, tests of GR using short-period stars are expected
to be complementary to other types of observations that will probe the space-time around the
SMBH at the center of our Galaxy, as for example with the Event Horizon Telescope 14 .
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Probing the symmetry breaking patterns of the early universe and new physics by
the phase transition gravitational waves
Fa Peng Huang
Theoretical Physics Division, Institute of High Energy Physics, Chinese Academy of Sciences,
P.O.Box 918-4, Beijing 100049, P.R.China
Motivated by the observation of gravitational waves (GWs) by aLIGO, and the absence of
dark matter an other new physics signals at current experiments, we study the possibility to
explore the nature of Higgs boson, the baryon asymmetry of the universe, dark matter, new
physics models, symmetry breaking history of the early universe by the phase transition GWs
if a strong first-order phase transition can be induced therein.

1

Introduction

The observation of gravitational waves (GWs) by aLIGO has initiated a new era of exploring the
nature of gravity, cosmology as well as the fundamental particle physics by the GWs. Obvious
shortcomings in our understanding of particle cosmology (such as the baryon asymmetry of the
universe and the dark matter) and no evidence of new physics at current experiments may just
point us towards the novel universe with hidden new physics, which might only be visible for
GWs detection. GWs may helps to probing the nature of Higgs boson, the baryogenesis, dark
matter, new physics models, symmetry breaking patters of the universe since they may be the
triggers for a strong first-order phase transition (FOPT). Then a strong FOPT can produce
detectable phase transition GWs.

2

Phase transition gravitational waves in a nutshell

A strong FOPT can drive the plasma of the early universe out of thermal equilibrium, and
then bubble nucleate during it, which will produce GWs through three mechanisms: the wellknown bubble collision, turbulence in the plasma fluid (a fraction of the bubble wall energy
converted into turbulence) and sound wave in the plasma fluid (after the collision a fraction of
bubble wall energy converted into motion of the fluid, and is only later dissipated). The phase
(T∗ )
transition GWs spectrum depend on four parameters. The first parameter is α ≡ ρrad
(T∗ ) , which
represents the strength the FOPT, namely, a larger value of α produces stronger GWs signature.
3 /T )
The second parameter is Hβ∗ = T d(SdT
, where one has β ≡ − dSdtE |t=t∗ ' Γ1 dΓ
dt |t=t∗ , namely,
T =T∗

β −1 corresponds to the typical time scale of the phase transition. The third parameter is the
efficiency factor λi (i=co,tu,sw), and the last parameter is the bubble wall velocity vb . Especially,
electroweak phase transition GWs becomes more interesting and realistic after the discovery of
Higgs boson by LHC and GWs by aLIGO.

3

GWs related to Higgs nature and baryogenesis

A long standing problem in particle cosmology is to unravel the origin of baryon asymmetry
of the universe (BAU). After the discovery of the 125 GeV Higgs boson, electroweak baryogenesis becomes a interesting and testable scenario for explaining the BAU. (To produce the
observed BAU, three necessary conditions are needed: baryon number violation, C and CP violation, departure from thermal equilibrium or CPT violation.) A strong FOPT can provide
the departure from thermal equilibrium, which can be realized in various of new physics models
by modify the standard model(SM) Higgs potential. And probing the true Higgs potential is
the urgent scientific goal after the discovery of Higgs boson. Instead of investigating the Higgs
nature or electroweak phase baryogenesis in a UV-complete theory, which is difficult to make
experimental predictions from unknown model parameters, we take a bottom-up approach to
explain the BAU and study the possible collider and GWs signals with the effective Lagrangian
of the Higgs doublet φ as δL = − Λκ2 (φ† φ)3 . These effective operators could come from various
renormalizable extensions of the SM. Thus, the combined results are shown in Fig.3 with the
details in Ref.1 and references therein. We conclude that the GWs interferometers can provide
a complementary approach to probe the nature of the electroweak phase transition alternative
to particle colliders, and vice versa.
0.001
aLIGO

h2 WGW

10-6

eLISA C4

590GeV
∆Σh Z = 2.2%
600GeV
∆Σh Z = 2.1%
650GeV
∆Σh Z = 1.8%
700GeV
∆Σh Z = 1.5%
750GeV
∆Σh Z = 1.3%

10-9
eLISA C1

10-12

DECIGO
BBO

10-15
10-18 -6
10

4

U-DECIGO

10-4

0.01
f @HzD

1

100

Figure 1 – The phase transition GWs spectra h2 ΩGW from
FOPT during the evolution of our universe. The colored regions represent the expected sensitivities of GWs detectors
aLIGO, eLISA, BBO and SKA, respectively. The red line depicts the possible GWs spectrum where the FOPT occurs at
the energy scale of O(100) MeV in some dark QCD models.
The black line represents the GWs spectrum for the FOPT
at about 4 TeV in some hidden gauge group models, such as
some 3-3-1 models. The purple line corresponds to the GWs
spectrum when the FOPT takes place at the energy scale of
O(10000) TeV in some models with high symmetry breaking
scale.

GWs induced by dark matter

Motivated by the absence of dark matter signals in direct detection experiments (such as the
recent LUX and PandaX-II experiments) and the discovery of gravitational waves (GWs) at
aLIGO, we discuss the possibility to explore a generic classes of scalar dark matter models using
the complementary searches via phase transition GWs and the future lepton collider signatures.
We focus on the inert scalar multiplet dark matter models and the mixed inert scalar dark
matter models, which could undergo a strong FOPT during the evolution of the early universe,
and might produce detectable phase transition GWS signals at future GWs experiments, such
as eLISA, DECIGO and BBO. We find that the future GWs signature, together with circular
electron-positron collider (CEPC), could further explore the model’s blind spot parameter region,
at which the dark matter-Higgs coupling is identically zero, thus avoiding the dark matter spinindependent direct detection constraints. One example is the inert doublet model (IDM) with
the relevant tree-level potential
2
V0 (Φ, H2 ) = V (Φ) + MD
H22 + λ2 H24

h

i

+ λ3 Φ2 H22 + λ4 |Φ† H2 |2 + λ5 /2 (Φ† H2 )2 + h.c. .
Another exmaple is the mixed singlet-doublet model(MSDM) with the tree-level potential
V0 =

1
1 2 2
2
MS S + MD
H2† H2 + λS S 2 |Φ|2 + λ3 Φ† ΦH2† H2
2
2

+ λ4 |Φ† H2 |2 +

h
i
λ5
[(Φ† H2 )2 + h.c.] + A SΦH2† + h.c. .
2

The final results are shown in Fig.2 with the details in the Ref.2 and references therein.
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Figure 2 – The phase transition GWs spectra h2 ΩGW in the IDM (left) and MSDM (right). The colored regions
represent the expected sensitivities of GWs interferometers U-DECIGO, DECIGO, BBO and eLISA, respectively.
The black line depicts the GWs spectra in the IDM for the set of benchmark points, which also represents the
corresponding hZ cross section deviation at the 240 GeV CEPC and the corresponding dark matter coupling.

5

GWs in 3-3-1 models and general new phyics models

In a generic classes of extended new physics models with hidden gauge group could undergo one
or several times FOPT associated with the gauge group symmetry breaking during the evolution
of the universe as shown in Fig.3, which might produce detectable phase transition GWs signals
at future GWs experiments.

Figure 3 – Symmetry breaking (phase transition) patterns for the non-Abelian gauge group extended models with
the evolution of our universe, where the first-order phase transitions may happen.

In Fig. 4, the FOPT GWs spectra h2 ΩGW during the evolution of our universe are shown
for a generic classes of hidden gauge group extended models at the different energy scales. The
colored regions represent the expected sensitivities of GWs detectors SKA, BBO, eLISA and
aLIGO, respectively. The red line depicts the possible GWs spectrum where the FOPT occurs at
the energy scale of O(100) MeV in some dark QCD models (such as the famous relaxion model),
which can be detected by the pulsa timing array (PTA) experiments, such as the planned SKA
or the FAST. The black line represents the GWs spectrum for the FOPT at about 4 TeV in some
hidden gauge group extended models, such as some versions of 3-3-1 models. We have shown
that all the three versions of the 3-3-1 models discussed above could produce FOPT GWs at TeV
scale when the hidden gauge symmetry SU (3)L ⊗ U (1)Y breaks to SU (2)L ⊗ U (1)X . Especially,
in the economical and reduced minimal 3-3-1 models two times FOPT may take place, which
will produce two GWs spectra with different characteristic peak frequencies. In general, the
phase transition GWs produced at the scale from O(100) GeV to several TeV can be tested at
future laser interferometer GWs detectors in space, such as the planned eLISA, BBO, Taiji and
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Figure 4 – The phase transition GWs spectra h2 ΩGW from FOPT during the evolution of our universe. The
colored regions represent the expected sensitivities of GWs detectors aLIGO, eLISA, BBO and SKA, respectively.
The red line depicts the possible GWs spectrum where the FOPT occurs at the energy scale of O(100) MeV in
some dark QCD models. The black line represents the GWs spectrum for the FOPT at about 4 TeV in some
hidden gauge group models, such as some 3-3-1 models. The purple line corresponds to the GWs spectrum when
the FOPT takes place at the energy scale of O(10000) TeV in some models with high symmetry breaking scale.

Tianqin. The purple line corresponds to the GWs spectrum when the FOPT takes place at the
energy scale of O(10000) TeV in some high scale models, which may be within the sensitivity of
the future aLIGO and provide us with a unique detection of the hidden gauge symmetry breaking
at high energy scales beyond the abilities of particle colliders. Besides these schematic models,
many other hidden gauge group extended models may also undergo one or several FOPT at
different energy scale as shown in Fig.4, where the corresponding phase transition GWs spectra
can be produced and tested at the corresponding GWs detectors. The details are given in Ref.3
and references therein.
6

summary and outlook

For cosmology, our universe may undergo one or several times phase transition during the early
evolution of the universe. And we can hear the cosmological phase transition using GWs if
there exists FOPT. For particle physics, this phase transition GWs approach can compensate
for the collider experiments to explore the new physics models(especially the hidden sector) and
provide a novel approach to probe the symmetry breaking or phase transition patterns. For
particle cosmology, GWs provides a unique way to unravel the dark matter, baryogenesis and so
so. New physics models in particle physics can provide abundant GWs sources. GWs becomes a
new and realistic approach to explore the particle cosmology and fundamental physics, such as
probing the extra dimension through gravitational wave observations of compact binaries and
their electromagnetic counterparts 4 . Let us ski on the exciting journey of GWs physics.
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DE SITTER INVARIANT SPECIAL RELATIVITY AND THE DARK ENERGY
PROBLEM
A. ARAUJO, D. F. LÓPEZ and J. G. PEREIRA
Universidade Estadual Paulista (UNESP)
Instituto de Fı́sica Teórica
São Paulo, Brazil
Due to the existence of an invariant length at the Planck scale, Einstein special relativity is
believed to break down at the scale. A possible solution to this problem is to replace the
Poincaré invariant special relativity by a de Sitter invariant special relativity. Such replacement produces concomitant changes in general relativity, the most relevant being the fact that
both the background de Sitter curvature and the gravitational dynamical curvature are now
included in the same curvature tensor

.
The de Sitter spacetime is usually interpreted as the simplest dynamical solution of the
sourceless Einstein equation in the presence of a cosmological constant, standing on an equal
footing with all other gravitational solutions, like for example Schwarzschild and Kerr. However,
as a non-gravitational spacetime (in the sense that its metric does not depend on Newton’s
gravitational constant), the de Sitter solution should instead be interpreted as a fundamental
background for the construction of physical theories, standing on an equal footing with the
Minkowski solution. In fact, as quotient spaces, both Minkowski and de Sitter are known a priori,
independently of Einstein equation. General relativity, for instance, can be constructed on any
one of them. Of course, in either case gravitation will have the same dynamics, only their local
kinematics will be different. When the underlying spacetime is Minkowski, the local kinematics
will be ruled by the Poincaré group of ordinary special relativity. When the underlying spacetime
is de Sitter, the local kinematics will be ruled by the de Sitter group, which amounts then to
replace ordinary special relativity by a de Sitter invariant special relativity.1
Now, it so happens that there is a physical reason for making such replacement. It is
related to the existence of an invariant length parameter at the Planck scale, represented by
the Planck length lP , which implies that ordinary special relativity breaks down at that scale.
The problem is that the Lorentz group is believed no to allow the existence of an invariant
length parameter. Since Lorentz is a subgroup of Poincaré—which is the group that rules the
kinematics in ordinary special relativity—the kinematics at Planck scale cannot be described
by ordinary special relativity. This, however, does not mean that Lorentz symmetry must be
violated at the Planck scale. To see that, let us recall that Lorentz transformations can only be
performed in homogeneous spacetimes, whose Ricci scalar has the form
R = 12 l−2 ,

(1)

where l is the de Sitter length-parameter, or pseudo-radius. Then comes the point: by definition,
Lorentz transformations do not change the curvature of the homogeneous spacetime in which
they are performed. Since the scalar curvature is given by (1), Lorentz transformations are found
to leave the length parameter l invariant. Although somewhat hidden in Minkowski spacetime,
because what is left invariant in this case is an infinite length, in de Sitter spacetime, whose

pseudo-radius is finite, this property becomes manifest. Contrary to the usual belief, therefore,
Lorentz transformations do leave invariant a very particular length parameter: that defining the
scalar curvature of the homogeneous spacetime in which they are performed. If the Planck length
lP is to be invariant under Lorentz transformations, it must then represent the pseudo-radius of
spacetime at the Planck scale, which will be a de Sitter space with a Planck cosmological term
ΛP = 3/lP2 ' 1.2 × 1070 m−2 .

(2)

In a de Sitter-invariant special relativity, therefore, the existence of an invariant length-parameter
at the Planck scale does not clash with Lorentz invariance, which remains a symmetry at all
scales. In the same way Einstein special relativity may be thought of as a generalization of
Galilei relativity for velocities near the speed of light, the de Sitter-invariant special relativity
may be thought of as a generalization of Einstein special relativity for energies near the Planck
energy. It holds, for this reason, at all energy scales.
Implicit in de Sitter modified general relativity is the idea that any physical system with
energy density εm induces a local cosmological term Λ in spacetime, with an energy density εΛ ,
which is necessary to comply with the local symmetry of spacetime, now ruled by the de Sitter
group. Note that the ensuing cosmological term Λ is different from the usual notion in the sense
that it is not constant. For example, outside the region occupied by the physical system, where
εm vanishes, Λ vanishes as well. The question then arises: given a physical system, how to
obtain the local value of the cosmological term? To answer this question, let us recall that, at
the Planck scale, the cosmological term assumes the Planck value given by (2). Now, the very
definition of ΛP can be considered an extremal particular case of a general expression relating the
local cosmological term to the corresponding energy density of a physical system. Accordingly,
to a physical system of energy density εm will be associated the local cosmological term
Λ=

4πG
εm .
c4

(3)

When the Poincaré invariant Einstein special relativity is replaced by a de Sitter invariant
special relativity, general relativity changes to what we have called de Sitter modified general
relativity. In this theory, the kinematic curvature of the underlying de Sitter spacetime and
the dynamical curvature of general relativity are both included in the very same Riemann
tensor. This means that the cosmological term Λ no longer appears explicitly in Einstein’s
equation, and consequently the second Bianchi identity does not require it to be constant.
When applied to the present-day universe, the de Sitter modified Friedmann equations in the
newtonian approximation gives a good account of the observed relation between the matter and
the dark energy densities, providing in this way an explanation for the coincidence problem.2
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2. A. Araujo, D. F. López and J. G. Pereira, Class. Quantum Grav., DOI: 10.1088/13616382/aa6bbb e-Print: arXiv:1704.02120 [gr-qc]

Recent advances in the determination of a high spatial resolution geopotential
model using chronometric geodesy
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1

This work aims to evaluate the contribution of optical atomic clocks in the determination of
the geopotential at high spatial resolution. The quality of the geopotential reconstruction is
evaluated by comparing solutions computed from synthetic gravimetric data, combined or not
with synthetic clock data. Our synthetic tests are performed in a French area with a moderate
relief, which leads to variations of the gravitational field over a range of spatial scales. We show
that adding few clock data into a gravimetric network permits to reduce the reconstruction
bias significantly and to improve the standard deviation by a factor 3. Optimization of a clock
data network with a genetic algorithm is also investigated.

1

Introduction

Comparisons between highly precise optical clocks are opening new perspectives for the direct determination of geopotential at a centimeter-level accuracy in geoid height 1,5 . Indeed, two clocks
with an accuracy of 10−18 in terms of relative frequency shift would detect a 1-cm geoid height
variation between them, corresponding to a geopotential variation ∆W of about 0.1 m2 s−2 (see
e.g. 3 ). However, so far detailed quantitative estimates of the possible improvement in geoid
determination when adding such clock measurements to existing data are lacking.
In this context, the present work aims at evaluating the contribution of this new kind of
direct measurements in determining the geopotential at high spatial resolution (10 km). We
investigate to what extent clocks could contribute to filling the gap between the satellite and
near-surface gravity spectral, and spatial coverages, in order to improve our knowledge of the
geopotential and gravity field at all wavelengths. We consider the Massif Central area, marked
by smooth, moderate altitude mountains and volcanic plateaus leading to variations of the
gravitational field over a range of spatial scales. This type of region is interesting because the
scarcity of gravity data is a limitation in deriving accurate high resolution geopotential models.
2

Methodology and results

Our study is based on synthetic noised data. The gravity anomalies δg and the disturbing potential T are generated with GEOPOT 6 , allowing to compute the gravity field related quantities at
given locations. The synthetic data are sampled from a spherical harmonics geopotential model,
and a topography model, up to 10 km resolution. The long wavelengths of the gravity field

covered by the satellites and longer than the extent of the local area are removed, providing
centered data for the determination of local covariance function. A white noise is added to the
simulated data, and we estimate the disturbing potential by least-squares collocation from the
gravimetric data with and without the clock data. Their locations are chosen to reproduce a realistic distribution of measurements. Finally, we assess the quality of the reconstructed potential
by comparing residuals of these solutions to that of the control grid.
We demonstrate in Figure 1 that adding the clock-based potential values to the existing
gravimetric data set can notably improve the final gravity field solution. In Figure 1a, the
estimation is realized from the 4374 gravimetric data only, and in Figure 1b by adding 33
potential data to the gravity data. The noise level is respectively 1 mGal and 0.1 m2 s−2 .
We show that adding clock data reduces the reconstruction bias significantly and improves the
standard deviation by a factor 3. Another important conclusion stemming from our simulations
is that in solving the problem of gravity field recovery it is not required to have a dense clock
network, only a very few percent of clock measurements compared to the number of needed
gravity data is sufficient. More details about the methodology and results can be found in Lion
et al. 4 . We are also investigating ways to optimize clock networks in order to find an optimal
design and to improve further the determination of the gravity field. First simulations using
genetic algorithms such as -MOEA 2 give promising results. Several distributions of clock data
obtained with the genetic algorithm give better residual than those presented here with about
20 potential data.

(a) Without clock data.

(b) With clock data.

Figure 1: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in Massif
Central, obtained by comparing the reference model and the reconstructed one.
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PRIMORDIAL POWER SPECTRUM AND LOCAL FEATURES
ALEXANDER GALLEGO CADAVID
Institute of Physics, University of Antioquia, A.A.1226, Medellı́n, Colombia

We study the effects of local features (LF) of the inflaton potential on the spectrum of primordial curvature perturbations. We show that the LF affect the potential in a narrow range of
the scalar field value. We compute the primordial spectrum and show that it is only affected
in a limited range of scales, which leave the horizon during the time interval corresponding to
the modification of the potential. Due to their local nature these features could be used to
model local glitches found in the primordial spectrum without affecting other scales.

1

Introduction

The study of features of the primordial spectrum of perturbations is one of the most exciting
extensions of the ΛCDM model 1,2,3,4,5 . In the past years a remarkable attention has been given
to the detection of primordial features since it could pin down details of the inflationary theory,
from discriminating between different models to improving the fit to CMB temperature data 1,2,5 .
2

The inflationary model

We consider inflationary models with a single scalar inflaton field φ according to the action
Z

S=

√

1
1
d x −g MP2 l R − g µν ∂µ φ∂ν φ − V (φ) ,
2
2
4





(1)

where gµν is the flat FLRW metric, MP l the reduced Planck mass, R the Ricci scalar, and V is
the inflaton potential. To study the effects of the feature we consider the potential 4,5
V (φ) = V0 (φ) + VLF (φ) ,

(2)

where V0 (φ) = γφ2 is the chaotic potential used to model the featureless behavior and
VLF (φ) = λe−(

φ−φ0 2
)
σ

,

(3)

The parameters λ, σ, and φ0 ≡ φ(t0 ), where t0 is the feature time, are related to the amplitude,
width, and scale of the feature, respectively. This type of modification of the potential corresponds to LF 4,5 , where V deviates from the featureless case only in a limited range of the field
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Figure 1 – We plot the effects of the features on the inflaton potential (left) and on the power spectrum of
primordial curvature perturbations (right). For the features we use λ = 10−11 , σ = 0.05, and φ0 = 16.16 (blue),
λ = 10−11 , σ = 0.1, and φ0 = 16.16 (red), λ = 10−12 , σ = 0.05, and φ0 = 16.16 (green), and λ = 10−12 , σ = 0.05,
and φ0 = 16.12 (orange). The dashed lines correspond to the featureless case. In all cases we use γ = 1.66×10−11 .

value around φ0 . The effects of the feature on the potential are shown in Fig. 1. From now on
we use units in which c = h̄ = MP l = 1.
3

Primordial power spectrum of curvature perturbations

The power spectrum of primordial curvature perturbations is defined as 4
PRc (k) ≡

2k 3
|Rc (k)|2 ,
(2π)2

(4)

where Rc is the comoving curvature perturbation and k its comoving wave number. As can
be seen in Fig. 1, PRc is affected by oscillations only around the scale k0 exiting the horizon.
This is opposed to branch features (BF) 3,4 which produce a step with respect to the featureless
spectrum at large or small scales.
4

Conclusions

We have shown the effects of LF of the inflaton potential on the spectrum of primordial curvature
perturbations. We have seen that the LF affect the spectrum in a narrow range of scales. The
amplitude and width of the oscillations depend on the parameters defining the feature. In the
future it would be interesting to study phenomenologically the combined effects of LF and BF
on the primordial spectrum for different inflationary models.
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Integrals of quasi linear equations of gravitating Dark Matter at space thermostat
presence: gravitation frequency and scale
Mikhail Ja. Ivanov
Central Institute of Aviation Motors, Moscow, 111116, Russia

The paper presents some integrals of quasi-linear equations of gravitating dark matter motion
at the Space Thermostat (ST) presence. As this ST we take Cosmic Microwave Background
Radiation (CMBR) with known temperature T = 2.73K. The exact and numerical solutions
of the equation system have been obtained and analyzed. Also we present Dark Matter (DM)
visual registration by the Hubble telescope in ultraviolet light.

1

Gravitation frequency and scale

In physics problems the thermostat is called greater thermodynamic system, in which the number
of particles far exceeds the number of particles of a studied system with its in thermal contact. In
our case as such external ST we take CMBR with known temperature T = 2.73K and with certain
massive particles m = kT /c2 = 5.6 · 10−40 kg = 3 · 10−4 eV (particles of DM - holders and carriers
of thermal radiation 1,2 ). We naturally believe any natural or technical studied system in the
thermal contact with the ST (CMBR). The presence of the ST introduces important adjustments
in the general equations of a dynamic system motion. In the paper we are basing on the classic
gravitational theory 3 . The important key is the equation of force gravitational field F̄ may be
written here accounting non-zero density ρ0 at “infinity” in the form
div F~ = 4πG(ρ0 − ρ).

(1)

From two dimension parameters G and ρ0 , defining gravitational interaction in our case, we
obtain the gravitational frequency ωg and the gravitational period Tg of our Universe by methods
of dimension. We get
ωg = sqrt(4πGρ0 ), T g = 1/ωg .
(2)
In case if speed of light c in vacuum is assumed as a constant defining the process, we shall get
the characteristic linear scale of the Universe
Lg = cTg .

(3)

When ρ0 ≈ 0.5 · 10−29 g/cm3 , value Tg corresponds to a periodical Universe age Tg ≈ 1.4 · 1010
years. We would like to emphasis here analogy with the plasma frequency. The relation for ωg

follows easily from the model one dimensional problem for oscillation of a mass point around the
layer of gravitating DM of width x and density ρ0 .
2

Integrals and exact solutions of equations for gravitating dark matter motion

Initial equations for ideal (non-viscous and non-heat conducting) gaseous medium (Euler equations) taking into account own gravitational interaction of particles are 3
∂ρ
∂ ν̄
1
+ div(ρν̄) = 0,
+ (ν̄ · ∇)ν̄ = − grad p + F̄ .
(4)
∂t
∂t
ρ
Figure 1 shows the pattern of integral curves of one dimensional variant of these equations 3 .
Modeling “superlumina” cosmic jet (CJ) solution corresponds moving along the bold line separatrix from the singular point 1 towards the singular point 2. Numerical CJ simulation also
presents on fig. 1. We apply the special shock capture scheme 1 .

Figure 1 – Integral curves of equations in the phase plane (v,p) and numerical CJ simulation.

3

Hubble Dark Matter visual registration

Here we would like to show only one of the last DM image in visible and ultraviolet lights. Figure
2 (on the left) presents the Hubble extreme deep field image of space in the Draco constellation
(group of galaxies Abell 2218) 4 . The density of DM for the Draco constellation in ultraviolet
light is shown in fig. 2 on the right 5 . It’s experimental confirmation of our simulations.

Figure 2 – The Hubble Draco constellation images in visible and ultraviolet lights.

4

Conclusion

The Universe presents itself the greatest ST of DM with the nonzero temperature T = 2.73K,
which is holders and carriers of CMBR. The DM presents itself the gaseous medium with certain
massive particles m = kT /c2 = 5.6 · 10−40 kg = 3 · 10−4 eV .
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DOES A GRAVITON GAS ACT LIKE A COSMOLOGICAL VACUUM STATE
AND “COSMOLOGICAL” CONSTANT PARAMETER
A.W. BECKWITH
College of Physics, Chongqing University Huxi Campus
No. 55 Daxuechen Nanlu, Shapingba District, Chongqing 401331
Chongqing, P. R. China, 400014
If a nonzero graviton mass exists, one might wonder if a release of gravitons, possibly as a
graviton gas at the onset of inflation could be considered an initial vacuum state. Pros and
cons to this idea are raised, in part based on Bose gasses. The analysis starts with Volovik’s
condensed-matter treatment of GR and ends with the consequences the author sees if the
supposition is true.

1

Introduction

The manuscript is based on Volovik’s book,1,2 which, as of 2003, has a chapter on how a Bose gas
can be used to obtain a vacuum energy. We extrapolate from this idea and link it to Glinka’s1,3
WdW treatment of semi-classical style physics in his boson treatment of a graviton gas to make
a analogy to Park’s4 version of a temperature-sensitive cosmological-constant parameter. Then,
afterwards, we explore link to how entropy may be connected with an evolution of the resulting
cosmological vacuum-energy expression for a graviton gas.
2

Review of the Volovik Model for Bose Gases

On page 24 of his manuscript, Volovik1,2 derives a description of a total vacuum energy via an
integral over three dimensional space:
Z

Evac (N ) =

d3 r · ε(n)

(1)

The integrand to be considered is, using a potential defined by U =
for weakly interacting Bose gas particles,
"

3
5
1
8
1 2
4
2
2
ε(n) = U · n2 +
3 m U = 2 · c · n · m + 15 ·
2
2
15π h̄

c2 m
n

as given by Volovik1,2

m5
2 √
h̄ · c

!

#

1
· 2 .
n

(2)

For the sake of argument, m, as given above, will be called the mass of a graviton, and n a
numerical count of gravitons in a small region of space. Afterwards, we will consider adaptations
for what this expression means in terms of entropy generation. A simple graph of the second term
of Eq. (2) with comparatively large m and h̄ = c = 1 has the following qualitative behavior.1
"

# "

c2
4
E1 =
·
·
2
15

m5
√
h̄2 · c

!

1
· 2
n

#

(3)

E1 6= 0 when n is very small, and E1 = 0 as n → 1010 at the onset of inflation. If we view
this as an indication of start of the deviation from the usual quantum linearity, the implication
is that there is a cutoff right at the start of graviton production. That is, the implications for ’t
Hooft’s1,5 nonlinear embedding of quantum systems for gravitons would be in that the conditions
for such embedding are likely in place before graviton production. We are observing right at the
start of graviton production, the moment gravitons states emerge. We have extinguishment of a
contribution of classical embedding, but the precursor to that would mean graviton production
would be initially “framed” by a nonlinear contribution
3

Conclusion

In conclusion, the range of accessible frequencies for gravitons as linked to Eq. 3 is in sync with
h20 Ωgw (f ) ∼ 10−10 for peak frequencies with values of 10 MHz.1 The net affect of such thinking
is to rule out examining early-universe gravitons as measurable and to rule out being able to
measure relic GW and gravitons via the premise that all relic GW are inaccessible. Looking
at Figure 5 Beckwith,1 Ωgw > 10−6 for frequencies as high as up to 106 Hz, counters what was
declared by Turner and Wilzenk:6 that inflation will terminate with observable frequencies in
the range of 100 Hz or so. The only way one may be able to observe a signal for relic GW or
gravitons may be to consider how to obtain a numerical count of gravitons or neutrinos for (R.
Weiss, personal communications):
h20 Ωgw (f ) ∼
=

nf [graviton] + nf [neutrion]
3.6
•
×
2
1037






hf i
1 kHz

4

.

(4)

This leads to the question of how to account for a possible mass or information content of
the graviton and confirming ’t Hooft’s speculations about quantum mechanics.7
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López, D.
Lambrecht, A.
Landragin, A.
Langlois, D.
Lansonneur, P.
Laskar, J.
Lasseri, R.-D.
Lattanzi, M.
Laurent, P.
Laurent, P.
Le Poncin-Lafitte, C.
Le Poncin-Lafitte, C.
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