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2019 RENCONTRES DE MORIOND
The 54th Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The ﬁrst meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientiﬁc preoccupations, but also the household chores.
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 54th Rencontres de Moriond in 2019 comprised four physics sessions:
• March 16 - 23: “Electroweak Interactions and Uniﬁed Theories”
• March 16 - 23: “Quantum Mesoscopic Physics”
• March 23 - 30: “QCD and High Energy Hadronic Interactions”
• March 23 - 30: “Gravitation”
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E. Augé, J. Dumarchez and J. Trân Thanh Vân

II

Table of Contents
1. Gravitational Waves
Implications of the binary coalescence events found in O1 and O2 for the
stochastic background of gravitational events
KAGRA: large-scale cryogenic gravitational-wave telescope in Japan
Advanced Virgo status and its upgrades
Summary of tests of General Relativity with the binary black hole signals
from the LIGO-Virgo catalog GWTC-1
GW170817/GRB 170817A: an astronomy/astrophysics viewpoint
Gravitational wave polarization from combined earth-space detectors
Memory contributions to the gravitational wave amplitudes from eccentric
compact binaries
Advanced Virgo: from detector monitoring to gravitational wave alerts
Search for electromagnetic counterparts of the gravitational-wave events
with the INTEGRAL observatory
Summary of cosmology with gravitational waves from compact binary
coalescences
Optomechanical parametric instabilities study for VIRGO O3 Run
Mitigation of parametric instability
Constraints on graviton mass and a tidal charge with observations of the
galactic center
Fast Radio Burst Cosmology and HIRAX

Nelson Christensen

3

Tomotada Akutsu
Marie Anne Bizouard
Nathan Johnson-McDaniel

13
21
31

Deep Chatterjee
Adrian Boitier
Michael Ebersold

39
47
53

Didier Verkindt
Alexander Lutovinov

57
63

Archisman Ghosh

69

David Cohen
Margherita Turconi
Alexander Zakharov

75
79
85

Amanda Weltman

89

François Mignard
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1.
Gravitational Waves

Implications of the binary coalescence events found in O1 and O2 for the
stochastic background of gravitational events
N.L. Christensen
(For the LIGO Scientiﬁc Collaboration and the Virgo Collaboration)
ARTEMIS, Université Côte d’Azur, Observatoire Côte d’Azur, CNRS, 06304 Nice, France
Department of Physics, Carleton College, Northﬁeld, Minnesota 55057, USA

The Advanced LIGO and Advanced Virgo detectors have commenced observations. Gravitational waves from the merger of binary black hole systems and a binary neutron star system
have been observed. A major goal for LIGO and Virgo is 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 compact binary mergers implies that there will be a stochastic background from these sources that could be observed by Advanced LIGO and Advanced Virgo in
the coming years. 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 runs O1 and O2 will be presented, along with the
implications of the gravitational wave detections. The future goals for Advanced LIGO and
Advanced Virgo will be 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 1 . 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,
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and neutron stars. In fact, the recent observations by Advanced LIGO and Advanced Virgo
of gravitational waves in observing runs O1 and O2 from 10 binary black hole mergers 2,3,4,5
and a binary neutron star merger 6 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 7
and Advanced Virgo 8 in the coming years 9,10,11 . 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-Virgo 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 12,13 . This method was used on initial LIGO 14 and initial Virgo 15 data to set limits
on the energy density of the SGWB 16,17,18 . No signal was detected, but the results constrain
the energy density of the SGWB to be Ω0 < 5.6 × 10−6 at 95% conﬁdence 18 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. As will be described below, this has improved the upper limits on the
energy density of the SGWB by a factor of about 100. 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) 19 , KAGRA (Japan) 20 , and LIGOIndia 21 . The signiﬁcant strain sensitivity improvements and wider bandwidth will enable real
breakthroughs in the searches for the SGWB, with a potential sensitivity approaching Ω0 ∼ 10−9 .
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 contributions to such an SGWB
would likely be stellar mass binary black hole systems and binary neutron star systems, due to
their large apparent abundances 9,10,11 .
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 22 , phase transitions in the
early universe 23,24 , cosmic strings 25,26,27,28 , and pre-Big Bang models 29,30 . An astrophysically
produced SGWB would arise from the ensemble of what would be considered to be standard
astrophysical events 31 . In total the astrophysical background would be the result of a broad
spectrum of events, including core collapses to neutron stars or black holes 32,33,34,35,9 , rotating
neutron stars 36,37 including magnetars 38,39,40,41 , phase transitions 42,43 or initial instabilities in
young neutron stars 44,45,46 , compact binary mergers 47,48,49,50,51,52 and compact objects around
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super-massive black holes 53,54 . 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 Runs O1 and O2

Advanced LIGO’s ﬁrst observing run O1 went from September 2015 to January 2016, while its
second observing run O2 went from November 2016 to August 2017. Advanced Virgo participated in O2 for the month of August 2017. Together LIGO and Virgo detected gravitational
waves from 10 binary black hole mergers and a binary neutron star merger 5 . 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 for O1, 30 days of coincident data were analyzed, while for O2 the data amounted to
99 days. No SGWB was detected.
2.1

Combined O1 and O2 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 ) < 6.0 × 10−8 with 95% conﬁdence within
the 20 Hz - 86 Hz frequency band 11 . This is a factor of 2.8 better than the upper limit set by
using just the O1 data 55 . For a spectral index of α = 2/3 the constraint on the energy density
is Ω(f ) < 4.8 × 10−8 , while for α = 3 it is Ω(f ) < 7.9 × 10−9 11 (both with with 95% conﬁdence,
and a reference frequency of fref = 25 Hz when α = 0). A prior that is ﬂat in Ωgw has been used.
The O1 and O1 + O2 results have been used to limit cosmic string parameters 56,11 , similar to
what was done with initial LIGO and initial Virgo 16,57 .
The dramatic improvement in the upper limit on the SGWB energy density was important,
but not the most important SGWB outcome of observing runs O1 and O2. The observation of
the gravitational waves from stellar mass binary black hole mergers 2,3,4,5 and a binary neutron
star merger 6 implies that these events are far more numerous in the universe than originally
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 9,55,10,11 .
Figure 1 displays the prediction of the astrophysical SGWB from binary black holes and
binary neutron stars, along with the statistical Poisson uncertainties derived from the local
binary merger rate. Also included is the estimate of the contribution from the addition neutron
star - black hole binaries. The same binary formation and evolution scenario is used to compute
the SGWB from from neutron star - black hole binaries as in 10 , but an update was made for
the mass distributions and rates so as to be consistent with the most recent results given in 5,58 .
For the neutron star - black hole binaries, the same evolution with redshift was used as for the
binary neutron stars.
2.2

Anisotropic O1 and O2 Results

Within the LIGO-Virgo observational band it is expected that the SGWB will be essentially
isotropic, with the level of assumed anisotropies being many orders of magnitude below the
predicted sensitivities 61 . 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 and O2 data there have been three diﬀerent types of searches for an anisotropic
background 62,61 . To look for extended sources, LIGO and Virgo use what is known as the spherical harmonic decomposition 63 . In order to search for point sources, a broadband radiometer
analysis is used 64,65 . Finally, LIGO and Virgo employed a narrow-band radiometer search to
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Figure 1 – The Advanced LIGO SGWB sensitivity curves for O1 55 , combined O1+O2 11 , and design sensitivity
59,60
. The purple line is the median total SGWB, combining binary black holes (BBH) and binary neutron stars
(BNS); this uses the model presented in 10 with updated mass distributions and rates from 5,58 ; the gray box is
the Poisson error region. The dotted gray line is the sum of the upper limit for the combined BBH and BNS
backgrounds with the upper limit on the neutron star - black hole binary (NSBH) background.

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 and O2 data, but
important upper limits were set 62,61 . For broadband point sources, the gravitational wave
energy ﬂux per unit frequency was constrained to be Fα,Θ < (0.05 − 25) × 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) < (0.19 − 2.89) × 10−8 sr−1 (f /25 Hz)α , again depending on Θ
and α. The directed searches for narrow-band gravitational waves from Scorpius X-1, Supernova
1987 A, and the Galactic Center had median frequency-dependent limits on strain amplitude of
h0 < (4.2, 3.6, and 4.7) × 10−25 respectively, for the most sensitive detector frequencies 130 175 Hz. See 61 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 and binary neutron star coalescences to test general relativity 66,4,67,68 . The LIGO-Virgo
SGWB search has also be extended in order to test general relativity 69 . 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 70 .
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 4,71,70 , such as those that have been recently observed 2,3,4 . A
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Table 1: Upper limits for the SGWB assumed to be made up of simultaneous contributions of tensor, vector and
scalar polarizations: ΩTgw (f ), ΩVgw (f ), and ΩS
gw (f ). Results are presented using a prior that is log uniform, and
another that is uniform on the amplitude Ωref for each polarization. The O1 and O2 data are used. See 11 for
more details.

Polarization
Tensor ΩTgw (f )
Vector ΩVgw (f )
Scalar ΩSgw (f )

Uniform prior

Log-uniform prior

8.2 × 10−8
1.2 × 10−7
4.2 × 10−7

3.2 × 10−8
2.9 × 10−7
6.1 × 10−7

minimum of six detectors would be necessary to resolve the polarization content (scalar, vector
and tensor) of a short duration gravitational wave 70 . 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 71,72,73,69 . 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 has been expanded to a search for 6 polarizations: two
tensor modes, two vector modes, and two scalar modes 69 , and applied to the Advanced LIGO
Observing Run O1 and O2 data 74,11 . 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 20 and LIGO-India 21 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 69 .
When calculating the SGWB for tensor, vector and scalar polarizations one uses the notation
ΩA
gw (f ) in analogy with the standard general relativity search. However, in a general modiﬁcation of gravity, the quantities ΩTgw (f ), ΩVgw (f ), and ΩSgw (f ) are more correctly associated to
measurements of the two-point correlation statistics of diﬀerent components of the SGWB as
opposed to energy densities 75 . There was no evidence found for a SGWB of tensor, vector or
scalar polarizations in the O1 and O2 data, and upper limits were set 74,11 . These upper limits
depend on the assumptions made for the what combination of the three polarizations are presumed to be present in the data. For example, when assuming that the tensor, vector or scalar
polarizations could all be present in the data, then the upper limits are presented in Table 1
assuming a prior that is ﬂat in Ωgw , and another prior that is ﬂat in logΩgw .
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 above 460 Hz 17 .
The LIGO, Virgo and KAGRA detector 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 76 . Most of these frequencies fall
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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 76 . In
the time domain, 10 pT bursts appear above a 1 pT background at a rate of ≈ 0.5 Hz 77 .
This magnetic ﬁeld noise correlation has been observed between magnetometers at the LIGO,
Virgo and KAGRA sites 78,79 . 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. For the observing runs O1 and O2 it has been demonstrated that the upper limits on
the SGWB were not contaminated by correlated magnetic noise 11 . However, it is possible that
correlated magnetic noise could contaminate the future results of Advanced LIGO and Advanced
Virgo 80 . 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 80,81,79 . 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 82 .
4

Future Observing Runs for LIGO and Virgo

Advanced LIGO and Advanced Virgo have completed two observing runs, and the results of
the search for a SGWB have been published 55,62,11,61 . At the time of this writing Advanced
LIGO and Advanced Virgo are in the middle of the third observing run O3. Over the next few
years further observing runs will happen as Advanced LIGO and Advanced Virgo approach their
target sensitivities 83 . At their target sensitivities LIGO and Virgo should be able to constrain
the energy density of the SGWB to approximately Ωgw ∼ 2 × 10−9 with two years of coincident
data (in the 10 Hz to 100 Hz band). At this point LIGO and Virgo could possibly observe
a binary black hole and binary neutron star produced SGWB 55,9,10,11 . Various cosmological
models 23,24,29,30 , or cosmic strings 25,26,27,28 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 62 .
This will also be true for the addition of KAGRA 20 and LIGO-India 21 to the global network.
One can expect to see many important results pertaining to the search for a SGWB from LIGO,
Virgo and KAGRA in the coming years.
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KAGRA: LARGE-SCALE CRYOGENIC GRAVITATIONAL-WAVE TELESCOPE
IN JAPAN
T. AKUTSU
(for the KAGRA Collaboration)
National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
KAGRA is a project of the ﬁrst cryogenic large-scale detector for observing gravitational
waves. It is still under construction in Japan as of March 2019 when this conference is held.
It is located under the ground for the quieter ground motions and uses cryogenic mirrors for
lower thermal noises. Although the installation and commissioning works for KAGRA are
ongoing, we have already performed test runs two times. We aim to join lately the third run
of gravitational-wave observational network by LIGO and Virgo (LV-O3), hopefully from the
autumn of 2019. Moreover, the possible upgrade plans of KAGRA after the LV-O3 are also
discussed here.

1

Overview of KAGRA

KAGRA 1 is a large-scale cryogenic gravitational-wave telescope, formerly called LCGT, located
at the Kamioka mine in Gifu prefecture, Japan (see Fig. 1). The project has been hosted by
Institute for Cosmic Ray Research (ICRR) in the University of Tokyo together with two co-hosts,
KEK (High Energy Accelerator Research Organization) and National Astronomical Observatory
of Japan (NAOJ). Moreover, the KAGRA collaboration has grown to include over 250 members
from more than 90 universities and/or institutions in 15 countries or regions.

KAGRA site
3

km

Mozumi Office
(Control room)

m
3k

Entrance

Figure 1 – Location of KAGRA and a cartoon of the tunnels; it is located under Mt. Ikenoyama at Hida city, Gifu
in Japan.
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The features of the KAGRA interferometer are as follows; (1) the four main mirrors are made
of sapphire substrates and cooled down to around 23 K for the lower thermal ﬂuctuations, and (2)
the interferometer is located under the ground for quieter ground motions. Unlike other advanced
large-scale terrestrial interferometers such as LIGO 2 and Virgo 3 , the KAGRA project is not a
simple upgrade of existing facilities; it started from scratch for the construction of infrastructures
underground. At the same time, there would be potential risks for safety. The KAGRA site is
covered with heavy snow in winter (Fig. 2). Wild animals such as monkeys, bears, and boars
sometimes appear around the site.

Figure 2 – Photographs of the site in winter. Left: the Atotsu entrance of the KAGRA’s tunnel. Right: heavy snow
stuck on a car at a parking of our lodge.

Since the ﬁrst detection of gravitational waves, the reported number of the transient events
of gravitational waves has reached ten in total 4 , and will be increased by the upcoming LV-O3
(the third observation run by LIGO and Virgo) starting from April of 2019. KAGRA plans to join
the LV-O3 from the fall of 2019. The anticipated sensitivity of KAGRA for the joining has been
shared among the three projects 5 ; in the latest plan (as of March 2019), the sensitivity will be
8-25 Mpc for binary neutron-star mergers.
We aim to setup a dual recycled Fabry-Perot Michelson interferometer with the resonant sideband extraction (RSE) mode for the LV-O3. The design of our interferometer is similar to other
large terrestrial interferometers (see the left of Fig. 3). Light of 1064 nm emits from the prestabilized laser source, and is further stabilized at an input-mode cleaner before entering into the












 







Figure 3 – Schematic views of the KAGRA interferometer (left) and four types of pendulums used for suspending
the mirrors (right). Note that the original ﬁgures come from the other document 10
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main part of the interferometer. The emitting power from the input-mode cleaner will become
around a few tens watt this time. In the main interferometer, the entering light power is enhanced
by about ten times at the power-recycling cavity (consisting of three mirrors; PRM, PR2, and
PR3), and divided in the two directions at the beam splitter (BS). Each light beam enters one of
the 3-km arm cavities consisting of two main mirrors (an input test mass (ITM) and an end test
mass (ETM)), and gets enhanced in power by being resonated in the cavity. When a gravitational
wave has come, it imprints a weak phase shift onto the resonating light in each of the cavities,
and eventually rises signal light. The signal light is enhanced further in the signal-recycling cavity
(consisting of three mirrors; SRM, SR2, and SR3), and detected after the output-mode cleaner.
Depending on the required isolation ratio from ground motion, the types of suspensions for
those mirrors are varied. Currently four types of suspensions are used at KAGRA (see the right of
Fig. 3). The tallest suspension (type-A) has a heigh of about 13.5 m, and each of them suspends
the main mirror made of sapphire. In the chain of the suspension, only the bottom part (namely
“cryogenic payload”; see Fig. 3) is located in a cryostat, and the other parts are in room temperature. About the other types of suspensions such as type-B, Bp and C are all in room temperature
as well 6 .
This short document brieﬂy describes the ongoing works for KAGRA together with the past
in section 2, the plans for the future upgrades in section 3, and a summary in the last section.
2

Installation and commissioning works

Excavation of the tunnels for KAGRA started in May 2012 and ended in March 2014 7 . We
needed to install critical infrastructures including air injection systems, electric supply lines, and
groundwater drainage system. Vacuum systems to house the interferometer were installed along
with clean booths after ﬁnishing the walls and ﬂoors of the tunnels. Starting with optics for
the stabilized laser-light source, we subsequently installed several optics and vibration isolators
(suspensions) to construct our interferometer.
We performed the initial test run of KAGRA for about a month at the spring of 2016 8,9 . This
is called the iKAGRA phase, and the objective is to operate a large-scale interferometer under
the ground for the ﬁrst time as early as possible. During the run, we were able to test the data
acquisition and transfer systems as well as the analysis pipelines with a simpliﬁed interferometer.
We also showed that we were able to overcome some predicted issues or risks due to the underground
environment as drawbacks against expected advantages like the quieter ground motions. For
example, vacuum tubes and chambers seemed eventually placed under the ground without GPS
in such accuracy that light beams were able to travel 3 km in the tubes. Groundwater is still an
issue as of now, but controllable to some extent with appropriate pumping instruments. On the
other hand, the optical setup at that time was just a simple Michelson interferometer of 3-km arms
with room-temperature mirrors, and also most of the mirrors and the suspensions were diﬀerent
from those used at the current KAGRA. For example, the main two mirrors were small and made
of silica, not of sapphire. The suspensions for the main mirrors were also tentative, and installed
out of the cryostats. Both of the 3-km arm tubes were pumped down to vacuum, but some of the
vacuum chambers around the beam splitter were not. Despite those disadvantages, we aligned the
optics to operate the interferometer. More details of the initial test run are found in the other
documents 8,9 .
Upgrading iKAGRA to the baseline setup has started immediately after the initial test run.
This is called the bKAGRA phase, and the objective is to start up an actual gravitational-wave
detector with suﬃcient sensitivity. For example, we replaced the main mirrors for the 3-km arms
with ones made of sapphire along replacing their suspensions completely. In the course of the
upgrading works, we performed a short test run of the interferometer in the cooling condition
for nine days at the spring of 2018 10 . Although the optical setup was again a simple Michelson
interferometer, one of the two main mirrors was actually cooled down. Also, most of the other
mirrors such as the beam splitter and the power-recycling mirrors were replaced as well as their
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suspensions. The noise level is shown in Fig. 4. More details of the ﬁrst test run of bKAGRA are
found in the other document 10 . The subsequent installation continued after the test run.

Figure 4 – The noise level (named “bKAGRA phase 1”) and the estimated budget of noise contribution from each
of several noise sources during a test run at the spring of 2018. The noise level during the ﬁrst test run of the initial
KAGRA is also shown in grey (named “iKAGRA”) curve for comparison. Note that the original ﬁgure comes from
the other document 10

Commissioning works aiming for the full operation of the interferometer have been carried out
along with the installation works. In December of 2018, we have achieved to keep locking one of
the 3-km arm cavities to optical resonance by doing feedback the error signal to the main laser’s
frequency. A stable lock of the arm cavity was also demonstrated at the beginning of 2019; the
lock state was kept more than a day over the New Year period (Fig. 5). In the ﬁgure, the upper
curve shows varying states of a state machine for acquiring the lock of the arm cavity. We are
using such state machines implemented in our digital system for controlling the interferometer.
The number are assigned to each states just to distinguish one by one, and the numbers are shown
as a curve. At that time we set a threshold with which the state machine judged the situation
was an “arm lock” using power of the transmission light from the arm cavity. There has been a
transmission monitor at the end of the arm, and collected the transmitted light. The lower curve
in Fig. 5 shows the transmitting power, but the vertical unit is still digital counts; our threshold
was 500 counts at that time. Due to acummulating mis-alignment of the mirrors for the arm, the
transmitting power got down. There are two jumps of the power, where an operator improved the
alignment.
Along with the achievement, we measured several parameters on the arm cavity including the
ﬁnesse, the absolute length, and the round-trip loss. Those results will be published elsewhere
in the future. This is an important milestone on the way to achieve the full operation of the
interferometer, and also for our plan to join the LV-O3 network (to be LV“K”-O3) in the fall of
2019.
The installation works and commissioning works have been ongoing in parallel. Actually we
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Figure 5 – The upper curve shows varying states of a state machine for the lock acquisition of the arm. At that
time, state=900 meant the optical resonance in the arm cavity. The lower curve shows power of the transmitting
light from the arm cavity; note that the vertical unit is still digital count and not in Watt.

completed most of the installation works into the vacuum chambers by the end of March of 2019.
For example, the inside of one of the cryostats is shown in Fig. 6. The cryopayload is installed
together with a large optical baﬄe that will catch stray lights from the main mirror. In the photo,
two auxiliary suspensions for heat links connected to the cryopayload are also shown (they are not
shown in the schematic views). More details about the cryopayload will be published elsewhere in
the future. The remaining installation works into the vacuum chambers are about some mid-size
optical baﬄes, some beam dumps, and a vibration isolation stage for a transmission monitor. In
addition, foreseeing future activities on noise hunting and detector characterization, we continue
to install many environmental monitors such as thermometers, hydrometers, microphones, and
accelerometers outside the vacuum chambers.
Now we rush for the full operation of a dual recycled Fabry-Perot Michelson interferometer
(DRFPMI). Actually there have been two plans for joining the LV-O3 in the autumn of 2019. The
original plan is, as already mentioned, to operate the DRFPMI stably and achieve a sensitivity of
20-25 Mpc for binary neutron-star mergers. The backup plan is to compromise the optical setup
to a Fabry-Perot Michelson interferometer, and the sensitivity would be around 8-10 Mpc for the
same sources. We have been already a few weeks behind the schedule, but still like to take the
original plan to go.
3

Toward “KAGRA+”

Foreseeing the situation after O3, we have made a working committee (future planning committee)
to discuss possible upgrade plans of KAGRA, namely “KAGRA+”. The discussion will be summarized as a white paper in a year. There are discussions on the short- and long-term upgrades.
For the short-term plan, we expect to achieve the upgrade in ﬁve years.
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Figure 6 – Schematic views of the cryopayload and the inside of the cryostat (left and center, respectively). Right:
a photograph of the inside of a cryostat.

Several plans are proposed and will be published later, so here we introduce just a surface of the
discussion brieﬂy. One of the topics under discussion is related to suspension wires connected to
the main cryogenic mirrors. This is a dilemma of the rate of heat extraction versus the suspension
thermal noise 11 . The thinner and longer wires are preferred for low suspension thermal noise, while
the thicker and shorter wires are preferred for eﬃcient heat extraction that is directly related to
mirror-coating thermal noise. For example, if we would increase power of the light inside the arm
cavity, we could reduce shot noise contribution at the higher frequency range. As the light power
illuminating the main mirrors increases, the absorbed power by the mirrors would also increase
as a drawback. Due to the dilemma above, there would be a balanced combination of thickness
and length of the suspension wires, and that would determine the suspension thermal noise and
the mirror-coating thermal noise. Therefore the noise at the lower frequency region could not be
reduced lower than a certain level.
The dilemma prevents us from improving the sensitivity in broadband frequency. Development
of elemental technologies would help to resolve those issues in the future, but here our discussion
is for the short-term upgrade in the upcoming ﬁve years. We need to choose the way to go within
the bound of feasible technologies. The optimization of the frequency region is directly related to
derivable scientiﬁc results, so we discuss on each proposal from several diﬀerent perspectives.

4

Summary

KAGRA is a large-scale cryogenic interferometric gravitational-wave detector in Japan. The main
features of KAGRA are that it uses cryogenic main mirrors for lower thermal noise, and it is
located under a mountain for quieter ground motions. We performed test runs of the KAGRA
interferometer two times so far. Most of the installation works have been completed by the end
of March 2019. Now we rush to do commissioning works for the full operation of a dual-recycled
Fabry-Perot Michelson interferemeter, and aim to join the upcoming LV-O3 (the third observation
run by LIGO and Vigro) from the autumn of 2019. Moreover, we start to discuss possible upgrade
plans from several diﬀerent perspectives, foreseeing the future beyond O3.
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Advanced Virgo status and its upgrades
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Virgo is an enhanced Michelson interferometer located near Pisa, Italy, dedicated to the
detection of gravitational waves from astronomical sources. After a shutdown of 5 years, an
upgraded version of the detector went back online in August 2017, joining the two kilometric
arm-length second generation interferometers LIGO located in the USA for an impressive
new collection of discoveries. This came less than two years after the discovery in 2015
of the ﬁrst stellar-mass black hole merger in Advanced LIGO data. The Advanced LIGO
and Advanced Virgo detectors are currently embarked into a year-long observing run. After
presenting Advanced Virgo, I describe the recent eﬀorts to reach the sensitivity expected in
the observing run which started in April, 2019. I also describe the plan for future upgrades
to increase further the sensitivity of Advanced Virgo.

1

Introduction

As predicted by general relativity, gravitational waves (GWs) are ripples in the space-time fabric
that propagate at the speed of light when produced by an accelerated distribution of mass that
has a time-varying quadrupole moment. Given the weakness of the metric deformation, only
extremely massive and compact objects are susceptible to emit GWs that could be detectable
on Earth given the source is not too distant (the amplitude decreases with the inverse of the
distance between the source and an observer). A good example of such a source of GWs is a
binary system of two neutron stars (BNS) orbiting around each other and loosing energy until
the two neutron stars plunge into each other 1 .
The eﬀect of a GW coming normally incident to a plane containing a ring of free-falling
masses is to stretch the ring in a direction and squeeze it in the orthogonal direction. The
change of the relative distance δL of two masses in free-fall separated by L, caused by a GW
of amplitude h is given by h = ΔL/L. To be able to detect a few sources per year, one needs
to detect very small amplitudes on Earth. This sets a canonical value of h ≈ 10−22 , which
corresponds to a change of the distance Earth-Sun by less than the diameter of an atom. Such
a tiny displacement measurement requires the use of light interferometry. The GW detectors
operating today are based on the Michelson interferometer: the light of a laser is split in two
orthogonal beams, which, after traveling a kilometric distance, are reﬂected and recombined at
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the beam splitter. The GW lengthens one arm and shortens the other, and thus creates a path
length diﬀerence, which can be detected in the output interference fringe. In the last 30 years,
four locations in the world have been equipped with kilometric arm-length interferometers. The
network is composed of two detectors in the USA (LIGO Hanford in the state of Washington
and LIGO Livingston in the state of Louisiana) the Virgo detector near Cascina in Italy and
the KAGRA detector at the Kamioka mine in Japan whose installation completed few months
ago a . LIGO and Virgo have been taking data for more than 15 years, rotating observing periods
with commissioning and upgrades. Since 2007, the LIGO Scientiﬁc Collaboration and the Virgo
collaboration are jointly analyzing their data forming the LIGO and Virgo collaboration (LVC).
Between 2011 and 2015, the detectors of the network were substantially upgraded (secondgeneration of detectors 2,3 ) such that the sensitivity of the detectors will be improved by a factor
10. The sensitivity of the detectors is measured by their noise spectral density (see for instance
Figure 4) but also by the “BNS range” which is the average distance at which the detector can
detect a BNS merger with a SNR of 8 for sources uniformally distribution over the sky with
random inclination and polarization angles.
In this article we describe the main features of the Advanced Virgo (Advanced Virgo) detector and summarize the recent eﬀorts undertaken for the third LIGO-Virgo observing run (O3)
that started 2019 April 1st. We then present Virgo’s current performance and sketch out the
program of upgrades to let Virgo reach a BNS range of at least 125 Mpc circa 2025 4 .
2
2.1

Advanced Virgo status
Overview of the detector

To be able to detect a GW amplitude of the order of 10−22 some modiﬁcation to the Michelson
interferometer designal are mandatory: the length of the arms are of 3 km in Virgo such that
the displacement to measure is of the order of a few 10−18 m. The eﬀective arm length can be
further increased by adding a mirror at the beginning of each arm such that the light make several
round-trips inside Fabry-Perot cavities. If the interferometer is tuned such that the two beams
interfere negatively at the output port, the laser power is actually exiting the interferometer
towards the laser source. By installing a mirror between the laser and the beam-splitter, the
laser light is recycled inside the interferometer increasing the light power circulating inside the
interferometer. It reduces the shot noise that scales with the inverse of the square root of
the light power. The shot noise is the limiting noise at high frequencies (above 300 Hz). At low
frequencies, the seismic noise is attenuated above 4 Hz by suspending the mirrors and the optical
benches (Virgos’ large mirrors are suspended from a 10 m high multiple pendulum chain named
“super-attenuator”). The ﬂuctuation of the refractive index of the air is a source of noise that
is suppressed by moving the interferometer inside a large vacuum chamber where the residual
gas pressure is of the order of 10−9 mbar. Figure 1 illustrates the main elements of the Virgo
layout.
The Virgo detector has been working in its ﬁrst-generation conﬁguration until the fourth
Science Run that completed in 2011. Immediately after the machine was shut down for upgrades
until 2016. The upgrades of the Virgo detector have been discussed starting in the mid-2000s as
it was already obvious that the ﬁrst generation of GW detectors would not be sensitive enough
to detect a GW source. The aim of the Advanced Virgo detector, like Advanced LIGO, is to
gain a factor 10 of sensitivity over the whole frequency range from 10 Hz and 10 kHz 2,3 . To
achieve this goal it is necessary to consider all limiting sources of noise in each frequency band
(as represented in Figure 2) and propose changes to reduce their contribution. We list the main
changes, but many other parts of the detector and its infrastructure have been upgraded as
well 5 .
a
The GEO detector near Hannover in Germany has arms of 300 m and is mainly used to develop and test new
technological ideas.
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Figure 1 – Layout of the Advanced Virgo detector in its current conﬁguration 2 . The main optical elements are
the power recycling mirror (PRM), the beam-splitter (BS), the west and north input and end cavity mirrors (WI,
WE, NI and NE). The laser optical benches, and the output detection benches hosting B1 photodiodes have been
upgraded as well as the output mode-cleaner (OMC). The signal recycling mirror (SRM) is not yet installed. Some
compensation plates (CP) have been added in front of the two input mirrors to prevent the thermal compensation
system CO2 laser to introduce noise. Finally, a pick-oﬀ plate (POP) has been installed after the PRM for the
control of the interferometer.

Monolithic suspensions The large mirrors are isolated from the ground vibration through
a chain of 5 ﬁlters attached at the top of an inverted pendulum that is screwed to the ground.
The last stage of the suspension is the payload, composed of mobile system called marionette
that allows for steering the mirror suspended to it. The marionette and the mirror form an
oscillating pendulum whose thermal excitation is distributed between the resonance frequency
and a broadband noise as shown in black on Figure 2. The mechanical energy dissipation in the
pendulum can be lowered by using fused silica ﬁbers instead of steel wires. This forms the socalled monolithic suspensions. In order to anticipate Advanced Virgo upgrades, Virgo has been
functioning with monolithic suspensions during its third and fourth Science Runs (2010-2011).

Mirrors Another means to reduce the last stage thermal noise is to increase the mass of the
mirrors. Assuming a constant excitation energy, a larger mass will have a smaller displacement.
For Advanced Virgo the mass of the arm cavity mirrors have been doubled from 20 kg to 40 kg.
This also reduces the noise caused by the radiation pressure which is larger in Advanced Virgo
because the light power circulating inside the cavities is larger. The quality of the mirror
surface is also improved (residual roughness <0.5 nm), and the coating absorption (<0.5 ppm)
and scattering (<10 ppm) has been reduced 6 .

Arm cavity ﬁnesse The ﬁnesse F of the arm cavities has been increased by a factor 3, by
increasing the input mirror reﬂectivity. The number of reﬂections of the light inside the cavities
is larger, enlarging the eﬀective arm length which is bigger than the real length by a factor
2F/π.
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Figure 2 – Expected noise amplitude spectral density for the diﬀerent sources of limiting noise of Advanced Virgo
(color) and the resulting sensitivity curve (black) corresponding to the design sensitivity of Advanced Virgo.

Thermal compensation system Despite the very low absorption capability of the mirrors,
the core of the optics get distorted non uniformally over the surface. If not controlled these
thermal aberrations may lead to form unstable cavities. A system of ring heaters and CO2 laser
to heat certain part of the optics have been installed for Advanced Virgo.
Stray light control To mitigate the eﬀect of stray light, many optical benches have been
suspended in vacuum. Additional baﬄes and diaphragms to catch the diﬀused light have also
been installed.
Vacuum The ﬂuctuations of the refractive index of the residual gas in the arm vacuum chamber cause a ﬂuctuations of the light path length mimicking the path of a GW. To decrease the
residual pressure inside the arm tubes, 4 cryotraps, at each end of the cavities, have been installed. They operate at the liquid Nitrogen temperature and absorb the residual water vapor,
bringing the pressure down to 10−9 mbar.
The experience with ﬁrst generation GW detectors has demonstrated that it takes years
of commissioning and sometimes hardware changes to reach the design sensitivity of these very
complicated apparatus. Yet, the sensitivity of the GW detectors is good enough to detect already
many GW events. For many years, the LIGO Scientiﬁc Collaboration, the Virgo Collaboration
and and now KAGRA Collaboration have deﬁned a joint schedule of observing runs interlaced
with commissioning periods aiming at improving the sensitivity step by step. Figure 3 shows
the foreseen observing runs schedule for the next decade.
2.2

Advanced Virgo performance during the O2 run

The commissioning of Advanced Virgo started in October 2016, one month before the O2 run
scheduled up to the end of August 2017. It has been a race against the clock for Advanced Virgo
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Figure 3 – Schedule of observing runs of the Advanced LIGO, Advanced Virgo and KAGRA detectors over the
coming years. The observing runs are drawn in color with achieved sensitivities in O1 and in O2. In between
runs commissioning and hardware upgrades are carried out 4 .

to be able to join O2 with a reasonable sensitivity (LIGO detectors reaching a BNS range of ∼ 80
Mpc at that time). Unfortunately the start of Advanced Virgo commissioning has been troubled
by repeated breakage of fused silica ﬁbers when mirrors were suspended in vacuum. This was
even less expected that the monolithic suspensions were installed in 2010 and functioned well
until Virgo shutdown end of 2011. This led to the decision to replace fused silica ﬁbers with
steel wires to let the commissioning progresses until the cause of the breakage is understood. It
took actually several months to ﬁgure out that dust particles generated by scroll pumps were
blown at high speed towards the ﬁbers during a venting of the vacuum chamber. The solution
to be implemented after the O2 run was ﬁrst to replace the scroll pumps and add protections
around the ﬁbers. In March 2017, Advanced Virgo has been locked for more than one hour in
a conﬁguration closed to its nominal state for science observation. In June 2017, the sensitivity
remained below 10 Mpc BNS range while the end of O2 was approaching. Thanks to an intense
period of commissioning, a few sources of limiting noise have been understood and mitigated
such that at the end of July, the BNS range over passed 20 Mpc. Advanced Virgo ﬁnally joined
the O2 run on August 1st 2017 with a BNS range of almost 30 Mpc. The sensitivity curves of
the LIGO and Virgo detectors at the end of the O2 run are shown in Figure 4. The Advanced
LIGO detectors, having started their upgrades earlier than Virgo, had been able to reach a BNS
range between 60 and 100 Mpc.
2.3

First detections with Advanced Virgo

Thanks to the achieved sensitivity in summer 2017, on August 14th, the Advanced Virgo detector
has recorded the trace of a 30 M + 25 M binary black hole merger GW170814 together with
the LIGO detectors 7 . It was the ﬁrst 3-detector GW event and a demonstration that the sky
localization of a source is greatly improved with the 3-detector network (the 90% credible area
on the sky shrinks from 1160 deg 2 to 100 deg 2 when including Virgo data.). Three days later,
GW170817 was discovered but this time, it was a lower mass system compatible with the end
of the coalescence of two neutron stars 8 . Another remarkable fact was that the short gamma
ray burst emitted 1.7 s after the merger has been detected online by the Fermi-GBM satellite
and later conﬁrmed by Integral 9 . This conﬁrmed the standard scenario that short gamma ray
burst are associated to the merger of two neutron stars. The rather short distance of the source
(40 Mpc), the relatively small sky area of 28 deg 2 and the large number of follow-up of the source
allowed to identify the optical counterpart in the galaxy NGC 4993. This allows to observe the
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Figure 4 – Amplitude spectral density curves of Advanced Virgo (purple), Advanced LIGO (blue and red) and
GEO (black) detectors. At high frequency one sees the eﬀect of the absence of the use of signal recycling in the
Advanced Virgo sensitivity curve which is less wide band than the LIGO ones.

bright UV/blue emission that faded within 48 hours. This was the ﬁrst time a kilonova powered
by the radiative decay of r-process nuclei synthesized in the ejecta was observed. The source has
then been observed in all wavelengths marking the start of the multi-messenger astronomy with
GWs 10 . In total GW 5 events have been observed jointly during the month Advanced Virgo
joined O2 11 .
2.4

2018 commissioning to prepare the O3 run

At the end of O2, Advanced Virgo has been given back to the commissioning team which started
with few months of investigation to mitigate the detector noise that could not have been done
before Advanced Virgo joined O2. Then a series of hardware changes took place: only few weeks
were needed to replace the steel wires with fused silica ﬁbers for the cavity mirrors and add the
protection to protect the ﬁbers against dust particles (since then none of the Advanced Virgo
test mass ﬁbers have broken). The silica wires suspending the mirrors had been damaged due
to dust contamination in the vacuum system. Several causes were identiﬁed; among others,
the scroll pumps generated excess dust, and the conﬁguration of the evacuation/venting system
allowed injection of the dust into the vessels. Multi-root pumps were installed instead of the
scroll pumps, the venting system was changed, and the inside of the vacuum system was carefully
cleaned and is monitored with improved dust detection systems at each intervention.
In January 2018, a squeezed light source built by the GEO group in Hangover has been
installed. This was not foreseen in the original design of Advanced Virgo where the solution to
reduce the shot noise was to increase the laser power up to 200 W. Yet, the experience gained over
the years with higher and higher laser power has shown that high power circulating inside the
interferometer is rather challenging: radiation pressure makes controls unstable, mirrors thermal
deformation needs to be compensated and the parametric instabilities which are excitations
of internal vibrations of the mirrors interacting with high-order resonance modes of the arm
cavities may show up . Groups at GEO and LIGO have built sources of squeezed light 12,13
making the technology very appealing to gain sensitivity at high frequency without increasing
the laser power. The light squeezing is using quantum eﬀects for controlling light ﬂuctuations by
using nonlinear optical processes, but this will operate for only one state of the electromagnetic
ﬁeld (the Heisenberg uncertainty principle applies to the vacuum electromagnetic ﬁeld quantum
ﬂuctuations).
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The high-power sensitivity is limited by the shot noise, which is due to the quantized interaction of the light with the photo detector. The higher the power in the interferometer, the
lower the eﬀect of the shot noise on the sensitivity. The main laser of Virgo is composed of a 1 W
master laser, which imposes its high stability onto a 20 W slave laser. A ﬁnal ampliﬁer generates
the power required for the operation of the interferometer. This ampliﬁer could deliver up to
70 W during O2. In 2018, it has been replaced with a 100 W unit. Considering the losses in
the injection system, the maximum power that can be delivered to the interferometer input is
now about 60 W. The injection system had been adapted in order to withstand the increased
power already during the upgrade. It has also been tested that the squeezer built by the GEO
group can provide up to 14 dB of squeezing for downstream application. The performance inside
Advanced Virgo are more modest with a measured peak squeeze injection of almost 3 dB, equivalent to increasing the input power by a factor of 2 (from 18 W to 36 W). This 3 dB limitation
is due to the large optical losses. To complete the description, let us mention that a new pre
mode-cleaner has been installed as well as a new Faraday isolator to better suppress the light
reentering the laser injection source.
End of June 2018, advanced Virgo was back online with a BNS range of 35 Mpc with 18 W
entering into the interferometer. Several commissioning tasks have been carried out during
the summer 2018 (timing distribution system upgrade, intra-cavity losses reduction, stray light
mitigation on detection benches) and several issues had to be ﬁxed (laser ampliﬁer power unit
replacement, output mode-cleaner failure, second stage frequency stabilization failure and minitower suspension ﬁxing). But the main frustration came from the attempts to increase the laser
power from 18 W to 25 W as the interferometer controls became unstable. The situation was
all the more so diﬃcult because to understand the origin of the instabilities it was necessary
to have the interferometer cavities locked. In addition to that, by the end of the summer, a
“mysterious” source of noise at low frequency started to be more and more dominant below
100 Hz. The spectrum of this noise followed a power law (f −2.3 ) that did not correspond to any
known source of noise. It turned out to be induced by residual charges at the surface of the end
cavities mirror that couple with the mirror control electronics common mode. The noise level
was reduced by reducing the coupling and a procedure to discharge the mirrors has been tested.
In October 2018, the commissioning team decided to reduce the laser power to its initial value
of 18 W. That allowed to carry on various commissioning activities (injection fast unlocks ﬁxed,
output mode cleaners match losses decrease, detection bench stray light hunting, detection bench
suspension ﬁxed, etc) such that in February 2019 advanced Virgo BNS range reached 55 Mpc.
This was very closed to the nominal value of 60 Mpc advanced Virgo foresaw in the LIGO-VirgoKAGRA observing plan 4 . Figure 5 compares the noise amplitude spectrum of advanced Virgo
achieved in 2019 to the best sensitivity during O2.
2.5

Preparation to the third observing run

At the time of the writing of these proceedings, the Advanced Virgo detector sensitivity is very
stable but is stuck between 45 Mpc and 50 Mpc. The culprit for not reaching 60 Mpc is an still
unknown source of noise between 40 Hz and 400 Hz where one expected the best sensitivity.
3

Advanced Virgo upgrades

To fully take advantage of the existing instrument and infrastructure and because new ideas
to improve the sensivity have been proposed since the time of the design of Advanced Virgo,
an upgrade of the Advanced Virgo detector has been recently proposed. The project is named
AdV+ and is split into two phases to allow more time for changes that demand time and that
are more invasive. The goal of this project is to be able to bring Advanced Virgo BNS range
from 100 Mpc to 200 Mpc. The two phases would be implemented between O3 and O4 (phase
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Figure 5 – Advanced Virgo noise amplitude spectral density curves on February 2019 (blue) compared to the best
sensitivity state achieved during O2 (pink) on August 2017. The sensitivity gain is all over the frequency range.

1) and between O4 and O5 (phase 2). In the following we brieﬂy list the main components of
AdV+ project:
Phase 1: signal recycling installation Signal recycling or dual recycling is a method to
optimize the response of GW detectors to the expected astrophysical signals. It consists in
placing a partially-transmitting mirror between the beam-splitter and the dark output port. By
careful adjustment of the position of the mirror the important GW signals can be boosted. Signal
recycling allows the matching condition to be adjusted to ”tune” the detector’s response to the
frequency band of the waves. One of this tuning consists in making the detector’s response larger
in frequency and is well adapted for GW signals that span a large frequency band such that the
coalescence of two neutron stars. The signal recycling mirror needs to be installed, as well as
a ring heater around it. The interferometer lock acquisition procedure is still under discussion
and may require the installation of auxiliary lasers to lock the long arm cavities independently.
Phase 1: higher laser power The current solid state ampliﬁer laser is able to deliver 100 W
but is cumbersome to control. The use of ﬁber laser, more compact and not requiring any
alignment, has been proposed. It is currently the best technological solution to build later a
200 W laser.
Phase 1: frequency dependent squeezing The squeezing technique will be further reﬁned
by installing frequency-dependent squeezing which avoids the low frequency sensitivity degradation that is the counterpart of high-frequency improvement. Two options are studied: an in air
source built by the GEO Hannover group that could be available for phase 1 or an in vacuum
solution developed by the LKB/CNAR lab that would be for phase 2.
Phase 1: Newtonian noise cancellation An array of seismic noise sensors will be installed
in the buildings hosting the end arm test masses and in the building hosting the beam-splitter.
Noise in this building is about an order of magnitude higher than the noise in the vicinity of
Virgo. The seismic noise near the test masses is dominated by infrastructure noise, causing
a ﬂuctuation of the Newtonian force between the test masses and the masses surrounding the
mirrors. By measuring constantly the seismic noise, one can subtract the force applied to the
mirrors.
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Phase 2: high power laser (200 W) Originally, it was foreseen to combine two ﬁber lasers
of 100 W. Recent progresses have shown that it may be possible to have a single 200 W ﬁber
laser.
Phase 2: heavier mirrors and larger beams To reduce the thermal noise, one option is
to replace the two end arm mirrors with larger ones of ∼ 100 kg and 55 cm of diameter. That
will allow to have larger spots on the mirror, spreading the heat over a larger mirrors. The use
of larger mirrors will require many hardware changes.
Phase 2: coating thermal noise A large R&D eﬀort is required to improve the current
mirror coating losses by a factor 3 14 .
4

Conclusion

The Virgo detector has been upgraded and has demonstrated in 2017 its capability to detect GW
sources. Advanced Virgo and Advanced LIGO are currently embarked in the third observing
run that will end in April 2020. During O3, GW alerts are publicly sent automatically through
the GCN system. At the time of the writing, the LVC has sent 14 alerts and retracted two
of them after ﬁnding that non stationary features in the data were at the of the events. In
parallel to this scientiﬁc campaign, ideas to investigate the limiting sources of noise are getting
developed by the commissioning team. Further upgrades are foreseen after the end of the O3
run for achieving the maximum sensitivity possible in the existing infrastructure.
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We summarize the four tests of general relativity carried out using the ten binary black hole
signals detected by Advanced LIGO and Advanced Virgo and included in their ﬁrst catalog, GWTC-1. These events provide unprecedented opportunities for testing the predictions
of general relativity for the gravitational waveforms from these highly dynamical, strong-ﬁeld
events. The ﬁrst two tests check the consistency of the residuals with noise and the consistency
of the low- and high-frequency parts of the signal. The other two tests check that parameterized deviations in the waveform model—including in the post-Newtonian coeﬃcients—are
consistent with zero, and that the propagation of the waves is nondispersive. These tests reveal no evidence for deviations from general relativity, and the combined constraints improve
previous results by factors of up to 2.5. We also check that the binary black hole signals
observed by all three detectors do not give stronger constraints on alternative polarizations
than those obtained from GW170817.

1

Introduction

General relativity (GR) has been subjected to a wide variety of tests in its over 100 years of
existence 1 . However, it is only in the past few years that we are able to test it in some of the
most extreme regimes in the Universe, the coalescences of compact binaries. This is possible
through the detection of gravitational waves from these systems by the Advanced LIGO 2 and
Advanced Virgo 3 detectors. In the ﬁrst two observing runs of the advanced detector era, LIGO
and Virgo detected signiﬁcant signals from ten binary black hole coalescences and one binary
neutron star coalescence, given in their ﬁrst catalog, GWTC-1 4,5 . Here we will discuss the tests
of general relativity performed using those ten binary black hole coalescences. These results
are given in a detailed paper 6 (later referred to as “the main paper”), which we summarize
here. The tests of general relativity performed by the LIGO and Virgo collaborations using the
binary neutron star coalescence GW1710817 and its electromagnetic counterparts are described
in other papers 7,8 .
The binary black hole events provide very clean laboratories with which to test general
relativity in the highly dynamical, strong-ﬁeld regime. Indeed, observations of compact binary
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Table 1: The GW events considered in this paper, separated by observing run. The ﬁrst block of columns gives
the names of the events and lists some of their relevant properties obtained using GR waveforms (luminosity
distance DL and source frame total mass Mtot ). The middle column gives the signal-to-noise ratio (SNR) from
the matched ﬁlter analysis with GR waveforms. The last block of columns indicates which GR tests are performed
on a given event: RT = residuals test (Sec. 4); IMR = inspiral-merger-ringdown consistency test (Sec. 5); PI &
PPI = parameterized tests of GW generation for inspiral and post-inspiral phases (Sec. 6); MDR = modiﬁed GW
dispersion relation (Sec. 7). The events with bold names are used to obtain the combined results for each test.
Adapted from Table I in the main paper.

Event
GW150914
GW151012
GW151226
GW170104
GW170608
GW170729
GW170809
GW170814
GW170818
GW170823

Properties
DL
Mtot
[Mpc]
[M ]
440+150
66.1+3.8
−170
−3.3
+550
1080−490 37.2+10.6
−3.9
450+180
21.5+6.2
−190
−1.5
+440
990−430
51.0+5.3
−4.1
320+120
18.6+3.2
−110
−0.7
2840+1400
84.4+15.8
−1360
−11.1
1030+320
59.0+5.4
−390
−4.1
+150
600−220
55.9+3.4
−2.6
1060+420
62.2+5.2
−380
−4.1
1940+970
68.7+10.8
−900
−8.1

SNR
25.3+0.1
−0.2
9.2+0.3
−0.4
12.4+0.2
−0.3
14.0+0.2
−0.3
15.6+0.2
−0.3
10.8+0.4
−0.5
12.7+0.2
−0.3
17.8+0.3
−0.3
11.9+0.3
−0.4
12.0+0.2
−0.3
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coalescences are at present our only way of probing gravity in such regimes. These binaries
reach speeds of roughly 0.5c close to merger (see, e.g., Fig. 2 from the GW150914 detection
paper 9 ) and have spacetime curvature scales at least as small as ∼ 14 km.a These binary black
holes are also at very large distances compared to their orbital separations (factors of  1020 ,
considering the evolution since the binary enters the LIGO/Virgo band), which makes these
signals an excellent place to test propagation eﬀects like dispersion.
In the absence of detailed calculations of gravitational waveforms from binary black holes
in alternative theories of gravity (that give diﬀerent predictions from GR), we perform null
tests, either looking for residual signals after subtracting the best-ﬁt GR waveform, checking for
consistency of diﬀerent parts of the signal, or looking for deviations from the GR predictions
for waveform coeﬃcients or in the GR predictions for nondispersive propagation of gravitational
waves.
2

Events

We list the events we consider in Table 1. In order to check agreement with general relativity
for events with somewhat low signiﬁcance (to see if this can explain why they are less signiﬁcant
than other events), we set a relatively low threshold of a false-alarm rate (FAR) of less than
one per year in any of the three detection pipelines considered in the GWTC-1 paper 4 : two
modeled pipelines 11,12,13,14,15 , which use GR waveforms, and one weakly modeled pipeline 16,17,18 ,
which assumes a chirping signal but no speciﬁc GR predictions. The weakly modeled pipeline
would likely pick up a suﬃciently strong signal that diﬀered from GR predictions, even if it
was downweighted by the GR signal consistency tests in the modeled pipelines. However, to
a
This curvature scale is obtained from the inverse fourth root of the Kretschmann scalar at the horizon of the
individual black hole with the lowest 90% credible level upper bound on its mass (8.9M , for the lighter black
hole in the source of GW170608). We use the Schwarzschild value to be conservative—spinning black holes have
more strongly curved spacetime for a given total mass, but only by at most a factor of ∼ 3 by this measure. See,
e.g., Eq. (5.47) in Poisson’s textbook 10 for the expression for the Kretschmann scalar for Kerr black holes.
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obtain our combined results, we only consider very conﬁdent events, with FARs less than one
per thousand years in both modeled pipelines.
Additionally, we are not able to perform every test on each event: While the residuals
and propagation tests are applicable to every event, the consistency test of the low- and highfrequency parts of the signal requires there to be suﬃcient signal-to-noise ratio (SNR) in both
parts of the signal. For the tests of waveform coeﬃcients, one again needs suﬃcient SNR in
either the low- or high-frequency part of the signal to check the coeﬃcients describing those
regimes. We chose an SNR of 6 in either the low- or high-frequency part of the signal as the
threshold (deﬁning low- and high-frequency appropriately for each test, as discussed in the main
paper), and show the events for which one can apply these tests in Table 1.
When combining together these results, we follow the spirit of our null test and combine the
results assuming that GR is correct (e.g., multiplying together posterior probability distributions
from the various events for the tests that produce these). As discussed in the main paper and
elsewhere 19 , this is a strong assumption, except in the case of the propagation constraints,
where the dependence on the distance to the source is accounted for in the application of the
test. However, as shown in 20 this way of combining together results can detect some deviations
from GR that are not the same for every signal. There are also recent proposals for how to
combine together results without such assumptions 21 that may be used in the future.
3

Waveforms and inference

All of the tests of GR we consider rely on having accurate predictions for the gravitational
waveforms from binary black holes in GR. One needs full numerical simulations to accurately
describe the waveforms from the late inspiral and merger of these systems 22 . However, such simulations are very computationally expensive, and cannot be run for long enough to describe the
full signal in the LIGO/Virgo band except for suﬃciently massive systems. One thus constructs
fast-to-evaluate model waveforms that use perturbation theory results (notably post-Newtonian
theory to describe the inspiral 23 ) and are calibrated to the results of numerical simulations.
We use the IMRPhenomPv2 natively frequency domain precessing waveform model 24,25
for the primary results in this paper and use the SEOBNRv4 aligned-spin model 26 to perform
checks of waveform systematics (this is a reduced order model of the natively time-domain
eﬀective-one-body model). While there is a precessing eﬀective-one-body waveform model used
to estimate the parameters of the GWTC-1 binary black hole systems 4 , it does not yet have a
reduced order model, making it too slow to be used for most of the tests we consider. While
there is physics missing from these waveform models (notably double-spin precession, higher
modes, and eccentricity), we see no evidence in these tests that this missing physics is needed to
describe the signals we observe to the accuracy allowed by the noise. As discussed in the main
paper, waveform models including these additional eﬀects are now available or being developed
and will be used in future applications of these tests of GR.
We estimate the parameters describing the binaries and any additional non-GR parameters
in the framework of Bayesian inference using the LALInference code 27 in the LIGO Scientiﬁc
Collaboration Algorithm Library Suite (LALSuite) 28 . We estimate the noise power spectral
density using the BayesWave code 29,30 , as described in Appendix B of 4 .
4

Residuals test

The ﬁrst test we consider checks whether the residual remaining after subtracting the maximum
likelihood GR waveform (from the analysis in 4 ) is consistent with detector noise. We do this by
calculating the SNR of the residuals using the BayesWave code, which describes the signal in
the detectors as a sum of incoherent Gaussian noise and an elliptically-polarized coherent signal.
We then compare the 90% credible upper limit on the SNR from BayesWave to the distribution
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Figure 1 – (Left) Survival function (p = 1 − CDF) of the 90%-credible upper limit on the noise-only network
SNR (SNR90 ) for each event (solid or dashed curves), compared to the measured residual values (vertical dotted
lines). For each event, the value of the survival function at the measured SNR90 gives the p-value√(markers). The
colored bands correspond to uncertainty regions for a Poisson process and have half width ±p/ N , with N the
number of noise-only instantiations that yielded SNRn90 greater than the abscissa value. (Right) Results of the
inspiral-merger-ringdown consistency test for the selected BBH events (see Table 1). The main panel shows 90%
credible regions of the posterior distributions of (ΔMf /M̄f , Δaf /āf ), with the cross marking the expected value
for GR. The side panels show the marginalized posteriors for ΔMf /M̄f and Δaf /āf . The thin black dashed curve
represents the prior distribution, and the grey shaded areas correspond to the combined posteriors from the ﬁve
most signiﬁcant events (as outlined in Sec. 2 and Table 1). Both ﬁgures are reproduced from the main paper.

of SNRs obtained from applying the same analysis to 200 diﬀerent sets of noise-only detector
data near each event. This distribution lets us compute a p-value from the residuals SNR. The
results are shown in Fig. 1. We ﬁnd that the p-values are at least 0.05 (this smallest value
is for GW170608), and the meta p-value (checking that the individual p-values are uniformly
distributed) computed using Fisher’s method 31 is 0.4. Thus, there is no statistically signiﬁcant
evidence for deviations from GR.
5

Inspiral-merger-ringdown consistency test

The inspiral-merger-ringdown consistency test 32,20 checks if the ﬁnal mass and spin inferred
from the low- and high-frequency parts of the signal are consistent. By the stationary phase
approximation, the low- and high-frequency parts of the signal roughly correspond to the inspiral
and post-inspiral (merger-ringdown) parts of the signal, hence the name. The ﬁnal mass and
spin are used for this test because they are generally well-determined quantities, particularly
from the merger-ringdown part. The split between the low- and high-frequency parts of the
signal is given by the dominant gravitational wave frequency associated with the innermost
stable circular orbit of the ﬁnal black hole (i.e., twice the orbital frequency), using the analysis
on the full signal from 4 .
The analysis applies the same waveform models to the low- and high-frequency parts of
the signal, just changing the frequencies over which the likelihood integral is computed, and
uses the same ﬁts to numerical relativity simulations to obtain the ﬁnal mass and spin from
the initial masses and spins that parameterize the waveform model. The diﬀerences between
the two estimates of the same quantities are normalized by the average of the estimates to
give scaled quantities that are used when combining together results: ΔMf /M̄f := 2 (Mfinsp −
Mfpost-insp )/(Mfinsp +Mfpost-insp ) and Δaf /āf := 2 (ainsp
−apost-insp
)/(ainsp
+apost-insp
). The results
f
f
f
f
are presented in Fig. 1, and all events are consistent with GR, with the GR value being recovered
at the ≤ 80% credible level—the largest value is for GW170823. The analysis with SEOBNRv4
produces similar results.
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Figure 2 – (Top left) 90% upper bounds on the absolute magnitude of the GR-violating parameters δ ϕ̂n , from
−1PN through 3.5PN in the inspiral phase. At each PN order, we show results obtained from each of the
events listed in Table 1 that cross the SNR threshold in the inspiral regime, analyzed with IMRPhenomPv2.
Bounds obtained from combining posteriors of events detected with a signiﬁcance that exceeds a threshold of
FAR < (1000 yr)−1 in both modelled searches are shown for both analyses, using IMRPhenomPv2 (ﬁlled diamonds) and SEOBNRv4 (empty diamonds). (Top right) 90% upper bounds on deviations |δ ϕ̂n | in the PN
coeﬃcients obtained from GW170817 using the extensions of the IMRPhenomPv2 and SEOBNRv4 models to
include tidal eﬀects. (Bottom) Combined posteriors for parametrized violations of GR, obtained from all events
in Table 1 with a signiﬁcance of FAR < (1000 yr)−1 in both modeled searches. The horizontal lines indicate
the 90% credible intervals, and the dashed horizontal line at zero corresponds to the expected GR values. The
combined posteriors on ϕi in the inspiral regime are obtained from the events which in addition exceed the SNR
threshold in the inspiral regime (GW150914, GW151226, GW170104, GW170608, and GW170814), analyzed with
IMRPhenomPv2 (grey shaded region) and SEOBNRv4 (black outline). The combined posteriors on the intermediate and merger-ringdown parameters βi and αi are obtained from events which exceed the SNR threshold in
the post-inspiral regime (GW150914, GW170104, GW170608, GW170809, GW170814, and GW170823), analyzed
with IMRPhenomPv2. Figures are reproduced from the main paper and the GW170817 testing GR paper.

6

Parameterized test of gravitational wave generation

This test considers parameterized deviations of various coeﬃcients describing the (frequencydomain) phase of the aligned-spin IMRPhenomD waveform model that underlies IMRPhenomPv2, and checks that these deviations are consistent with zero 33 . In particular, it considers
deviations in all the post-Newtonian (PN) coeﬃcients ϕi present in the waveform model [through
3.5PN, or O(v 7 ), where v is the binary’s orbital speed], as well as the possibility for terms at
−1PN and 0.5PN, which would be associated with dipole radiation. The test also considers
deviations in the phenomenological coeﬃcients βi and αi describing the intermediate frequency
and merger-ringdown portions of the model, respectively. The deviation parameters are denoted
by δ p̂i , where p ∈ {ϕ, β, α} and are fractional deviations in all cases except for the −1PN and
0.5PN coeﬃcients, which are zero in GR.
The results are shown in Fig. 2, along with the bounds on deviations in the PN coeﬃcients using GW170817 8 , for comparison. The GW170817 results are obtained using tidal extensions 34,35
to IMRPhenomPv2 and SEOBNRv4. The SEOBNRv4 constraints on the PN coeﬃcients are
obtained by tapering the deviation above the end of the inspiral in the IMRPhenomD model,
while the IMRPhenomPv2 results are obtained by letting the change to the PN coeﬃcient af-
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Figure 3 – (Left) 90% credible upper bounds on the absolute value of the modiﬁed dispersion relation parameter
Aα . We show results for positive and negative values of Aα separately. Speciﬁcally, we give the updated versions of
the results from combining together GW150914, GW151226, and GW170104, as well as the results from combining
together all the events meeting our signiﬁcance threshold for combined results (see Table 1). Picoelectronvolts
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frequencies of the LIGO and Virgo instruments. (Right) Violin plots of the full posteriors on the modiﬁed
dispersion relation parameter Aα calculated from the combined events, with the 90% credible interval around the
median indicated. Figures reproduced from the main paper.

fect the rest of the waveform by the C 1 matching used to construct the waveform model. These
results thus check for possible systematics in the way of adding the deviations as well as in the
waveform modeling. The results are all consistent with GR, and the combined results improve
previous results by factors between 1.1 and 1.8.

7

Parameterized test of gravitational wave propagation

The phenomenological dispersion relation E 2 = p2 c2 + Aα pα cα (where E and p are the energy
and momentum of the gravitational waves and Aα and α ≥ 0 are phenomenological coeﬃcients)
can describe several possible extensions of the dispersion relation in GR (Aα = 0), including
a massive graviton (α = 0, A0 > 0) and various Lorentz-violating phenomenologies 36,37 . This
dispersion relation leads to dispersive propagation of the waves (and thus an observable phase
shift) in all cases with Aα = 0 except for α = 2, where it just rescales the speed of propagation
with no dispersion. As discussed in the main paper, it is reasonable to take the waveform that
would be observed near the source to be given by the GR waveform to good accuracy, and thus
the only modiﬁcations to the waveform are those from the propagation governed by the modiﬁed
dispersion relation.
We present the results in Fig. 3, ﬁnding no indication for dispersive propagation. The
individual constraints improve previous results (from the GW170104 paper 38 ) by up to a factor
of 2.5.b In particular, we improve our previous constraint on the graviton mass by a factor of
1.5, to mg ≤ 4.7 × 10−23 eV/c2 (90% credible level), slightly better than the complementary
Solar System constraint using the Yukawa potential of mg ≤ 6.76×10−23 eV/c2 (90% conﬁdence
level) 39 . The constraints on modiﬁed dispersion obtained from GW170817 8 are not as stringent
as the ones from binary black holes, since the source of GW170817 is much closer.
b
The results in the GW170104 paper 38 were aﬀected by a slight normalization issue, and also had insuﬃciently
ﬁne binning in the computation of the upper bounds. However, we ﬁnd improvements of up to a factor of 3.4
when comparing to the combined GW150914 + GW151226 + GW170104 bounds we compute here.
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8

Constraints on alternative polarizations

For sources observed with three detectors, it is possible to distinguish signals with purely tensor
polarizations from those with purely vector or purely scalar polarizations, due to the detectors’
diﬀerent antenna pattern for the diﬀerent polarizations 40 . One computes the Bayes factors comparing purely tensor polarizations to purely vector or purely scalar polarizations and ﬁnds that
purely tensor polarizations is indeed preferred, as predicted by GR. By far the best constraints
(Bayes factors > 1020 in favor of purely tensor polarizations) come from GW170817, with its precise sky localization from the optical counterpart 8 . However, the binary black hole signals still
clearly favor purely tensor polarizations, with GW170814 and GW170818 giving Bayes factors
of a few tens and hundreds in favor of purely tensor polarizations versus purely vector or scalar
polarizations, respectively. The other binary black holes detected with all three detectors do not
have a high enough SNR and/or good enough sky localization to provide relevant information.
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GW170817/GRB 170817A: AN ASTRONOMY/ASTROPHYSICS VIEWPOINT
D. Chatterjee
(for the LIGO Scientiﬁc Collaboration and Virgo Collaboration)
Center for Gravitation Cosmology and Astrophysics, Department of Physics, University of
Wisconsin-Milwaukee,
3135 N Maryland Ave., Milwaukee, Wisconsin 53211, USA

On August 17, 2017, the ground based Laser Interferometer Gravitational-Wave Observatory (LIGO) and the Virgo detectors observed gravitational waves from a binary neutron-star
(BNS) coalescence. This event, named GW170817, was shortly followed by a spatially and
temporally coincident gamma-ray burst (GRB), GRB 170817A. The association of the two
gave the ﬁrst observational evidence that BNS systems are progenitors of, at least, some short
GRBs. Follow-up operations on this event were unprecedented across the electromagnetic
spectrum and led to the observation and conﬁrmation of the “kilonova”, AT 2017gfo. The
transient was found ∼ 20 kpc oﬀ-center the host galaxy, NGC 4993. The multi-messenger
operations on this cataclysmic event gave a wealth of knowledge in astrophysics and cosmology. The redshift information of the host galaxy allowed an independent measurement of the
Hubble constant. The oﬀ-center location constrained the progenitor of such binary systems.
Tidal deformability measurement of the neutron-stars, from GWs, was used to constraint
the neutron-star equation of state. The fraction of dynamical ejecta from the merger that is
converted to heavy elements via r -process nucleosynthesis was constrained based on galactic
abundance. Overall, this event was the ﬁrst success story of the decade long eﬀort towards
joint detection of electromagnetic and gravitational wave signals. In this article, we give an
overview of the main results.

1

Introduction

After the discovery of gravitational waves (GWs) from binary black holes in 2015 1 , an expected
milestone in astronomy was to detect joint electromagnetic (EM) and gravitational radiation from
the same source. Such joint detections presents advantages in comparison to the individual signals
from either messengers. For example, the distance information is encoded into the GW waveform of
a compact binary coalescence (CBC) and can help in constraining the sky volume to be searched by
EM facilities to locate the transient and its potential host. On the other hand, information about
the host galaxy helps the GW parameter estimation in breaking distance-inclination degeneracy.
Also, the multi-messenger observations of the same event gives conﬁdence in the detection of exotic
transients like the “kilonova”.
On August 17, 2017, the Advanced LIGO and the Advanced Virgo detectors, for the ﬁrst
time, observed GWs from a binary neutron-star (BNS) merger 2 3 4 . The Fermi Gamma ray Burst
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Figure 1 – Notice timeline in the hours after the discovery of GW170817. Adapted from [7].

Monitor detected a short gamma-ray burst (sGRB) with a time delay of ∼ 1.74s 5 . The GRB
was also picked up by INTernational Gamma-ray Astrophysics Laboratory (INTEGRAL) 6 . The
initial GW localization was conﬁned to ∼ 31 deg2 with the luminosity distance of ∼ 40 Mpc. An
extensive observation campaign, which involved strategically searching for the counterpart, located
the optical transient in NGC 4993 after ∼ 11 hours from the detection of the GWs 7 . The follow-up
campaign for this event was unprecedented. A timeline of the notices from various facilities in the
hours after the detection of the gravitational waves is shown in Fig. 1. Follow-up operations in the
radio band continued for almost a year after the detection (for example, see 8 ).
This event presented a wealth of information related to astronomy, astrophysics of compact
objects and cosmology. Firstly, the unambiguous association of the sGRB with the GW detection
conﬁrmed that merging binary neutron-stars are progenitors of, at least, some short GRBs. The
probability of chance coincidence spatio-temporal coincidence is found to be p = 5 × 10−8 (5.3σ
signiﬁcance) 9 . The detection of the gamma rays about ≈ 1.7s after the GWs had simple, fundamental bounds on the speed of gravity: the fractional diﬀerence in speed was constrained to
ΔvGW /c ∼ 10−15 −10−16 . Physics of the central engine, which could cause delay in the trigger time
between the GRB and the GWs, or intergalactic dispersion does not aﬀect the result signiﬁcantly.
Also, the GW signal allowed ﬁrst direct measurement of tidal deformability which constrained NS
EoS models and radii measurement. In the following sections, we present an overview of the main
results related to this event.
2

Parameter Estimates

Gravitational-wave parameter estimation for coalescing binaries is done via bayesian inference to
obtain a posterior distribution on the source parameters. This is done using stochastic sampling
techniques like Markov-chain Monte Carlo available in the LALInference package 10 . Credible
intervals are obtained by marginalizing over all but one parameter. The analysis of the data
from GW170817 took into consideration the frequency interval 23 − 2048 Hz and used waveform
models including tidal eﬀects. Two cases of spin priors were used – the high spin allowed the
dimensionless component spins to go up to 0.89, while the low spin prior allowed these to go
up to 0.05. This is motivated by the fact that the largest value of spin observed in a neutron
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are allowed to vary up to 0.89. Figure credits [14].
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star is ∼ 0.4 11 while typical spins in observed BNS systems are ∼ 0.04 12,13 . The chirp mass,
Mc = (m1 m2 )3/5 /(m1 + m2 )1/5 = 1.186M , is the most accurately measured parameter in the
inference (well deﬁned contour in Fig. 2). The mass ratio and the chirp mass are used to infer
the individual masses. For GW170817, the 90% conﬁdence interval for the component masses are
inferred to be m1 ∈ (1.36, 1.89)M and m2 ∈ (1.0, 1.36)M when allowing for large component
spins, and to be m1 ∈ (1.36, 1.60)M and m2 ∈ (1.16, 1.89)M for the low spin case 14 . Regarding
the spins, the eﬀective spin parameter, χeﬀ = (m1 χ1z + m2 χ2z )/(m1 + m2 ), stays approximately
conserved throughout the inspiral. The degeneracy between the χeﬀ and mass ratio, q results in
measurement uncertainties in the value of the individual spins, shown in Fig. 2. The eﬀective spin
parameter is found to be small ∈ (0, 0.1). While high spin values along the direction of orbital
angular momentum are ruled out, the in plane values are not well constrained. The 90% credible
intervals on the spin values, using the high-spin prior go up to high values of ∼ 0.5.
3

Tidal Parameters, Neutron-Star Equation of State and Radius

Matter eﬀects enter the post-Newtonion formalism at 5PN order. This is caused by tidally induced
quadrupolar deformation and is described through the tidal parameter, Λ = (2/3)k2 (c2 R/Gm)5 ,
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assumption that all BNS mergers produce the same amount of dynamical ejecta as GW170817
and using the BNS merger rate density from LIGO-Virgo, the r-process density is estimated to
be 101.7 − 103.2 M Mpc−3 . As long as a fraction of the dynamical ejecta ( 10%) is converted to
r-process material, the galactic abundance of heavy elements can be accounted to merging BNS
systems 20 .

Figure 6 – Cumulative distribution of the
ejecta mass considering diﬀerent theoretical
NS EoS. With the low-spin prior, the ejecta
mass prediction is 10−3 − 10−2 M while the
high-spin prior pushes the value to about
10−1 M . Figure credits [19].

5

Search for Post-merger Remnant

The ﬁnal remnant object from the merger of a BNS system depends on the initial masses and the
equation of state of the stars. The possible scenarios could be: a BH formed by prompt collapse,
a short lived hypermassive or supramassive NS or a stable NS depending on the stiﬀness of the
EoS. The formation of BH could lead to GW emission from quasinormal-mode ringdown. In case
of GW170817, this is expected at ∼ 6 kHz where the detectors sensitivity is low. Additionally, the
strength of the signal at ∼ 40 Mpc is expected to produce a vanishingly small signal-to-noise. The
other scenarios could lead to short ( 1s) and intermediate ( 500s) duration GW emission. Due to
an absence of a template bank a generic unmodeled search was performed including data from the
GEO600 detector, which has comparable sensitivity as the Virgo detector at high frequencies, along
with the LIGO-Virgo data. Using diﬀerent theoretical EoS models, the most optimistic scenario
could yield a signal-to-noise of ∼ 1. The 90% credible upper limit is still too large to constrain the
NS EoS. An improvement in amplitude sensitivity by a factor of ∼ 10 could probe this part of the
signal for an equivalent event. This could potentially be achieved at the design sensitivity of the
LIGO-Virgo network and provide an estimate of the post-merger oscillation frequency 14,21 .
6

Progenitor of GW170817

The fact that GW170817/AT 2017gfo was discovered ∼ 20 kpc oﬀ center NGC 4993 can be used
to constrain the possible progenitor scenario that could have led to the formation of such a binary
system that merges within a hubble time. The idea being that the binary star system evolved
through main sequence, underwent core-collapse supernova to form a BNS system that remained
bound after the supernovae, and, ﬁnally underwent inspiral and merger by the emission of GWs.
The second supernova is expected to contribute to the ﬁnal evolution of the binary inspiral. By
sampling the pre-supernova binary parameters like the kick velocity imparted and semi-major
axis, evolving an ensemble of such systems and ﬁnally restricting to those which match the postsupernova binary parameters from the GW parameter estimation and the location of AT 2017gfo,
the progenitor properties could be constrained. A few instances of binary evolution is shown in
Fig. 7. Although the constraints are expected to depend on star formation history, remarkably
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those for GW170817 and NGC 4993 are insensitive provided the star formation in NGC 4993 is
older than ∼ 1 Gyr 22 .

Figure 7 – Example trajectories of binary evolution that could lead to a GW170817 like inspiral. The quantity Tdelay
is the time taken for a particular instance of binary evolution to merge by emitting GWs after supernova. The white
trajectory is the 2D projection of the pre-supernova orbit while the colored trajectory is the post- supernova orbit.
Larger delay times result in the binary exploring most of the galaxy. Figure credits [22].

7

Looking Ahead in O3

The third LIGO-Virgo observing run (O3) began on April 1, 2019. The commissioning of the
detectors and the implementation of laser squeezing has improved the sensitivity of the detectors
compared to previous observing run, as shown in Table 1. With the predicted rates of compact
objects, BBH systems are expected to be detected by the network every week. A total BNS count
of about 1 − 10 is expected during the complete run. The NSBH rates, however, are uncertain due
to previous non-detection. Most of the BNS systems are expected to have a 90% sky localization
conﬁdence of 120 − 180 deg2 . About 12 − 21% of which are expected to be localized  20 deg2 23 .
Such systems are of interest since they provide opportunities of multi-messenger observations like
GW170817.
Table 1: Angle averaged binary neutron star inspiral range for the LIGO-Virgo network for the third observing run
(O3) compared to the second observing run (O2). The KAGRA detector is expected to join the LIGO-Virgo network
for O3 in Fall 2019.

Detector
LIGO
Virgo
Kagra

O3 BNS range (Mpc)
∼ 120–140
∼ 50
 25

O2 BNS range (Mpc)
∼ 60–80
∼ 20–30
–

The follow-up operations for GW170817 was the ﬁrst success of the global eﬀort towards
EMGW astronomy 24 . The third observing run is expected to make additions to such candidates.
To meet this goal, the LIGO-Virgo alerts, for the ﬁrst time, are public in O3. These are distributed
over the gamma-ray coordinate network (GCN). At the time of writing this document, 13 candidates of interest have been sent out as public alerts and have led to follow-up activities a . The
number count is already larger than that sent over the previous two observing runs (O1 & O2)
combined. The candidates can be found in the Gravitational-wave Candidate Event Database,
GraceDb (https://gracedb.ligo.org/).
a

The GCN archive can be found at https://gcn.gsfc.nasa.gov/gcn3_archive.html
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GRAVITATIONAL WAVE POLARIZATION FROM COMBINED
EARTH-SPACE DETECTORS
L. PHILIPPOZ, A. BOÎTIER AND P. JETZER
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland
We investigate the sensitivity to additional gravitational wave polarization modes of future
detectors1 . Of particular interest is a combination between Earth and space detectors. We
present the combined sensitivity of a detector network consisting of LIGO, the upcoming
Einstein Telescope and a possible future space-borne detector sensitive to high-frequencies,
like DECIGO, towards a gravitational wave background. Then, we adapt those results for a
single GW source and establish the sensitivity of the modes, as well as the localization on the
sky.

1

Additional Polarizations in modiﬁed General Relativity

The linearization of the Einstein ﬁeld equations leads to a linear wave equation for perturbations in the metric. Since the metric is required to be symmetric, the degrees of freedom of a
4-dimensional tensor of rank 2 are reduced from 16 to 10. The Einstein equations are invariant under a change of reference frame, while the linearized version is only invariant under an
inﬁnitesimal change of coordinates, which reduces the degrees of freedom to 6. By choosing an
orthonormal basis (m̂, n̂, Ω̂), where Ω̂ k is the direction of travel 2 , we can write a general
solution as:


Ω̂·
x

2πif t− c I
+ c.c.,
(1)
hij (t, x) =
hA (t, x)eA
e
ij
A

where the eA are the basis tensors of the possible polarizations we describe afterwards, and hA
is the amplitude of the GW in the polarization A.
Therefore, we can have at most 6 polarizations. Since this is a vacuum equation in the
case of unmodiﬁed GR, the equation is invariant under a gauge transformation on the ﬁelds
hμν → hμν = hμν − μ,ν − ν,μ , with  μ = 0. This further reduces the degrees of freedom to
the 2 tensor polarizations + and ×. They are purely transversal waves, which enlarge distances
in one direction and squeeze space in the orthogonal direction. The basis tensors of the tensor
mode are given by:
e+ = m̂ ⊗ m̂ − n̂ ⊗ n̂, e× = m̂ ⊗ n̂ + n̂ ⊗ m̂.
(2)
We will now look at two representative examples of modiﬁcations of GR and their consequences on gravitational waves. Adding a scalar ﬁeld to the Lagrangian is one possibility to
modify GR 3 . A general scalar-tensor action can be written as:

√
1
S[g, φ] =
(3)
[R − 2g μν ∂μ φ∂ν φ − U (φ)] −gd4 x.
16πG
This leads to the two scalar polarizations called the breathing mode b, since it stretches and
squeezes space simultaneously in all transversal directions, and the longitudinal mode l, which
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is a purely longitudinal wave. Their basis tensors are given by:
√
eb = m̂ ⊗ m̂ + n̂ ⊗ n̂, el = 2Ω̂ ⊗ Ω̂.
Another possibility would be to add a vector ﬁeld Lagrangian as follows:


√
1
μν
S[g, V ] =
∇μ V ρ ∇ν V σ +λ(Vμ V μ + 1)] −g d4 x
(1 + ωVμ V μ )R − Kρσ
16πG
with

μν
Kρσ
= c1 g μν gρσ + c2 δρμ δσν + c3 δσμ δρν − c4 V μ V ν gρσ ,

(4)

(5)

(6)

where the ci are coeﬃcients which would have to be determined by experiments. This modiﬁcation generates the two vector polarizations x and y which oscillate in direction of travel and
in one orthogonal to it. Their respective basis tensors are given by:
ex = m̂ ⊗ Ω̂ + Ω̂ ⊗ m̂,

ey = n̂ ⊗ Ω̂ + Ω̂ ⊗ n̂.

(7)

Figure 1 – Depiction3 of the eﬀect of a gravitational wave with one of the six polarizations (Tensor: + and ×,
Vector: x and y, Scalar: l and b) on circularly arranged test masses.

2

Sensitivity to additional polarizations of gravitational waves

A cross correlation between an Earth and a space borne detector is especially interesting since
one does not expect a correlation in the noise of the two detectors.
For the Earth detectors we consider the two LIGO detectors, which detected the ﬁrst gravitational wave coming from binary black holes (BBH) 4 and the ﬁrst signal from binary neutron
stars (BNS) 5 , and the Einstein telescope (ET)6 .
ET consist of three interferometers forming an equilateral triangle with a side length of 10 km.
Each ET interferometer consists of a high- (HF) and a low- (LF) frequency detector which are
then used as one to broaden the frequency range. The setup is depicted in the left image of
Figure 2.
To crosscorrelate a space experiment with Earth detectors one needs space bourne detectors
which have an overlap in the frequency range they measure with the Earth detectors. This is
the case for DECIGO. It is planned to consist of four detector clusters. Each cluster is made
up by three satellites which form three independent identical Michelson interferometers. One
can for example arrange the four clusters in the C3 conﬁguration 7, 8 where two clusters are
located at the same position near the Earth (about 20◦ behind the Earth, on the same orbit
around the Sun) and form a star shape, and the remaining two form a triangle together with
the star-cluster, which has the Sun at its centre (Figure 2, right).
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Figure 2 – Left: Conceptual drawing9 of ET’s three double detectors. Right: Positioning of the DECIGO clusters10
relative to Earth in C3 conﬁguration.

3

Sensitivity to the gravitational wave background (GWB)

In the case of a gravitational background, we expect a direction independent signal. Therefore,
one can only distinguish between the three modes: tensor, vector and scalar.
The frequency bands of ET, LIGO and DECIGO overlap in the frequency range between
10 Hz and 100 Hz. DECIGO is much more sensitive in the low frequencies than all detectors on
Earth combined and is even slightly more sensitive around 10 Hz, which comes in handy when
we combine it with Earth detectors. When we add ET and then LIGO to the set of detectors
and sum over all combinations of cross-correlations, we get the plot shown in Fig. 3.

Figure 3 – ET and all DECIGO detectors in C3 conﬁguration (above) and together with both LIGO detectors
(below), averaged over a total measurement time of one year. The addition of the LIGO detectors signiﬁcantly
improve the sensitivity around 100 Hz. Virgo and KAGRA were not included, since the eﬀect is negligible.

ET drags the curves down around 10 Hz and mostly above 100 Hz. In particular, the tensor
and scalar modes are aﬀected and become about as sensitive as the vector mode. Together with
LIGO the sensitivity is enhanced by one order of magnitude at LIGO’s most sensitive frequency
range around 100 Hz.
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4

Alternative Method to distinguish the modes

In the planned C3-conﬁguration of DECIGO we used previously, each cluster rotates around its
own axis perpendicular to the detector plane as it rotates around the Sun, such that it returns to
its original position after one year. A detector on Earth follows Earth rotation and therefore a
relatively quick oscillation of one day superposed to a slow oscillation of one year. This combined
change in the orientations of the detectors in a DECIGO-cluster relative to detectors on Earth
leads to a time varying sensitivity, which is diﬀerent for each mode, as can be seen in Fig. 4.
The time dependence of the sensitivity is independent of the frequency. We plot the sensitivities
at 100 Hz, where the DECIGO-Earth detector pairs are most sensitive.

Figure 4 – Left: There are two DECIGO detectors in the star cluster, which show the same time dependence
when cross correlated with an Earth detector. We take all correlations between those two and all ET and LIGO
detectors. Right: In a square conﬁguration, where the four DECIGO clusters are put on a square around the Sun,
there is one detector in each of the three clusters which are far away from the Earth, which have the same time
dependence when we correlate them with Earth detectors. We form all pairs of these three with ET and LIGO.
Both plots correspond to a frequency of 100 Hz.

The variation of the sensitivity with time is diﬀerent if we form the pair with a DECIGO
detector close to the Earth or one far away from it. The location of the peaks is also diﬀerent
for DECIGO-Earth pairs, formed with diﬀerent DECIGO detectors. Changing the detector on
Earth however does not matter, since they are almost at the same place viewed on the solar
system scale and oscillate much faster, and therefore do not inﬂuence the trend on a monthly
scale.
Thus, the sensitivity can be optimized by combining all detector pairs with a similar timedependence and average over an integration time of 5 days in order not to lose to much of the
variation. For this purpose, we can always form all pairs with the Earth detectors, but we have
to be careful which space detectors we pick. If we want to be able to clearly separate the vector
mode from the other two, then it makes sense to pick the C3 conﬁguration, because it has many
detectors close to Earth. For two of the detectors in the star cluster the correlation with any
Earth detector has almost the same time-dependence since their orientation only diﬀers by 30◦ .
In Fig. 5 we use all those pairs and integrate over 5 days to increase the sensitivity. Due to
the fact that the vector modes time-dependence is phase-shifted with respect to the other two
modes, we can easily separate it from the other two in this case.
However, if we rather want to identify the scalar mode, then it makes more sense to move
more clusters further away from Earth and at best on the opposite side of the orbit around
the Sun, because for detectors which are far away from Earth the scalar mode has large peaks
which correspond to blind spots. In this case we could arrange the four DECIGO clusters in a
square around the Sun, such that only one cluster is close to Earth, and one is on the opposite
side of Earth orbit. We can then arrange the initial orientation of the clusters, such that the
peaks for one detector of each of the three clusters far from Earth coincide. Their combined
time dependent sensitivity is shown in Fig. 6.
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Figure 5 – Combined sensitivity of the detector pairs with one of two neighbouring detectors in the star cluster
and all ground-based detectors with an integration time of 5 days at a frequency of 100 Hz for one year.

Figure 6 – Time dependent sensitivity of detector pairs with one of each of the three clusters far from Earth in
the square conﬁguration with all Earth detectors, binned in time with steps of 5 days at a frequency of 100 Hz
for one year.

5

Sensitivity to Point Sources

The angular pattern functions
of the breathing and the longitudinal modes are proportional
√
to each other: FIl = − 2FIb . Therefore it is impossible to distinguish these two with laser
interferometry, and we thus focus on the distinction between the 4 tensor and vector polarizations
and the scalar mode.
In our calculations, we only use one cluster out of all the DECIGO clusters, namely the one
closest to Earth (φ = −20◦ from the Earth position, on its orbit around the Sun). We keep
including ET and the already existing LIGO detectors. We adopt the HEALPix pixelization
scheme to evenly distribute n points on the sky (we used n = 48 ⇔ Nside = 2; more detailed
explanations about the HEALPix scheme can be found in 11 ) and then average over the hmin
values for each f and obtain the frequency dependant behaviour of the average sensitivity of
ET, LIGO and DECIGO in Fig. 7.

51

Figure 7 – Left: Frequency dependent sensitivity of ET, LIGO and DECIGO towards the polarizations
A ∈ {+, ×, x, y, S}. Right: Sensitivity of ET, LIGO and DECIGO at 100 Hz towards the polarizations
A ∈ {+, ×, x, y, S} in the left column. Standard deviation of the θ and φ angle for a GW with polarization
A and amplitude of hA = 2.6 · 10−26 in the middle and right column respectively.
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MEMORY CONTRIBUTIONS TO THE GRAVITATIONAL WAVE
AMPLITUDES FROM ECCENTRIC COMPACT BINARIES

MICHAEL EBERSOLD
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland
We compute the non-linear memory contributions to the gravitational wave amplitudes for
non-spinning compact binaries in eccentric orbits at the third post-Newtonian order of general
relativity. These contributions are sourced by previously emitted gravitational waves and are
hereditary, meaning that the entire dynamical history of the binary is contributing. This work
is based on a publication in preparation 1 .

1

Introduction

This work presents the computation of the non-linear memory contributions to the inspiral
waveform from eccentric binaries. Usually we think of gravitational waves as oscillatory perturbations propagating on the background metric at the speed of light. However, all GW sources
are subject to the so-called gravitational-wave memory eﬀect, which manifests in a diﬀerence of
the observed GW amplitudes at late and early times,
Δhmem = lim h(t) − lim h(t) .
t→+∞

t→−∞

(1)

In an ideal, freely falling GW detector the memory causes a permanent displacement after the
GW has passed. There are two main types of memory: The linear memory 2 originates from a
net change in the time derivatives of the source multipole moments between early and late times,
present mainly in unbound (e.g. hyperbolic binaries) systems. For bound systems the linear
memory is negligible, as long as the components were formed, captured or underwent mass
loss long before the GW driven regime. The non-linear memory, also called “Christodoulou
memory” 3,4 , is a phenomenon directly related to the non-linearity of general relativity (GR).
It arises from GWs sourced by previously emitted GWs. Due to the fact that the non-linear
memory is not produced directly by the source but rather by its radiation, it is present in all
sources of GWs.
For circular binaries the non-linear, non-oscillatory memory contributions to the waveform
have been computed at the third post-Newtonian (PN) order in Ref. 5 . Regarding eccentric
binaries, the leading order DC memory terms were obtained in Ref. 6 . In this work, we extend
these computations to the 3PN order by computing all terms coming from the hereditary memory
contribution to the radiative mass multipoles. We ﬁnd that this yields not only the “genuine”
DC memory, but also further oscillatory contributions. Note that due to complicated hereditary
time integrals we compute everything in a small eccentricity expansion.
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2

Computation of the non-linear memory

The conventions and notations used here are the as in Ref. 7 . The gravitational-waveform
polarizations can be uniquely decomposed into spherical harmonic modes hm via



∞ 

G
i
m
h+ − ih× =
hm Y−2
(Θ, Φ) ,
hm = − √
U m − V m ,
(2)
c
2Rc+2
=2 m=−

m (Θ, Φ) and the amplitude
where the basis is formed by the spin-weighted spherical harmonics Y−2
modes are given in terms of radiative mass and current multipoles, U m , V m . These contain
both instantaneous and hereditary parts. In the latter, we can further distinguish between tail
and memory contributions. Note that the memory contributions appear only in the radiative
mass-type moments 4 . It was shown in Refs. 4,5 that, since memory is sourced by GWs, its
contribution to the radiative mass moment can be written in terms of the GW energy ﬂux as
 TR 
32π
( − 2)!
dE GW m
m
Umem
= 2−
dt dΩ
(3)
Ȳ (Ω) .
2( + 2)! −∞
dtdΩ
c

We will start from this equation to compute the memory contributions to the GW amplitude
modes. The GW energy ﬂux is related to the GW stress-energy tensor 8 which can be expressed
in terms of the polarizations amplitudes as

c3 R 2 2
c3 R 2
dE GW
 
 
 m 
 m
(Ω) Ȳ−2
(Ω) ,
= cR2 tGW
ḣ+ + ḣ2×  =
ḣ m h̄˙  m Y−2
00 =
dt dΩ
16πG
16πG    
 , , m ,m

(4)
where the angle brackets denote an average over several wavelengths and we have inserted the
mode decomposition deﬁned in Eq. (2). We then insert the GW energy ﬂux into Eq. (3) and
relate the memory contribution to the waveform modes via Eq. (2). Thereby we ﬁnd the following
formula for the memory pieces of the hm modes
 TR

R ( − 2)!
 
 
 
hm
G
dt ḣ m h̄˙  m ,
(5)
mem =
mm m
c ( + 2)!    
−∞
 , , m ,m

 
G
mm m

is an angular integral of a product of three spin-weighted spherical harmonics.
where
Note that although the memory integrands in Eq. (5) are of 2.5PN order, there are certain
pieces in the m = 0 modes that are non-oscillatory and therefore – once integrated – their
contributions at various times t ≤ TR accumulate and enhance the result by a net factor c5 .
From this it follows that the leading order memory eﬀect in the polarizations actually arises at
relative Newtonian order. Thus, as an input for the computation of the 3PN accurate hm
mem , we
need a priori all non-memory hm modes to 3PN order. It is in fact not surprising that part of
the waveform is required to calculate the full waveform since the non-linear memory originates
from gravitational waves sourced by the energy ﬂux of gravitational waves emitted in the past,
as shown by Eq. (3). Note that the contribution from the memory to the memory itself turns
out not to enter the waveform up to the 3PN order.
The hm modes including instantaneous 9 , tail and post-adiabatic contributions 7 , are given
in the following form
hm =

8Gmν
x
c2 R

π −imφ m
H ,
e
5

(6)

where φ is the orbital phase and the H m are written in terms of the adiabatic post-Newtonian
parameter x ≡ (Gmω/c3 )2/3 , the time eccentricity e ≡ et and parameterized by the mean
anomaly l as described in Ref. 7 . We then take the time derivatives of these modes and compute
 
the sum in Eq. (5), in which the angular integral G
mm m implies some selection rules. The last
step consists in evaluating the hereditary time integral, which we will tackle in the next section.
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3

Memory contributions

To be able to integrate over the entire past history, we need a model for the secular evolution
of the binary undergoing gravitational radiation-reaction forces. For a quasi-elliptical, inspiralling binary, the 3PN order evolution equations of the orbital elements have been obtained in
Refs. 10,11 .
3.1

DC memory

The integrals in Eq. (5) are of two diﬀerent types. The ﬁrst one consists of a product of x and
e, each to some power p and q, respectively:
h0
DC ∼



TR

dt xp (t) eq (t) =



−∞



e(TR )

de
ei

de
dt

−1

xp (e) eq .

(7)

Integrals of this form give the non-oscillatory contributions to the waveform, i.e. the DC memory.
They are only present in the m = 0 modes. The strategy to evaluate this integral is to express
the PN-parameter x in terms of the eccentricity e and change the integration variable from time
t to e, such that we can integrate from some initial eccentricity ei at early times to e(TR ) at
current retarded time. Note that for the expansion in eccentricity to be valid, the eccentricity has
to be small at all times. This procedure yields relatively simple integrals, which when evaluated
add directly to the waveform modes stated in Eq. (6). As the expressions are quite long, we
20 mode to 1PN and leading order in eccentricity:
present here only the HDC
 12/19

 12/19 

5
e
4075 67ν
e
2833 197ν
√ 1−
+x −
+
+
+
−
ei
4032
48
ei
3192
114
14 6
 24/19 


e
145417 2849ν
+
−
+ O(x3/2 )
ei
76608
912

20
= −
HDC

(8)

An important check is to take the circular limit of our calculated memory modes and compare
to the circular 3PN memory modes computed in Ref. 5 . Moreover, we can check the leading
eccentricity part at Newtonian order against Eq. (2.35) in Ref. 6 . In both we ﬁnd perfect
agreement.
3.2

Oscillatory memory

Here we focus on the second type of hereditary integral of the form
hm
osc ∼



TR

dt xp (t) eq (t) ei(−mλ+rl) .

(9)

−∞

where λ = (1 + k)l incorporates the advance of periastron and r is an integer. Recall that
the non-oscillatory terms are raised by 2.5PN orders due to the hereditary integral, such that
they appear already at Newtonian level. From the oscillatory terms we do not expect the same
behavior, due to the fact that the oscillations in the remote past are eﬀectively canceling each
other out. Using the fact that l = nt to the required PN order as well as the notion that the
integral is essentially given by the contributions at recent time we ﬁnd
hm
osc ∼ −

i
xp eq ei(−mλ+rl) ,
n(r − m(1 + k))

(10)

where the time dependence on TR is not written explicitly. Expanding the denominator, we have
to distinguish between two diﬀerent cases. The ﬁrst applies if r = m, we then ﬁnd oscillatory
contributions to the waveform at 2.5PN order. As we have expected, these kind of terms
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oscillating on the orbital timescale keep their formal PN order, we call those the fast oscillatory
memory.
The second case, r = m, corresponds to terms that solely oscillate on the periastron precession timescale, we therefore call these terms the slow oscillatory memory. Due to the much
slower oscillations they are enhanced by 1PN order corresponding to the PN order of precession
and enter the waveform at 1.5PN. Note that while the DC memory is purely real and therefore
only aﬀects the plus polarization (with the usual conventions on the polarization triad), the
oscillatory contributions enters both polarizations. The oscillatory memory contribution to the
dominant H 22 mode to O(e2 ) reads




697 865ν
13 3/2
29π 3
22
= i e2 ν e2il −
x +
−
x5/2 −
x
Hosc
252
336
216
126


19
65 −2il
4 −il
5/2
il
+ 21ix eν
e + e − 4e + ee
,
(11)
6
3
24
where the terms on the ﬁrst line constitute the slow and the ones on the second line the fast
oscillatory memory.
4

Brief summary

There are two fundamentally diﬀerent types of memory contributions to the waveform coming
from the memory contribution to the mass multipoles. DC memory is a slowly increasing,
non-oscillatory contribution to the gravitational wave amplitude, entering at Newtonian order,
leading to a diﬀerence in the amplitude between early and late times. Oscillatory memory on
the other hand enters at higher PN orders as a normal periodic contribution.
The present work gives an insight in the computation of the memory contribution to the
gravitational waveform from non-spinning compact binaries in eccentric orbits at the third postNewtonian order. Our results complete the previous work on the instantaneous parts 9 and
on the tail and post-adiabatic contributions 7 . These results form the basis for construction of
increasingly accurate GW templates from binary systems in eccentric orbits.
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Advanced Virgo: From Detector Monitoring to Gravitational Wave Alerts
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Annecy-le-Vieux, F-74940 Annecy, France

The detection of gravitational wave sources by the LIGO and Virgo detectors network and
the delivery of alerts to optical telescopes and satellites require, for each gravitational wave
detector, a good sensitivity, a good duty cycle, a low glitchiness, an accurate calibration and
short latency data analysis and alerts. On the path from the detector down to the detection
alerts, various software processes and monitoring tools help the commissioning to improve the
sensitivity of the detector and provide with low latency the needed vetoes and data quality
checks that help to transform detected events into reliable gravitational wave alerts.

1

Introduction

Since the ﬁrst coincident run of LIGO and Virgo in 2007, many improvements have been done on
both Advanced LIGO 1 and Advanced Virgo 2 detectors and several gravitational wave detections
have been done so far 3 . Part of this success is due to the various software tools developed for both
detectors and that have been used in the commissioning work, the online processing or the data
analysis. The Advanced Virgo interferometer 2 is a complex instrument, whose improvements
are the results of long-term commissioning eﬀorts. It is also a gravitational waves observatory,
part of a network that provides detections and alerts to the astronomical community. On the
path going from the instrument down to the gravitational wave alerts, we ﬁnd various items
(data acquisition, calibration and h(t) reconstruction, data quality and vetoes, noise removal,
online analyses, data quality checks, parameters estimation and automatic alerts) which are all
subject to monitoring tools that help the commissioning eﬀort and that are also used for the
checks done at each alert. Below are brief descriptions of some of those items and monitoring
tools.
2

Monitoring

Various tools are used in Virgo for noise investigation or for the online monitoring of the detector.
We present here a selection of three of those tools, which are regularly used to investigate the
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behaviour of the interferometer, to study its sensitivity and to understand the origin of the
transient noises.
2.1

The dataDisplay

The dataDisplay 4,5 has been developed to provide oﬄine and online various plots (like spectrograms or transfert functions) using the data delivered by the interferometer or the environment
monitoring. It can read frame-formatted data from the Virgo archived ﬁles on disk or connect,
with low latency, to various points of the data acquisition chain. The dataDisplay (see ﬁg. 1)
uses the ROOT library to build the plots and the Xforms library to build the Graphical User Interface (GUI). Many investigations about the interferometer’s control loops, the noise behaviour,
the timing or the calibration use the dataDisplay and its various features.

Figure 1 – Left: example of plots built by the dataDisplay. Right: the two main panels of the dataDisplay GUI.

2.2

The DMS

The Detector Monitoring System (DMS) 6 is mainly based on a home-made library 7 , a main
server and a web interface displayed in the Virgo Control Room. The Moni library 7 provides
an easy way to set up the tests that compute ﬂags which are then used by the main DMS
server to build what is shown on the web interface: a set of red, yellow or green ﬂags giving the
status of the subsystem tested (see ﬁg. 2). The DMS is the main online monitoring tool used
24h/24h for any problem that requires fast reactivity. Any problem within the interferometer,
its environment or the online processing, appears in the DMS as a red ﬂag with a latency of less
than 5 seconds.
2.3

The VIM

The Virgo Interferometer Monitor (VIM) 8,9 is the successor of a Virgo tool named ”MonitoringWeb” 10 . It shows on web pages, with a latency of a few minutes, various ﬁgures of merit
about the detector subsystems, the data quality and the online analysis pipelines. It uses a
home-made library 9 , based on ROOT, that provides an easy and fast way to read Virgo data
and to produce the plots. It also uses a web interface that allows to navigate over the plots
of the various Virgo subsystems and that provides features for the access to the daily archived
plots. Examples of VIM pages are shown in ﬁgure 3.
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Figure 2 – The DMS panel displayed in the Virgo control room. For each subsystem listed in the ﬁrst column,
several DQ ﬂags are shown, whose status is determined by a set of tests done online on the Virgo data.

Figure 3 – Example of plots shown in VIM. Left: the main summary page with the BNS range over one day and
the last sensitivity curve of Advanced Virgo. Right: Weekly, daily and hourly spectrograms of h(t) in diﬀerent
frequency bands.

3

Calibration

The standard calibration of the Advanced Virgo detector 11,12 relies on the use of the electromagnetic actuators that control the longitudinal position of the interferometer’s mirrors. It uses
the Virgo laser wavelength as a ﬁrst reference to ﬁnally determine the mirrors electromagnetic
actuator responses. Such calibration allows to reconstruct the gravitational wave strain h(t)
with a systematic uncertainty of about 5% in amplitude and 40 mrad in phase.
An other calibration method uses a laser beam of 2 Watts to push, by radiation pressure,
the end mirror of one of the Advanced Virgo interferometer’s arms. This method 13,14 , was used
during O2 to cross-check the standard calibration and to know unambiguously the sign of h(t).
The photon calibrator is planned to be used as the main calibration method for the run O3.
A third method, called Newtonian calibrator 15 , is currently developed in Virgo and is based
on a mechanical rotator that allows the displacement of the end mirror by gravitational interaction. First prototype is made of a 4.1 kg aluminium disk, with diameter of 38 cm, where the
mass is distributed in two sectors with an opening angle of 45o able to spin up to a frequency
of 80 Hz. Figure 4 shows a photograph of the Newtonian Calibrator and the h(t) amplitude
spectral density when the newtonian calibrator is active (spinning at 15 Hz) or not.
4

Online Data Quality

Virgo tries to protect as much as possible the data analysis input from any environmental
disturbance, interferometer transient noise, sensor or actuator saturation, online processing misbehaviour, etc... It performs this thanks to the online production of data quality ﬂags and
vetoes 16 . The quality ﬂags are generic (not data analysis dependent) and are produced by
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Figure 4 – Left: Newtonian calibrator of Advanced Virgo installed near the vacuum tank containing the North
End mirror. Right: The h(t) amplitude spectral density with and without the newtonian calibrator spinning at
15 Hz (thus moving the end mirror and modulating the h(t) amplitude at 30 Hz).

various online processes. The vetoes are mainly produced by the online Omicron processes 18 ,
with recipes based on the UPV algorithm 18 that analyses the data analysis pipelines outputs of
the past days. Most of the quality ﬂags are recorded in the LIGO-Virgo DQSEGB database 17
for oﬄine use and for checks in case of alert (see section 6). In addition, main information like
”interferometer is in observation mode” or ”h(t) is properly reconstructed” or ”a large transient
noise occured” is summarized in the bits of one data channel, called the ”state vector”, which
is provided to the low latency data analysis pipelines, along with the h(t) values. Of course, the
set of most eﬃcient data quality ﬂags and the recipes underlying the vetoes production are very
dependent on the interferometer’s working point and on the environmental conditions. They
can thus change from one day to an other (see ﬁg. 5) and require a permanent monitoring and
update.

Figure 5 – Time-frequency distribution of the transient noises detected by Omicron analysis in h(t) and to be
vetoed. Left: for one day in February 2019. Right: for one day in March 2019.

5

Transient Noise Removal

Several algorithms have been developed in Virgo to study the noisy spectral lines or the various
types of non-stationary noises in h(t), especially looking at their correlation with environment
monitoring channels 18 . One of those algorithms, named Silentec, is a regression method that
uses Volterra series and Fast Orthogonal Search 20 to determine and hierarchize the linear or
non-linear contributions to h(t) coming from the various environmental monitoring channels.
This algorithm tries ﬁnally to remove those contributions from h(t). Its current use focuses on
the removal of the transient noises that, through non-linear contribution to h(t), could aﬀect
the gravitational waves searches. Silentec 19 is a C code derived from a matlab code developed
in 2013 20 . It has been extensively described in 21 and its ﬁrst results were presented in 4 . It is
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still under improvement and tests, with the hope to be used regularly during the run O4 and to
provide a cleaned h(t) channel in parallel to the standard h(t) channel.

Figure 6 – Result of Silentec on real Virgo data. Left: spectrogram of h(t) where is visible a large transient
noise which made the Virgo BNS range drop down to 2 Mpc. Right: spectrogram of h(t) once removed the
contributions computed by Silentec using the seismic and acoustic monitoring channels.

Silentec can be also seen as an alternative to the ”Gating”, a very interesting procedure that
has been developed in LIGO and Virgo and that is used in the run O3 22 . This procedure uses a
reference ﬁgure of merit like the BNS a detection range to determine the time period that should
deﬁnitely be excluded from the data analysis by putting smoothly to zero the h(t) signal around
this time period. Such ”transient noise removal” allows to keep a continuous stream for data
analysis, contrary to the use of some data quality ﬂags or vetoes.
6

Gravitational Wave Alerts and Virgo DQR

One important item in the path down to gravitational wave alerts, not described here, is the
low-latency analysis pipelines. Several pipelines run in parallel and take as input both LIGO and
Virgo data 23 . The triggers of those pipelines are selected according to their signiﬁcance with
respect to a background estimated over the previous hours of data. The information about the
selected triggers is then stored into the GraceDB dedicated databaseb . A ﬁrst localization of the
most probable sky area of the source is done and an alert is automatically sent, with a latency
of about one minute, as soon as the selected trigger’s signiﬁcance is above a given threshold.
An important step follows: the Data Quality Report (DQR), which, for each interferometer
of the network, takes care of the data quality checks needed to validate the detection and initiate
a GCN notice c that gives, with a few hours of latency, the ﬁrst public information about the
event detected. Based on the DQR tool d developed in LIGO, a Virgo DQR 24 and its speciﬁc
web interface have been developed before the start of O3 (see ﬁg. 7) It provides, for each alert,
a set of Virgo speciﬁc quality checks whose results are the available through the GraceDB web
interface.
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The INTEGRAL observatory is well-equipped to detect unpredictable, short-lived, and energetic hard X-ray and gamma-ray transients. Its detectors monitor the entire sky with over 80%
duty cycle and simultaneously perform deep and sensitive observations of a large sky region
spanning 30x30 deg. In this review we will discuss recent follow-up observations of gravitational wave events with an especial focusing on the GW170817 detection as well observations
of fast and short hard X-ray transients.
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1

Introduction

Since a few years, astronomical events are not only accessible through the electromagnetic channel: we can also exploit direct detection of cosmic neutrinos and gravitational wave signals, which
give an insight on the physical processes from which electromagnetic radiation cannot directly
emerge. Sources of cosmic neutrinos still need to be fully understood. Instead, the gravitational
waves detected so far have a well identiﬁed origin: the merging of compact objects (black-holes
or neutron stars). The historical detection on 2017, August 17 of the inspiralling and merging
of a binary neutron star by the GW interferometers and the matching electromagnetic signals in
the whole spectrum have brought an unprecedented boost to the comprehension of neutron star
mergers, short gamma-ray bursts, kilonovae, and their impact to the origin of heavy elements.
This event has marked the birth of multimessenger astronomy. Whenever matter is involved in
extreme events producing gravitational waves, neutrino signals, or FRBs, gamma-rays are often expected to be produced contextually. However, these events are not generally predictable.
Thus, it is essential to use instruments with good sensitivity and high duty cycle to catch a
prompt signal.
In the newly born multi/messenger astronomy era, INTEGRAL has found renewed life with
these unique assets. It provided stringent upper limits on most binary black-hole mergers,
neutrino detections, and several fast radio bursts. It achieved the historical detection of a
gamma-ray signal coincident with a binary neutron star merger 1,2,3 .
2

INTEGRAL observatory and its performances

The INTEGRAL observatory, operating since 2002, is the key mission of the European Space
Agency devoted to observations in the hard X-ray / soft γ-ray range with high spectral and
angular resolution 4 . It was launched to the orbit in October 2002 with the Russian launcher
Proton from the Baikonur cosmodrome. INTEGRAL has a number of unique properties make
it a very powerful observatory in the context of multi-messenger astrophysics, including prompt
search and detection of the electromagnetic counterparts of gravitational waves (GW) events,
neutrino events, fast radio bursts, etc. Thanks to the high sensitivity reached by the LIGO/Virgo
interferometers for gravitational waves and by the new generation of neutrino detectors such
multi-wavelength and multi-messenger studies entered in a new phase 5 . INTEGRAL on-board
instruments span energies from 3 keV to 10 MeV with an unprecedented sensitivity and wide
ﬁelds of view (FoV) ranging from ∼ 100 to ∼ 1000 deg2 . The instruments have high time
resolution (< 120 s) as well as arcminute angular resolution and keV energy resolution. The
large eccentricity of the satellite orbit permits long uninterrupted observations of ∼ 2.7 days
with a live-time eﬃciency of > 85%.
The other crucial property of INTEGRAL is its possibility to operate as a all-sky monitor
due to anticoincidence shields of SPI and IBIS telescopes (main instruments of the mission) as
well as the PICsIt detector 6 . These anticoincidence shields is based on the BGO scintillators,
that can be used very eﬀectively as omnidirectional detectors monitoring the entire sky. Due to
their diﬀerent geometry and the surrounding absorbing material, the response of these detectors
depend signiﬁcantly on the energy and the arrival direction of photons (Fig. 1). The better
sensitivity is reached by the SPI anticoincidence shield (SPI/ACS), which is sensitive to photons
of energy above ∼75 keV and provides light curves with time resolution of 50 ms. The IBIS/Veto
shield is sensitive in the 100 keV - 10 MeV energy range and provides light curves with a time
resolution of 8 s. The other instrument eﬀectively working as an all-sky monitor is PICsIT,
which has an area of ∼ 0.3 m2 and can detect sources out to ∼ 70 deg oﬀ-axis 7 . The PICsIT
instrument in its standard (spectral-timing) mode has a time resolution of 16 ms and spans
energies from ∼ 200 keV to 2.6 MeV in 8 broad energy channels that allows for the possibility
for performing a preliminary spectral analysis.
Gravitational-wave antennas can measure the position of the GW events in such a way that
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Figure 1 – (left) INTEGRAL SPI-ACS, IBIS/Veto, ISGRI, and PICsIT normalized detection signiﬁcance for a
1 s long burst with a spectrum characterized by a Comptonized model, as a function of zenith angle. (right) The
same as in the left panel, but for a 8 s long burst with a spectrum characterized by the Band model. When the
values of the zenith angle are positive, the shaded regions correspond to the 10 to 90 percentage range of the
signiﬁcance values, assuming sources in the hemisphere including directions from IBIS to SPI. For negative zenith
angles, they correspond to the opposite hemisphere. See details in [8].

the localization area of an object in the sky turns out to be quite complex and its area can be
from several tens to several hundred square degrees or even thousands degrees. It is obvious that
the probability that the INTEGRAL observatory points at least to the part of this area at the
moment of the event is not so high. But due to omnidirectional capabilities of the INTEGRAL
instruments it can provide a full coverage of the sky with the ﬂux sensitivity of 10−7 − 10−6
erg s−1 cm−2 , depending on the sky direction and expected duration of the event. An example
of the area of localization of the source of the gravitational-wave event GW151012 combined
with the all-sky sensitivity of INTEGRAL is shown in Fig. 2. The detailed description of the
performances of the INTEGRAL instruments for the search of GW counterparts can be found
in 8 .
Below we brieﬂy summarized results obtained with the INTEGRAL observatory during the
campaign of follow-up observations of GW events, registered by LIGO/Virgo observatories.

3

Results

Recently, LIGO/Virgo announced the catalog of gravitational wave events (GWTC-1) during the
ﬁrst two observing runs O1 and O2 9 : 11 high-conﬁdence and 14 marginal events. INTEGRAL
observations are available for 20 out of the 25 events from the complete GWTC-1 sample,
consistent with the INTEGRAL duty cycle of about 85%. In particular, the observations are
available for 7 out of 11 (64%) of the high-conﬁdence gravitational wave events and 13 out of
14 (93%) of the marginal ones 10 .
For each of the observed events, INTEGRAL was sensitive to the entire LIGO/Virgo localization region. Our preliminary search did not reveal any new signiﬁcant impulsive gamma-ray
counterparts, setting typical upper limits on the 1-s peak ﬂux ranging from 10−7 to 10−6 erg
s−1 cm−2 in the 75 − 2000 keV energy range, behind of the early reported results. Two mostly
interesting results of the INTEGRAL observations are discussed below (see also 11 ).
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Figure 2 – (left) Combined 3 σ upper limit on the non-detection of the electromagnetic counterpart of GW151012
derived by using the all sky observations of SPI-ACS, IBIS/Veto, IBIS/PICsIT and IBIS/ISGRI. The color map
indicates the upper limit values in diﬀerent sky regions. We assumed here the case of a 1 s long-lasting impulsive
event with a spectral energy distribution described by the Comptonized model. Black contours represent the most
accurate localization of GW151012. Red, green, and blue contours indicate the region covered by the INTEGRAL
imaging FoV observations performed with IBIS/ISGRI, SPI, and the two JEM-X modules, respectively. (right)
Same as left panel but in the case of a 8 s long-lasting impulsive event with a spectral energy distribution described
by the Band model. See details in [8].

3.1

GW150914

GW150914 is the ﬁrst gravitational wave signal signiﬁcantly detected by the Advanced LIGO
interferometer, GW150914. At the time of the GW trigger, INTEGRAL was pointing away
from the GW uncertainty region, which was about 630 deg2 . Nevertheless, its orientation was
optimal to cover the whole uncertainty region by the SPI/ACS with the sensitivity within 20%
of its best value. At the time of the LIGO trigger on Sept 14, 2015 at 09:50:45 UTC SPI/ACS
was operating nominally, yielding an uninterrupted count rate from 33 hr before to 19 hr after
the event. We investigated the light curve at 30 to +30 s from the trigger time on ﬁve timescales
from 0.05 to 10 s, that correspond to the expected accretion timescales in the compact binary
coalescence. Any obvious signal is not detected during this time interval with a maximum posttrial peak signiﬁcance of ∼ 0.5σ, with a timescale of 1 s, at 26.4 s after the GW trigger12 . Such
an excess is clearly not signiﬁcant.
We also obtained upper limits on the ﬂuence above 75 keV of possible counterparts 12 . These
limits depend on the assumed duration Δt of the event, and to a lesser extent, on its sky position
and spectral shape. For typical GRB spectra, the 3σ upper limits range from 2 × 10−8 erg cm−2
(Δt=50 ms) to ∼10−6 erg cm−2 (Δt=10 s)11,12 .
3.2

GW170817

The binary neutron star merger on Aug 17, 2017 (GW170817) is the ﬁrst detection of an electromagnetic counterpart to a GW trigger from LIGO/Virgo observatories. Short gamma-ray burst
GRB170817A was registered independently by INTEGRAL/SPI/ACS and Fermi/GBM at hard
X-ray energies approximately ∼ 2 s after the merger1,2,3 (see Fig. 3). The excess corresponding
to gamma-ray burst was detected by INTEGRAL with a signal to noise ratio of 4.6 on a 100 ms
timescale. The association signiﬁcance of this detection with the Fermi/GBM observation of
GRB170817A is 4.2σ.
Due to the lack of energy resolution in SPI/ACS, the ﬂuence estimate depends on the
model assumptions. Using the best-ﬁt Fermi/GBM model 2 and assuming the time interval
TGBM,0 − 0.320, TGBM,0 + 0.256 s, we derive a 75 − 2000 keV ﬂuence of (1.4 ± 0.4) × 107 erg cm2
(1σ uncertainty, statistical only). An additional systematic error due to the uncertainty on the
assumed spectral model is estimated as ±0.6 × 107 erg cm2 3,11 .
The INTEGRAL observatory performed a follow-up observation of the GW170817 sky region
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Figure 3 – Registration of the GW170817 gravitational wave signal by the LIGO/Virgo observatories (bottom
panel) and gamma-ray burst GRB170817A by the Fermi (upper two panels) and INTEGRAL (third panel)
observatories. The black line shows the time of the merger. See details in [1].

with the purpose to search for the long-lasted afterglow and possible delayed bursting activity in
the broad energy range 3 keV – 8 MeV with a total net exposure of ∼ 320 ks. No X-ray or γ-ray
counterparts were detected during these observations with the upper limits of (several ×10−11 −
several × 10−10 ) erg s−1 cm−2 at energies < 500 keV and of (several × 10−9 − several × 10−8 )
erg s−1 cm−2 at energies up to several MeV 3 . It is important to note that no other mission
could provide limits better than those obtained with INTEGRAL. Moreover, the INTEGRAL
targeted follow-up observation and absence of the delayed activity allowed us to ruled out the
existence of strong magnetar-like bursts, that points that the scenario with the black hole as a
result of the merger is more preferable.
4

Conclusions

Summarizing all above we can conclude:
• INTEGRAL is very powerful tool to investigate the presence of possible gamma-ray counterparts of gravitational wave triggers owing to the nearly omni-directional exposure and
large eﬀective area
• INTEGRAL combines features critical in this domain: very natural energy range for compact object multi-messenger studies, high sensitivity, all-sky view, rapid reaction
• A massive observing campaign has followed the initial discovery leading to a wealth of
still unexploited results, where INTEGRAL played very important role. No other mission
could provide limits in gamma-rays for the delayed bursting activity better than those
obtained with INTEGRAL.
Thus, the INTEGRAL observatory continues to play a key role in the rapidly emerging multimessenger ﬁeld by constraining both the prompt and delayed gamma-ray emission associated
with compact object mergers.
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GW170817 with its coincident optical counterpart has led to a ﬁrst “standard siren” measurement of the Hubble constant independent of the cosmological distance ladder 1 . The Schutz
“statistical” method 2 , which is expected to work in the absence of uniquely identiﬁed hosts,
has also started bringing in its ﬁrst estimates 3 . In this work we report the current results of
the gravitational-wave measurement of the Hubble constant and discuss the prospects with
observations during the upcoming runs of the Advanced LIGO-Virgo detector network.

1

Introduction

Gravitational-wave (GW) observations of coalescing compact binaries give us direct access to
their luminosity distance making them standard distance indicators or “standard sirens” 2,4,5,6 .
With redshift from observed electromagnetic (EM) counterparts or identiﬁed host galaxies, they
can be used to obtain a redshift-distance relationship and measure cosmological expansion and
acceleration parameters. Of particular interest in context of present and upcoming detections
by the Advanced LIGO and Virgo detector network is the Hubble constant H0 – the local
rate of expansion of the universe at the present epoch. State-of-the-art measurements of H0
coming from two complementary regimes, i.e. by using local Type Ia supernovae and from the
early universe cosmic microwave background, are in increasing tension with each other, the
current discrepancy being at the 4.4-σ level 7,8 . An independent GW measurement of H0 is thus
consequential.
2

H0 with GW170817

The binary neutron star (BNS) merger GW170817 9 , with its transient optical counterpart
associated unambiguously with host galaxy NGC 4993, has given us the ﬁrst standard siren
measurement of H0 1 . In the local universe (distances dL  50 Mpc), the redshift-distance
relationship is approximated to H0 dL ≈ vH , where vH is the “Hubble” velocity, related to the
cosmological redshift z (and the speed of light c) by vH ≡ z c. In order to obtain the Hubble
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velocity, the peculiar velocity of the host with respect to the Hubble ﬂow needs to be estimated
and subtracted from the observed recession velocity obtained directly from the spectral redshift.
The Hubble velocity at the location of NCG 4993 is inferred to be vH = 3, 017 ± 166 km s−1 .
Together with samples of the GW distance posterior density (with dL = 43.8+2.9
−6.9 Mpc), the
posterior density on H0 shown on the left panel of Fig. 1 is obtained. This corresponds to
−1
−1
H0 = 70.0+12.0
−8.0 km s Mpc . With a fractional uncertainty of O(14%), this measurement
is broadly consistent with the state-of-the-art estimates, also shown on Fig. 2. More
√ precise
measurements will follow from subsequent observations. Since precision scales as 1/ N , where
N is the number of detections, O(200) similar detections are expected to take us to percent
accuracy on the measurement of H0 10,11,12,13 . One of the main sources of uncertainties in the
results is the correlation between GW distance and the inclination or viewing angle of the binary
– the GW amplitude from by a distant binary viewed face-on (or face-oﬀ) can be similar to that
of a closer binary viewed edge-on. Choosing to not marginalize over the inclination angle ι,
one obtains a posterior density on the H0 -cos ι plane as on the right panel of Fig. 1. With
independent information of the inclination angle, this can be used to reﬁne the measurement of
H0 . The very long-baseline interferometry (VLBI) observations of a relativistic jet along with
the associated jet models 14 , for example, have given a stronger estimate of the viewing angle of
GW170817, leading to an improved H0 -estimate 15 .

Figure 1 – Measurement of H0 from GW170817. Left panel: The marginalized posterior density for H0 (blue),
with minimal 1- and 2-σ (68.3% and 95.4%) credible intervals indicated respectively by dashed and dotted lines.
Right panel: The joint posterior density on H0 and inclination angle ι (blue) with 1- and 2-σ contours indicated
by solid and dashed (black) lines. Both panels additionally show constraints on H0 from the cosmic microwave
background (Planck) and supernovae (SH0ES). Plots are reproduced from the paper reporting the measurement.

3

The “statistical” method using galaxy catalogues

Optical counterparts will not be observed for all BNS mergers, and a counterpart might not
always imply an unambiguous redshift. Furthermore, binary black holes (BBH) mergers, numerous of which are being detected, are not expected to have associated transient counterparts.
In the absence of a uniquely identiﬁed host galaxy, one can use the method outlined by Schutz 2 .
With sets of potential hosts in galaxy catalogues identiﬁed using the GW sky-localization, one
can build up “statistical” information from multiple detections. While for a single detection
in absence of a unique redshift from an identiﬁed host galaxy, one would likely obtain a multimodal posterior density for a cosmological parameter like H0 , with several detections one
would be driven to the true value of the parameter, as has been demonstrated on simulations
performed 16,11,17 . With simulations performed on GW “injections” within galaxy catalogues
assumed to be complete, it was shown that a 5% estimate on H0 can be obtained from O(100)
sources without counterparts at z  0.05. In context of H0 from upcoming observations, the
“statistical” contribution is expected to come mainly from well-localized detections (3-D volume
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 10, 000 Mpc3 ), potentially leading to a O(10%) precision in H0 from only BBHs by 2026 11 .
The method of measuring H0 using galaxy catalogues was illustrated for GW170817 assuming
that no counterpart was observed 18 . A ﬁrst galaxy-catalogue measurement of H0 has now been
performed, using the relatively well-localized BBH merger GW170814 19 (sky area ≈ 60 deg2 )
and ∼ 77, 000 galaxies from the Dark Energy Survey (DES) which thoroughly followed up the
GW170814 sky localization region 3 (Fig. 2). These results pave the path towards a more precise
measurement of H0 jointly with galaxy catalogues and GW data over the coming years.

Figure 2 – Measurement of H0 from GW170814 and possible host galaxies from the Dark Energy Survey. Host
galaxies in the 90% distance interval are used for the main result (solid red); dependence of the result on inclusion
of more galaxies (up to 99.7% of the distance interval) is indicated as a shaded band. 1-σ (68%) credible intervals
are indicated by dashed lines. GW170817 result (gray) and the Planck and Sh0ES measurements are included for
comparison. The plot is reproduced from the paper reporting the measurement.

4

Selection eﬀects

A measurement of H0 from multiple observations requires a precise understanding of selection
eﬀects; the results would be aﬀected by a systematic bias if selection eﬀects are not properly
accounted for. GW selection eﬀects (which arise due to a limited sensitivity of the GW detectors)
are circumvented by dividing the “biased” result by a selection function or a detection eﬃciency
obtained by integrating over all detectable data sets 1,11,20,21 . For the “statistical” method using
galaxy catalogues, EM selection eﬀects also become important: EM surveys are limited by the
sensitivity threshold of telescopes and galaxy catalogues are “incomplete”. The possibility that
the GW host is not in the catalogue hence needs to be taken into account. This is done by
marginalizing over the cases g = G, Ḡ where the host galaxy is respectively present or absent
in the catalogue 21 . The likelihood of the associated GW data xGW given a detection DGW and
H0 splits then into two terms:

p(xGW |DGW , H0 ) =
p(xGW |g, DGW , H0 ) p(g|DGW , H0 )
(1)
g=G,Ḡ

We ﬁnally have the in-catalogue and out-of-catalogue likelihood terms and the respective probabilities. The in-catalogue likelihood term is evaluated with information from the galaxy catalogue, namely, the galaxy redshifts {zgal } and sky coordinates, {Ωgal }.

1
p(xGW |zgal , Ωgal , H0 ) .
(2)
p(xGW |G, DGW , H0 ) =
p(DGW |G, H0 )
gal
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The out-of-catalogue likelihood term is evaluated with a model assuming an apparent magnitude
threshold mth for the threshold-limited survey, and priors on redshift sky-location and absolute
magnitude distributions for galaxies p(z, Ω, M |H0 ):
 ∞
1
dz dΩ dM p(xGW |z, Ω, H0 ) p(z, Ω, M |H0 ) .
p(xGW |G, DGW , H0 ) =
p(DGW |Ḡ, H0 ) z=z(mth ,M,H0 )
(3)
The terms in the denominators of the above expressions are by evaluated integrating over all
detectable data sets (in order to take into account the GW selection eﬀects). Details of the full
method to take into account selection eﬀects are presented in a “mock data challenge” paper 21 .
5

A mock data challenge

The formalism presented above has been tested on a series of simulations 21 . Simulated data
a
from O(250) BNS events 22 have been chosen in association with simulated galaxy catalogues
√
of varying completeness. The results are shown in Fig. 3. They show a convergence as 1/ N
with the number of detections N . For these simulations, depending on the completeness of the
catalogue, the precision reached with the “statistical” are only a few i.e. O(2-5) times broader
than the “counterpart” case where the host galaxy is assumed to be known.

Fractional H0 uncertainty

100

10−1

10−2 0
10

Known Host Galaxy
Complete Catalog
75% Complete
50% Complete
25% Complete

101
102
Number of events

103

Figure 3 – Results on the mock data challenge. Left panel: Fractional uncertainty on H0 as a function of number
of simulated events using galaxy catalogues of varying completeness. The “counterpart” result with a known host
is also shown for comparison. Right panel: Fractional uncertainty on H0 as a function of completeness of the
galaxy catalogue for O(250) simulated events. Results are reproduced from the “mock data challenge” paper.

6

Summary and outlook

GWs from compact binaries provide an measurement of H0 independent of other existing estimates. Numerous detections over the coming years, with or without counterparts, will lead
to a precise GW-measurement of H0 , competing with its currently conﬂicting state-of-the-art
estimates. In order to get an unbiased result, it is crucial to account for any possible systematic
eﬀects, the latter becoming comparable to the smaller statistical uncertainties with an increasing
number of detections. Peculiar velocities are comparatively large at low redshifts, and need to
be estimated and accounted for. Selection eﬀects are of prime importance. To account for GW
selection eﬀects one needs to integrate over all detectable data sets, which requires a marginalization over all GW parameters that characterize the detectable data. With galaxy catalogues,
a

The simulated galaxy catalogues are about 70 times sparse compared to real galaxy catalogues.
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it becomes important to account for selection eﬀects coming from threshold-limited EM surveys,
and to characterize statistical and systematic uncertainties associated with redshift and luminosity measurements. Eﬀects like GW lensing are going to become important further down the
line. A better quantiﬁcation of uncertainties associated with GW detector calibration will also
become imminent moving towards percent-precision.
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In 2015, during the Observing Run 1 (O1), an optomechanical parametric instability was
experienced in LIGO for the ﬁrst time1 : a mirror mechanical mode at 15 kHz became unstable under the eﬀect of radiation pressure, for an intracavity power of 50 kW. The same
phenomenon was expected to be observed in Virgo, however, it has not been the case yet, even
for an intracavity power of 100 kW. Here, we predict the parametric gain for each mechanical
modes of the four suspended test masses of the Virgo conﬁguration. We show that for the
Observing Run 3 (O3) nominal intracavity power (100 kW) it is very unlikely to observe a
parametric instability.

1

Introduction

Now that gravitational waves from compact binary coalescences have been successfully detected
by the global LIGO-Virgo network 2, 3 , a key challenge is to improve the detector sensitivity
in order to detect more transient sources – weaker or located further away. The detectors’
sensitivity can be enhanced by increasing the laser power travelling within the arm cavities,
for it reduces the eﬀect of the laser quantum phase noise, which is the fundamental noise that
dominates the sensitivity in the high-frequency range (above a few hundreds of Hz). However,
an optomechanical parametric instability (PI) may limit the amount of optical power used in
Virgo/LIGO-like gravitational detectors.
In an optical cavity, photons can be scattered from the optical TEM00 mode to a higher order
transverse mode through a mechanical mode (MM) by annihilating or creating one phonon in
this mode. If the frequency diﬀerence between the two optical modes (beat note) matches
the mechanical mode frequency, one of the two (Stokes) processes becomes resonant, and the
modulated radiation pressure resulting from the beat note can either damp or increase the
mechanical motion 4 . The latter eﬀect leads to an excitation of the mechanical mode, that is, ﬁrst
exponentially growing, and then reaches a plateau after some time. The interferometer signal
associated with the mirror excitation would be aliasing in the detection band, thus saturating
the electronics 1 . This phenomenon has not yet been observed in Virgo. However, it might
become a serious problem in future observing runs. In the following we simulate this eﬀect for
the Virgo interferometer in the O3 conﬁguration.
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2

Numerical approach

The selected approach to compute the parametric gain is that developed by Evans et al 5 . With
this approach, the whole interaction can be seen as a classical feedback system. The resulting
gain writes 5
∞
8πQm Parm 
2
Rm =
[Gn ]Bm,n
(1)
2
M ωm cλ n=0
where Qm is the quality factor of the mechanical mode and ωm its frequency, Parm is the intracavity optical power and λ the optical wavelength, M is the mirror mass, c is the speed of light,
Gn is related to the optical gain of the scattered ﬁeld and encapsulates the mechanical response,
2
is the spatial overlap integral between the three involved modes. A mechanical mode
and Bm,n
becomes unstable if Rm > 1, and is damped if Rm < 0.
3

Simulations

The simulations have been done for a Virgo conﬁguration corresponding to that of O3. The
parameters for such a conﬁguration are shown on Tab 1.
Table 1: Parameters used for the simulations.

Virgo 03 conﬁguration parameters
Arm lengths
Radius of curvature (RoC) North INPUT (NI)
RoC North END (NE)
RoC West IN (WI)
RoC West END (WE)
Transmittance NI
Transmittance NE
Transmittance WI
Transmittance WE
Transmittance Power Recycling (PR) Mirror
Round trip loss (TEM00 )
Distance from beam splitter to NI
Distance from beam splitter to WI
Distance from beam splitter to PR
Mirror mass
Intracavity power
Laser wavelength
Gouy phase of PR cavity
Mirror mechanical parameters
Young modulus
Poisson ratio
Density

2999.8 m
1424.56 m
1695 m
1424.58 m
1696 m
13750 ppm
4.4 ppm
13770 ppm
4.3 ppm
48400 ppm
75 ppm
6.0167 m
5.7856 m
6.0513 m
42.28 kg
100 kW
1.064e-6 m
1.8 mrad
72.248 GPa
0.16629
2201 kg/m3

On the mechanical side, mechanical mode shapes and frequencies have been computed with
a Finite Element Method (FEM). On the optical side, we considered ﬁnite size spherical mirrors
and the Fabry-Perot cavity optical modes (frequencies, clipping losses, shapes) were obtained
by numerical diagonalisation of the propagation kernel over a cavity round-trip. This methods
provides the exact clipping losses and will enable the use of real mirror shapes in future work.
The gains of all mechanical modes are then obtained from Eq. 1. We have checked the
validity of our simulation by frequent comparison between codes developed in parallel at LKB
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and Artemis, as well as with Finesse 6 for a few mechanical modes.
The radii of curvature of the four test masses are altered by thermal eﬀects, adding an uncertainty on their exact value. However, the mirrors curvature play a very important role. Indeed,
they set the frequencies of transverse optical modes: they are responsible for a mechanical mode
to be on resonance with two optical modes or not. Therefore, a system that enables to scan
the radii of curvature of the mirrors, and thus mitigate the parametric instabilities, has been
installed on Virgo. It consists of heaters that are attached to the test masses. In the real interferometer, it is only realistic to use the end-mirror ring heaters, since contrary to input-mirrors,
a change in their radius of curvature does not aﬀect the beam shape in the power recycling
cavity. That is why in the simulation shown on Fig. 1, we scan the end-mirror radii of curvature
around the nominal values.

Figure 1 – Left: number of parametric instabilities evolution while scanning end-mirrors RoCs in the range [1675,
1705] m. Right: maximum parametric gain. The arrows highlight two unstable mechanical modes: 24.381 kHz
(white), 24.629 kHz (black). These two modes and the highest optical mode contributors are shown in Fig. 2.

Fig. 1 shows the number of instabilities versus the end-mirror radii of curvatures. One can
then see that there are only a few PIs over a range of about ± 5 m. Moreover, these results
are obtained by assuming that all of the mechanical modes have a quality factor of 107 . This
value has been chosen to set upper limits to our simulations but the measured quality factors
and then all the predicted ones lay well below this value. This is consistent with the fact that
no PI have been observed at Virgo yet, even while performing a test in commissioning phase,
during which the radii of curvatures were scanned thanks to the ring heaters.
Fig. 2 shows two unstable modes (highlighted by the white and black arrows on Fig. 1).
They are not the only ones, as we clearly see that other modes are unstable, but only on the
diagonal of Fig. 1, within the chosen parameter space. The ﬁgure also shows the highest optical
mode contributor. However, we emphasise that here, the interesting point is more the fact that
the density of instabilities is very low in Fig. 1, rather that the exact unstable mechanical mode
that comes out from the simulation. Indeed, very small variations of the interferometer’s optical
parameters do not change the density of instabilities, but change the mechanical modes that
become unstable.
4

Conclusion

Until now, no instabilities have been observed for the power recycled Advanced Virgo interferometer (O3 conﬁguration), with an intracavity power of 100 kW. Our simulations conﬁrm that
even for rather high mechanical quality factors, the number of expected parametric instabilities
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Figure 2 – Two unstable MMs (top) together with the most spatially overlapping optical mode (bottom). MM
at 24.381 kHz (left), MM at 24.629 kHz (right), and the optical mode happens to be the same for both MMs.

is zero over most of the parameter space. We have computed all the modal quality factors (up
to 80 kHz) using the predictions of the a ﬁnite element model ﬁtted with the losses coming from
some measured quality factors of the mirrors, ﬁnding that they are all well below the value 107 .
As a consequence, all of the critical modes that could rise to an instability are not really critical in the present conﬁguration of the interferometer. In a future work, we will introduce the
measured mirror shapes rather than use purely spherical mirrors, and take into account thermal
eﬀect due to optical absorption, which lead to a small change in the radii of curvatures. Finally,
we will simulate the parametric gains for the next observing run conﬁgurations O4, and O5.
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MITIGATION OF PARAMETRIC INSTABILITY
M. TURCONI, T. HARDER, R. SOULARD, W. CHAIBI
ARTEMIS, Université Côte d’Azur, CNRS and Observatoire de la Côte d’Azur, Boulevard de
l’Observatoire F-06304 Nice, France
A key action for enhancing the sensitivity of gravitational wave (GW) detectors based on
laser interferometry is to increase the laser power. However, in such a high-power regime,
a nonlinear optomechanical phenomenon called parametric instability (PI) leads to the ampliﬁcation of the mirrors vibrational modes preventing the detector functioning. Thus this
phenomenon limits the detectors maximum power and so its performances. Our group has
started an experimental research program aiming at realizing a ﬂexible and active mitigation
system, based on the radiation pressure applied by an auxiliary laser. A summary on the PI
mitigation techniques will be presented, we will explain the working principle of the system
that we are implementing and report about the ﬁrst experimental results.

1
1.1

Introduction
Parametric Instability in Gravitational Wave Detectors

Gravitational
√ wave detectors based on laser interferometry have reached a sensitivity h = ΔL/L
≈ 10−23 / Hz at about 100Hz which makes detection of sources in 10Hz-10kHz bandwidth such
as black holes and neutron stars binaries, possible, opening a new era for astronomy 1,2,3,4 .
Advanced detectors aLIGO and AdVirgo still havent reached their nominal performances and
improvements of sensitivity are foreseen in order to push the limits of the observable universe
and to increase the detection rate. Moreover, since about ten years, researchers work at the
design of a third generation GW ground-based detector: the Cosmic Explorer 5 and the Einstein
Telescope (ET) 6 . The ET, a proposed European project, aims at achieving a sensitivity ten
times better than the advanced detectors on a broader spectral bandwidth (1-10kHz). A key
action for improving the signal to noise ratio is to increase the laser power. The power inside
the Fabry-Pérot cavities composing the interferometer arms of the advance detectors is foreseen
to approach 1 MW and 3 MW for ET. This high circulating power is needed to decrease the
shot noise level which limits the detector sensitivity at high frequency (above 200 Hz). But
increasing the optical power also means to deal with parametric instability. PI consists in the
ampliﬁcation of the mirror mechanical modes, initially thermally excited, by radiation pressure.
This pressure is exerted by the intracavity laser ﬁeld composed by the main optical mode and
one or several high order modes. The latter are created by scattering of the main mode by the
mirror vibrations themselves. PI is analogous to Stimulated Brillouin Scattering (SBS7,8 ), the
parametric interaction involved is the conversion of the main laser mode ω0 into one phonon
(acoustic excitation) ωm and one photon at lower energy ωs = ω0 ωm . Two conditions need to be
met for the instability to occur: all the three modes involved must be resonant in the cavity (for
the optical modes) and in the mirror (for the mechanical mode) and there must be a signiﬁcant
spatial overlap between the beat note and the mechanical mode proﬁles.
The ﬁrst one-dimensional analysis of PI in the context of advanced GW laser interferometers
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detectors was described by Braginsky 9 . Since then, several theoretical and experimental studies
have been carried-out in order to understand the PI impact on the gravitational wave detectors
16−24 . This impact was eventually observed in 2015 at aLIGO and reported by 10 : an acoustic
mode around 15 kHz becomes unstable preventing the detector functioning for an intracavity
power of 50kW, which is much lower than the design power (800 kW). On the other hand, PI
hasnt been observed on AdVirgo detector yet. They are foreseen to appear in the next detection
run O4, in two years, when the laser power will be increased and the signal recycling cavity will
be installed. Therefore, in order to operate the advanced detectors at their design sensitivity
and to realize the next generation of GW detectors, it is necessary to mitigate the PI eﬀects by
damping the unstable mirror modes.
1.2

PI Mitigation Strategies

A wide variety of techniques have been suggested to overcome PI in GW detectors; one can
divide them in two categories: passive and active techniques. The passive techniques aim
at preventing the instabilities by changing the cavity parameters of the detector so that the
PI no longer occurs. One kind of these techniques acts by increasing the loss of the mirror
mechanical modes with passive dampers. Ring dampers 11 and piezoelectric acoustic mode
dampers 12 have been proposed. These methods are able to decrease the parametric gain, but
their eﬀect depends on the frequency of the mechanical mode and care has to be taken on their
design to limit the cost in terms of thermal noise. Among them the acoustic mode dampers
seem promising 13 and have been applied on LIGO mirrors. Another passive technique is the
thermal tuning. It consists in changing the radius of curvature of one or more optics by means of
thermal actuators 14 . This method has been used during the ﬁrst observation run of LIGO 10 . By
tuning the resonant frequency of the high order mode involved in the parametric interaction, the
ampliﬁcation of the mechanical mode has been stopped, the intracavity power could be increased
up to 100 kW allowing the ﬁrst detection of GWs. This technique, though, is not enough to
avoid all the unstable modes at the nominal power ≈ 1MW; because of the high density of the
mechanical unstable modes, a detuning which is eﬀective for one mode will bring other modes
into resonance. The active techniques consist in monitoring the onset of the instability and
suppress it by a feedback that damps the mirror unstable mode. Miller et al. 25 proposed the
active damping by means of the electrostatic actuators of LIGO mirrors. Recently Blair et al.
26 proved the eﬀectiveness of this technique. The unstable mirror vibration mode at 15kHz
was successfully damped by using the electrostatic control system, normally used to provide
longitudinal actuation on the mirrors for the interferometer lock. But this technique is limited
by the ﬁxed position of the four actuators. Not all the mechanical modes can be eﬃciently
damped.
Within the Virgo collaboration diﬀerent groups are doing research on PI: Università di Roma
Sapienza is involved in simulations and development of passive dampers; Institut Foton in Rennes
is studying the issue of PI early detection. A group in LKB is also involved in the PI simulations.
Our team in Artemis laboratory is working on the active mitigation solutions. The main goal of
our research program is to build a ﬂexible attenuation system for the PI, based on the radiation
pressure applied by an auxiliary laser.
2
2.1

PI Damping System Based on Radiation Pressure
Concept

Such attenuator device consists of two cascaded acousto-optic modulators (AOM) used as deﬂectors (for a 2D scan in X and Y direction). An auxiliary laser beam is placed by the AOMs
in phase quadrature on the mirrors areas where the surface deformation, due to the mechanical
mode, is maximal. The auxiliary beam amplitude is modulated at the mechanical mode fre-
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Figure 1 – PI damping system principle. a) An auxiliary laser is reﬂected on the suspended end-cavity mirror
exerting a radiation pressure force where the mechanical mode induces a deformation of the mirror surface, dz,
along the cavity axis. The Mach-Zehnder interferometer allows local detection of the mirror displacements. b)
The laser amplitude (red dashed line) is modulated at the same frequency, in phase quadrature to damp the
mechanical mode (blue line). This plot is for illustrative purposes only. c) Spatial proﬁle of a higher order
mechanical mode, the red dots represent the areas where the radiation pressure of the auxiliary beam must be
applied.

quency fm by the AOM itself or by an intensity modulator, it is injected through the mirrors
back surface and reﬂected on the high reﬂectivity surface, with a 90o phase shift with respect
to the mechanical mode oscillations. In such a way, it applies a viscous damping force by radiation pressure, meaning that dissipation increases for that particular mode which eventually is
damped. Moreover, the auxiliary laser can be used for detection of the unstable modes. For this,
the auxiliary beam is split before the contact with the mirror substrate and it is recombined after
the reﬂection on the high reﬂectivity coating. The output of the Mach-Zehnder interferometer
will allow to locally monitor the mirror deformation amplitude, phase and frequency.
In the Figure 1, a simpliﬁed scheme of the PI-damping device is represented (a). Here the mechanical mode induces a longitudinal displacement dz at mirror center (blue straight line in (b))
which is damped by the force applied by the auxiliary laser (red dashed line). If the mechanical
mode shows a more complicated spatial proﬁle like in (c), the laser is continuously moved from
one lobe to the other.
Compared to the active electrostatic damping system, this attenuation device can be more
eﬀective since the overlap between the applied force and the spatial shape of the unstable modes
can be ﬁnely adjusted by the X-Y deﬂectors. It is also more ﬂexible: the optical power, frequency and phase used for the actuation can be controlled by the AOMs themselves or by an
additional intensity modulator.
2.2

First Results

Since November 2018, our team has started the experimental investigation of AOM deﬂectors
in order to deﬁne the best characteristics needed for the PI damping purpose. The auxiliary
laser should be moved fast in order to hit the mirror on diﬀerent areas during one period of the
mirror mechanical mode. This means that the RF driving frequency of the AOM must change
value rapidly. We estimated a scan frequency at 10 MHz is enough for damping 1kHz-100kHz
range modes. Moreover the full scan angle should be wide so that a 35 cm wide mirror like the
GW detector’s ones can be covered.
We have begun by studying the performances of an AOM already available in our laboratory:
the model MT110-A1.5-1064 from AA Opto Electronic. Its central driving frequency is 110

81

Figure 2 – Left: schematic drawing of the experimental setup. The yellow area is the Mach-Zhender interferometer
used for the generation of the RF signal which drives the AOM deﬂector MT110-A1.5-1064. A Photodetector
(PD) on a translation stage is used to monitor the beam displacement. BS: beam Splitter; PM: Phase Modulator.
RF Gen: Radio Frequency Generator at frequency fm ; RF Amp: Radio Frequency Ampliﬁer; +1: AOM diﬀraction
order.
Right: Beam displacement as function of time for three values of fm : 1, 3, 6 MHz.

MHz, this determines the central position around which the diﬀracted beam will be moved. It is
not trivial to generate radio frequency (RF) signals (for this AOM at 110 MHz) whose frequency
is modulated at a rate of 10 MHz or more. In order to do this we exploited the beating of two
optical signals as explained below.
The experimental setup used for the AOM characterization is depicted in the left panel of Figure
2.The laser source is a ﬁber laser with a wavelength of 1064nm ampliﬁed to 100mW. The laser
is split in three beams, one that goes to the AOM under test, the beam spot size is 300 μm at
the AOM input, this is the smaller accepted beam-size according to the AOM datasheet. The
smaller the spot size, the larger is the AOM response bandwidth. The other two beams are
used for a Mach-Zhender interferometer. In one arm the laser beam is frequency shifted by 110
MHz by an AOM and in the other arm the phase of the beam is modulated at the frequency fm ,
which is set from 1 to 10 MHz. The amplitude of the phase modulation φm is set by adjusting
the amplitude of the RF generator. The two arms overlap on a Photodiode which detects the
beating signal whose frequency varies sinusoidally from 110 MHz - fm to 110 MHz + fm . The
photodiode signal is used to drive the tested AOM. We detect the deﬂected beam with a 1mm
wide photodiode on a translation stage, recording the signal every 500 μm on the transverse
plane we are able to track the beam displacement (see right panel of Figure 2). The total scan
angle is of 15 mrad, beyond this range, the diﬀraction eﬃciency of our AOM drops signiﬁcantly
(not shown). This kind of AOM is thus not suitable for our application.
2.3

Perspectives

The reported results have been used to deﬁne the best AOM speciﬁcations for the PI attenuation
device. Our choice is a trade-oﬀ between a big scan-angle and rapidity of the AOM response.The
chosen AOM, model 4225-2 from Gooch&Housego has a scan-angle of 35 mrad for a rather ﬂat
eﬃciency curve and a response time of 33ns. Since the optical power needed for PI attenuation
is unknown, the chosen AOM has a high damage threshold allowing up to few tens of watts of
injected power. The other key element of the PI damping system based on radiation pressure is
the RF generator for driving the AOMs. The Mach-Zhender interferometer shown in this report
will be replaced by a software deﬁned radio reconﬁgurable device from National Instruments
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which is able to generate a signal in the range 1MHz-6GHz and change frequency within 5 ns.
The AOMs will be controlled by a computer program interfaced with the RF device.
In the short-term, the auxiliary laser position control will be assembled, including a power
stabilization loop in order to overcome the angle dependency of the AOMs eﬃciency.
3

Conclusions

PI is a harmful phenomenon for GW detectors. We have reported on the research program of
Artemis laboratory on PI mitigation. The goal is to develop a ﬂexible device for PI mitigation
based on radiation pressure. The device is under development, it will be characterized and then
tested. Exploitable results are waited before starting of O4.
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General relativity (GR) created by A. Einstein more than 100 year ago and it is the best theory of gravity since it successfully passed a number of tests. However, GR has been veriﬁed
rather well in a weak gravitational ﬁeld approximation where GR predictions could practically
be very similar to predictions of many alternative theories of gravity. Really, in November
1915 Einstein remarkably explained the Mercury anomaly found by Le Verrier in the mid of
XIX century. Both phenomena were explained in the framework of the ﬁrst post-Newtonian
approximation of GR. Soon after that Eddington and Dyson conﬁrmed GR predictions about
deﬂections of light by gravitational ﬁeld of Sun with observations of foreground stars during
the Solar eclipse in May 1919. After that Einstein started to be a world celebrity since he
corrected Newton introducing a new description of gravity law. Therefore, if we assume that
GR and Newtonian gravity law are universal than we have conclude that GR is preferable.
After that GR has been tested in many observations and experiments but as we note basically
in a weak gravitational ﬁeld approximation. For instance, recently the GRAVITY collaboration and the Keck team conﬁrmed GR predictions for gravitational redshift in the ﬁrst
post-Newtonian for S2 star near its pericenter passage in May 2018 (S2 star moves around the
supermassive black hole at the Galactic Center). Similarly the the Eddington’s claim about
a preference of GR in comparison with Newtonian theory, the GRAVITY noted that gravitational redshift of the S2 star is better described with GR. In April 2019 the Event Horizon
Telescope collaboration reported about a shadow reconstruction at the center of galaxy M87
and shadow sizes correspond to estimates obtained with a GR approach. We discuss opportunities to constrain alternative theories of gravity with current and forthcoming observations
of the Galactic Center (GC) (and the center of M87) with large telescopes in IR band and
VLBI network. Among many other alternatives theories of massive gravity are considered as
alternatives for GR. For instance, some time ago the LIGO - Virgo collaboration discovered
gravitational waves and binary black holes and also found an upper constraint on graviton
mass mg < 1.2 × 10−22 eV (and later the estimate was improved mg < 7 × 10−23 eV). If we
analyze pericenter shifts evaluated from observations and theoretical values calculated assuming Yukawa potential corresponding to a massive graviton then in the future one could reach
a graviton mass estimate as low as mg < 5 × 10−23 eV. Similarly, evaluating pecicenter shifts
for bright star orbits around the black hole at the Galactic Center one could constrain a tidal
charge for the black hole. Therefore, analyzing sizes of shadows around the supermassive black
hole at the Galactic Center (or/and in the center of M87) one could constrain parameters of
diﬀerent alternative theories of gravity as well.
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1

Supermassive black holes at the Galactic Center and M87

The Galactic Center (GC) is one of the most attractive targets for observations in diﬀerent
spectral bands from radio to γ-ray (it is located at a distance around 8 kpc from our Solar
System). People proposed many theoretical models for GC, however, the most popular and
natural model is a supermassive black hole1 and its mass is around 4 × 106 M . Therefore, this
object could be used as a natural laboratory to test GR using bright stars or photons as test
bodies since analyzing geoedesics one could evaluate a potential. Really, monitoring bright stars
with large telescopes VLT and Keck one could compare theoretical predictions and results of
observations. The GRAVITY collaboration observed the trajectory of S2 star near its pericenter
passage in May 2018 claimed the discovery of general relativity eﬀects for this star, namely
gravitational redshift for S2 star is consistent the GR prediction calculated in the framework of
the ﬁrst post-Newtonian correction and inconsistent with corresponding values calculated in a
pure Newtonian theory.2 The Keck team obtained similar results, however, they are not published
yet.3 Currently, ﬁrst post-Newtonian corrections should be enough to ﬁt observational data but
in the future, one should to take into account hogher order corrections. The Galactic Center is
one of the primary goal of the Event Horizon Telescope (EHT) which is a global VLBI network
operating in mm-band.4 It is expected to reconstruct the shadow around the supermassive black
hole (which was discussed earlier in papers5,6,7,8 ) based on observations of bright structure near
the shadow with EHT. We would like to remind that for GC a shadow size is around 50 μas and it
is weakly depend on spin, while its shape depends on spin.8 Recently, using the Global Millimeter
VLBI Array (GMVA) a group of radiastronomers reconstructed the smallest bright spot at
the GC with dimensions around 120 μas observed at 3.5 mm wavelength9 where the Atacama
Large Millimeter/submillimeter Array (ALMA) was included as the important component of
the network for such observations. One of the main targets for EHT consortium is the center
of galaxy M87 or Messier 87 (M87 is a supergiant elliptical galaxy in the constellation Virgo is
located at a distance around 16.5 Mpc) since a black hole is very massive (M ∈ [(3.0, 6.8]×109 M
with 3σ uncertainties)10 and M 87* shadow size is comparable with the Sgr A* one. In April
2019 the EHT team reported about the ﬁrst reconstruction of supermassive black hole in galaxy
M87 observed with EHT network in April 2017.11 The authors resolved the central compact
radio source as an asymmetric bright emission ring with a diameter about 42 μas (the shadow
is inside the ring) and evaluated the black hole mass as M = (6.5 ± 0.7) × 109 M .11
2
2.1

A black hole with a tidal charge
Constraints on a tidal charge with observations of bright stars at GC

We use a system of units where G = c = 1. The Reissner – Nordström – de-Sitter metric could
be written as
(1)
ds2 = −f (r)dt2 + [f (r)]−1 dr2 + r2 dθ2 + r2 sin2 θdφ2 ,
where f (r) = 1 − 2M /r + Q2 /r2 − Λr2 /3. Here M is a black hole mass, Q is its charge and Λ is
cosmological constant. In the case of a tidal charge,12 Q2 could be negative. Later, in papers13,14
it was suggested to use this solution for astronomical objects including the black hole at GC. In
paper 15 we showed a procedure to evaluate a tidal charge from observations of pericenter shifts
of bright stars moving around GC with current and future observational facilities such as VLT,
Keck, GRAVITY, TMT and E-ELT using estimations for accuracies of these facilities given by
Hees et al.16 Really, in the paper it was shown that a total shift of a pericenter is
√
6πM
πQ2 πΛa3 1 − e2
Δθ(total) :=
−
+
,
(2)
L
ML
M
where L is the semilatus rectum (L = h2 /M , h is an angular moment) and we have L = a(1−e2 )
(a is semi-major axis and e is eccentricity).
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2.2

Bounds on a tidal charge with shadow sizes at GC

From a theoretical point of view a black hole is a vacuum solution of Einstein equation with
certain properties, but from observational point of view a black hole could be determined using
shadow concept. More precisely, if we ignore photon scatter in interstellar medium, astronomers
could see dark regions (shadows) at the sky which correspond to positions of black holes. As
we earlier noted, assuming that black holes have no charges, sizes of spots depend on black
hole masses and distances between them and observers, while shapes of shadows depend on
their spins.8 Recently, Babichev et al. found a hairy black hole solution in the framework of
Horndeski gravity.17 The solution looks like Reissner – Nortdström solution, but Q is not an
electric charge and it is a parameter which reﬂects an existence of scalar ﬁeld and in principle,
Q2 could be negative (similarly to a tidal charge). As we adopt earlier M is a black hole mass,
h and E are angular momentum and energy of photon. If we introduce also variables r̂ = r/M ,
ξ = h/(M E), Q̂ = Q/M (below we skip ∧ symbol), l = ξ 2 and q = Q2 critical impact parameter
ξcr (or lcr ) corresponds to double roots of polynomial as it was discussed in paper.18 This critical
impact parameter ξcr corresponds to unstable circular orbits of photons and separates scatter
and plunge regions since in the case of black hole (q < 1) for ξ < ξcr one has a photon plunge,
while for ξ > ξcr a photon is scattering and in this case ξcr corresponds to a shadow radius in
M units. For naked singularities 1 < q ≤ 9/8 critical impact parameters correspond to unstable
circular orbits of photons but shadows do not exist. In paper18 it was shown that from the
condition of vanishing discriminant of the polynomial R(r), one could obtain lcr as a function
of parameter q

(8q 2 − 36q + 27) + (9 − 8q)3
.
(3)
lcr (q) =
2(1 − q)
Therefore, unstable circular photon orbits disappear for the critical value q > 9/8 (for this
case one has naked singularities). The function lcr (q) is monotonically decreasing and has the
minimal value lcr (1) = 16 for the Reissner – Nordström metric with extreme charge.19

3

Constraints on graviton mass from observations of bright stars at GC

A few years ago F. Dyson considered opportunities to detect a graviton 20 and his answer was
rather pessimistic since in the future it will be very hard to detect graviton in physical experiments, independently on a version of gravity theory where graviton could be massive or massless.
In 2016 the LIGO–Virgo collaboration detected gravitational waves from a merger of a binary
black hole system (the event is called GW150914).21 Moreover, the LIGO–Virgo collaboration
considered a theory of massive gravity as an alternative for conventional general relativity and
analyzing the GW signal the authors found a constraint for the graviton Compton wavelength
from an analysis of GW signal λg > 1013 km which could be interpreted as an upper constraint
for a graviton mass mg < 1.2 × 10−22 eV.21 Later, the graviton mass estimate was improved
mg < 7.7 × 10−23 eV.22 In the case of massive graviton, we could use Yukawa gravitational
potential in a form ∝ r−1 exp(−r/λg ), and in this case a lower bound for Compton wavelength
λg of the graviton is connected with an upper bound of its mass mg(upper) = h c/λg . Several
years ago, in paper23 we found constraints on Yukawa gravity from observational data for the
S2 star orbit. Later, we obtained constraints on graviton mass mg < 2.9 × 10−21 eV from available observational data.24 After that Keck group followed our ideas to improve our estimates
with new observational data mg < 1.6 × 10−21 eV.16 In paper 25 we considered perspectives to
improve current graviton mass estimates found with future observational data for S2 and other
bright stars, in particular, we evaluated orbital precession for Yukawa potential and obtained
an upper limit for a graviton mass assuming that GR prediction about orbital precession will be
conﬁrmed with future observations. In this case as it was shown in paper25 the longest Compton
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wavelength could be expressed as
Λ≈

c
2

√
(a 1 − e2 )3
≈
3GM

√
(a 1 − e2 )3
,
6RS

(4)

where a is a semi-major axis and e eccentricity for a selected orbit. Therefore, after observations
of bright stars for several decades an upper bound for a graviton mass could reach around
5 × 10−23 eV.
4

Conclusions

Current and future Observations of bright stars moving around GC provide remarkable opportunities to evaluate parameters of black hole, extended mass distribution and constrain alternative
theories of gravity. Recent EHT observations of GC and M87* showed that such facilities are
extremely important to test GR in a strong gravitational ﬁeld limit and constrain alternative
theories of gravity, for instance, one could constrain Q2 parameter from these observations.
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Fast Radio Burst Cosmology and HIRAX
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Until very recently we had as many theories to explain Fast Radio Bursts as we have observations of them. An explosion of data is coming, if not here already, and thus it is an
opportune time to understand how we can use FRBs for cosmology. The HIRAX experiment,
based mostly in South Africa, will be one such experiment, designed not only to observe large
numbers of FRBs but also to localise them. In this short article we consider brieﬂy, some
ways in which HIRAX can change the landscape of FRB cosmology

1

Introduction

Fast Radio Burst discovery is transitioning from a slow drip of data to a veritable deluge. In
preparation for the expectation of a huge catalogue of FRBs and their dispersion measures, we
consider the possible ways that they may be used as standard measures in cosmology as well as
ways in which we can use FRB observations, cross correlated with cosmological surveys to answer
other unsolved problems about our cosmos. In this short article based on a talk at the 2019
Moriond Gravity conference, we remind the reader about some of what is known about FRBs to
date, as well as provide a brief introduction to the HIRAX experiment. We then go on to consider
one such application for FRBs, the possibility of combining FRB results from HIRAX and Planck
results to resolve the missing baryon problem.

2

HIRAX

The Hydrogen Intensity and Real-time Analysis experiment (HIRAX) is an array of 6m parabolic
radio telescopes currently under construction in South Africa 1 . The primary array will be situated
in the Karoo desert area in South Africa, an area that has particularly low Radio Frequency
Interference (RFI) due to an act of parliament, the Astronomy Advantages act of 2008 that protects
the Karoo area from RFI from the usual manmade sources. The central HIRAX array will be based
in the Karoo with outriggers planned most likely in other parts of the country - and in various other
countries in Africa, most likely Rwanda and Namibia at the very least. HIRAX will be able detect
the eﬀects of dark energy on the distribution of galaxies by using Hydrogen intensity mapping in
the 400 to 800 MHz range, which corresponds to a redshift range of 0.8 < z < 2.5. We expect that
there are thousands, if not tens of thousands, of FRBs going oﬀ in some part of the observable sky
every day. HIRAX will be able to observe a large fraction of these within its observing range, a
15 000 deg2 of the sky and will thus produce a huge catalogue of several thousand FRBs. In its
full design, HIRAX will be made up of 1024 dishes with several sets of outriggers, each made up
of 8 dishes. An advantage of the Southern location of HIRAX allows for cross correlations with
several ongoing surveys; see 1 for further discussions on HIRAX setup and strengths.
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3

Fast Radio Bursts

Since their discovery a dozen years ago, Fast Radio Bursts have rapidly become an exciting novel
area of astrophysics research, in part due to their relatively scarcity in the data so far and partly
because we cannot explain their cause. If there is anything we love in astrophysics research, it is
unexplained phenomena. In the case of Fast Radio Bursts, we have been using the sparse data
we have so far to try to put together a picture of how they are formed, their expected rates and
properties and whether they are all one type of object or fall in multiple classes. All of this is set
to change in the coming months and years as globally we shift from searching for signals of FRBs
in archival data, to observing them live, and in large numbers across the sky. At this stage, what
we know is that they are most likely extragalactic and found within host galaxies. We observe
them at relatively low redshifts up to about z = 0.5 which is likely the a limitation of our ability to
observe them. They are of the order of 1 Jansky in brightness and so far are very short lived, with
lifespans ranging from μs to 50 ms and observed in the radio range as low as 400 MHz. There is
a public catalogue of all bursts observed so far at www.frbcat.org and a catalogue of theories at
www.frbtheorycat.org with a companion paper expanding on each so far 4 . They are observed
at a range of polarisations, with none observed so far that are unpolarised, and they have a range
of rotation measures. All of these clues do not yet point to a clear picture but we await more data.
4

Fast Radio Burst Cosmology

Early indication that Fast Radio Bursts appeared to be extragalactic sources led to speculation
on some possible cosmological applications of the bursts. And since the association of a repeating
FRB with a host galaxy at z = 0.19, many more applications have been proposed. Even without
redshift information some cosmological information an be extracted, for example; a single FRB can
constrain violations of the Einstein Equivalence Principal 6,7 , or constrain the mass of the photon 8 .
Strongly lensed FRBs could be used to probe dark matter 9 , or measure the value Hubble constant
and cosmic curvature 10 . And, dispersion space distortions could be used to probe the clustering
of matter 11 . In the future, should more FRB events be associated with a host galaxies, for which
redshifts can be acquired, this would give access to the Dispersion Measure (DM) redshift relation,
DM(z), which can be used as a probe of the background cosmological parameters 12,13,14 . However,
the strength of this approach will strongly depend on the intrinsic scatter in the observed DM data
caused by intervening matter inhomogeneities along the line of sight, host galaxy contamination
to the observed DM, and knowledge of the cosmic mean gas fraction in the IGM 15 . Some other
cosmological applicants include constraining the growth rate by cross-correlating FRBs with kSZ
data 16 , and testing the Copernican principal by testing the isotropy in the DM(z) relation 17 .
5

The Missing Baryon Problem

Despite our current era of concordance cosmology, a number of puzzles remain. Included in these is
the missing baryon problem 18 ; despite our best eﬀorts and most sophisticated analyses, it appears
that we have lost 30% of the baryons we expect to see in the recent universe 19,20 . While we
believe they are likely in the warm-hot intergalactic medium (WHIM), gaining direct observational
evidence of this is challenging. Attempts at detecting the WHIM include large-scale structure crosscorrelations, such as the cross-correlation between thermal Sunyaev-Zeldovich eﬀect and galaxy
weak lensing 21,22,23 , stacking luminous red galaxy pairs with thermal SZ map 24 , detecting the
temperature dispersion of kinetic SZ eﬀect within the X-ray selected galaxy clusters 25 , and the
detection of the cross-correlation between kinetic SZ eﬀect with velocity ﬁeld 26,27 . Since an FRBs
DM is due to its propagation through regions with free electrons, they are directly sensitive to
the location of baryons in the Universe, and thus may help to constrain the mass fraction of
the WHIM. One such proposal considers cross-correlating FRB maps with the thermal SunyaevZeldovich eﬀect to ﬁnd missing baryons 28 . Another approach would be to use the DM(z) relation
to constrain the mean cosmic gas (diﬀuse baryons) in the IGM, fIGM 29 .
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6

Future Constraints from FRB observations

A forecast using the DM(z) relation can be seen in Figure 1, which shows constraints in the
Ωk − Ωb h2 plane, from a sample of 104 simulated FRBs with redshifts, combined with the Planck
2015 constraints 29 . Grey contours show the CMB + BAO + SNe + H0 (CBSH) constraint from
the Planck 2015 results. Magenta lines indicate the 1- and 2-σ constraint contours for FRB+CBSH
assuming one has perfect knowledge of the mean diﬀuse baryon fraction in the IGM, fIGM . Clearly,
having perfect knowledge of fIGM would allow for a dramatic improvement over the current CBSH
constraints, however this function in poorly constrained by observations. Black lines show the
same, but with no prior knowledge of fIGM . While the cosmological constraints do not shown any
improvement over the CBSH priors, the priors allow for a measurement of fIGM at the percent
level (shown by the colorbar on the right). Since around 50 − 80% of the baryons are believed to
reside in the IGM, a detection of fIGM in this range would provide further evidence that the most
of the Universe’s baryons are located in diﬀuse gas in the IGM, and are in-fact not missing.

CBSH
fIGM free
fIGM ﬁxed

0.0228

0.85
0.84

fIGM

Ωb h2

0.0226

0.86

0.0224

0.83

0.0222

0.82

0.022

0.81

0.0218

0.80
−0.006 −0.003 0.000 0.003 0.006

Ωk
Figure 1 – Constraint forecast in the Ωk − Ωb h2 plane, from 104 FRBs with redshifts, using the DM(z) relation
and Planck priors, and.... Grey contours show the CMB + BAO + SNe + H0 (CBSH) constraint from the Planck
2015 results. Magenta lines indicate the 1- and 2-σ constraint contours for FRB+CBSH assuming one has perfect
knowledge of the mean diﬀuse baryon fraction in the IGM, fIGM . Black lines show the same, but with no prior
knowledge of fIGM . Coloured points correspond to the value of fIGM .

7

Conclusion

From only a few FRBs observed in the last few years, we expect to soon have a catalogue of tens of
thousands (if not far more) FRBs from radio telescope arrays around the world, including CHIME,
ASKAP, and HIRAX as we have considered here. In this short article we have considered some
novel cosmology and astrophysics questions we can probe using the incoming barrage of FRB data
in the near future. We have highlighted the potential for localising these FRBs in particular with
HIRAX, due to the comprehensive outrigger programme planned.
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The Gaia MISSION and SIGNIFICANCE
F. MIGNARD
Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS,Laboratoire Lagrange, Bd de
l’Observatoire, CS 34229, 06304 NiceCedex 4, France

I provide a summary of the ESA space astrometry mission Gaia regarding its main objectives and current status following the 2nd data release (Gaia DR2) in April 2018. The Gaia
achievements in astrometry are assessed with a historical perspective by comparing the DR2
content to sky surveys or parallax searches over the last two centuries. One shows that Gaia
sounds more like a big leap into a new world than an incremental progress in this ﬁeld.

1
1.1

The Gaia mission
Context

A major change in the precise measuring of position and displacement of celestial objects took
place with the access to space. It is not exaggerated to refer to this period, starting with the
selection in 1980 by ESA of the ﬁrst space astrometric mission Hipparcos, as a new golden age
for this discipline which rests upon a long history of at more than two millennia, at least the
Mediterranean world. Although Milky Way stars are the main celestial sources concerned by
modern astrometry, Gaia has more diverse targets with the positions and motions of 100, 000s
of solar system bodies, stars within nearby external galaxies and the most remote quasars at
the outskirts of the Universe.
The extended review of Hipparcos results by Perryman 1 amply demonstrates that the mission
products inﬂuenced many areas of astronomy, in particular the structure and evolution of stars,
the kinematics of stars and stellar groups. Even with its limited sample in number and variety
of stars and observed volume, Hipparcos also made signiﬁcant advances in our knowledge of the
structure and dynamics of the Milky Way.
Hipparcos was a resounding and acclaimed international success allowing the Europeans to
quickly submit several more ambitious proposals for space astrometry, at the same time as others
were also proposed to NASA or to the Japanese space agency 2 . Only one of these proposals
survived the various examinations by selection committees and Gaia was eventually selected as
an ESA cornerstone mission in April 2000 for a launch around 2011.
The basic observing concept is directly drawn from Hipparcos, but with a much larger telescope (actually two telescopes), a mosaic of 106 CCD detectors replacing the outdated photoelec-
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tric detector of Hipparcos. Two other instruments were added to carry out spectrophotometry
and spectroscopic measurements, the latter to measure the velocity along the line of sight. While
Hipparcos catalogue was limited to 100, 000 pre-deﬁned stars brighter than 13.2 mag, Gaia was
designed to realise a sensitivity-limited survey to 20 mag. Hipparcos could only take a star at
a time while Gaia is able to record simultaneously several 10, 000s images mapped on its focal
plane. About 1.5 billion stars, amounting to ≈ 1 percent of the Milky Way stellar content, are
repeatedly observed during the nominal 5-year mission, leading to a ﬁnal astrometric accuracy
of 25 μas at G = 15 mag. (1 μas = 0.001 mas = 10−6 arcsec).
Table 1: Overall content of the Gaia DR2.

Data product or source type

Number of sources

Total (excluding Solar system)
Five-parameter astrometry (position, parallax, proper motion)
Two-parameter astrometry (position only)
ICRF3 prototype sources (link to radio reference frame)
Gaia-CRF2 extra-galactic sources (optical reference frame)
G-band (330–1050 nm)
GBP -band (330–680 nm)
GRP -band (630–1050 nm)
Median radial velocity over 22 months
Classiﬁed as variable
Variable type estimated
Detailed characterisation of light curve
Eﬀective temperature Teﬀ
Extinction AG
Colour excess E(GBP − GRP )
Radius
Luminosity
Solar system object epoch astrometry and photonetry

1.2

1 692 919 135
1 331 909 727
361 009 408
2 820
556 869
1 692 919 135
1 381 964 755
1 383 551 713
7 224 631
550 737
363 969
390 529
161 497 595
87 733 672
87 733 672
76 956 778
76 956 778
14 099

The mission main features

Gaia’s main scientiﬁc goal is to clarify the origin and history of our Galaxy, from a quantitative
census of the stellar populations and extremely accurate astrometric measurements to derive
proper motions and parallaxes. See 3 for the proposal and 4 for a presentation of the actual
mission, the spacecraft, the operations and the data acquisition strategy. The principle of the
scanning satellite relies on a slowly spinning spacecraft to measure the crossing times of stellar
images transiting on the focal plane. As for Hipparcos, there are two ﬁelds of view combined
onto a single focal plane where astrometric measurements are done. The time relates at once
the one-dimensional star position to the instrumental axes. The relation to the celestial frame
is obtained with the satellite attitude, which is solved simultaneously with the star positions in
a global solution as described technically by Lindegren et al. 5 .
1.3

The mission and early results

The Gaia satellite was launched on 19 December 2013 and the science data collection started
after the in-ﬂight qualiﬁcation on 25 July 2014. A ﬁrst batch of results was released on 15
September 2016 with only 14 months of data processed. This release comprised primarily a
position catalogue (only two position parameters per source) for 1.14 billion stars, the largest
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such collection ever. A smaller catalogue combining Gaia and Hipparcos included parallaxes
and proper motions for ≈ 2, 000, 000 stars with a sub-mas accuracy 6 . The release contained also
variable stars and a set of 2, 200 quasars common to Gaia and the radio ICRF used to align the
Gaia and the radio frame. Therefore the Gaia reference frame and ICRF are nominally identical.
However this ﬁrst release (Gaia DR1) based on just above one year of data was far from
touching the core objective of the mission, since the number of parallaxes available was very
small, even though it was already about 20 times larger than with Hipparcos. The second release
(Gaia DR2) came out on 25 April 2018. Gaia DR2 data is based on data collected between 25
July 2014 and 23 May 2016, spanning a period of 22 months of data collection, enough to
disentangle the parallactic motion from the proper motion for most of the stars. The reference
epoch for Gaia DR2 is J2015.5 and positions and proper motions are referred to the ICRS, to
which the optical reference frame deﬁned by Gaia DR2 is aligned. The main numbers describing
the content are given in 1 and everyone would agree that they are impressive, even for those not
well aware of how many of these stellar parameters were known before. Actually we will see in
2 that the gap with existing data is really wide. An overall description of the content of this
survey is given in a general paper from the Gaia collaboration 7 from which I took the two main
tables 1-2.

Table 2: Overall statistics of performance of the Gaia DR2.

Data product or source type

Typical uncertainty

Five-parameter astrometry (position & parallax)

Five-parameter astrometry (proper motion)

Systematic astrometric errors (sky averaged)
Gaia-CRF2 alignment with ICRF
Gaia-CRF2 rotation with respect to ICRF
Mean G-band photometry

Mean GBP - and GRP -band photometry

Median radial velocity over 22 months

0.02–0.04 mas
0.1 mas
2 mas
0.07 mas yr−1
0.2 mas yr−1
3 mas yr−1

Eﬀective temperature Teﬀ
Extinction AG
Radius
Luminosity

G < 15
G = 17
G = 21
G < 15
G = 17
G = 21

< 0.1 mas
0.02 mas at G = 19
< 0.02 mas yr−1 at G = 19
0.3
2
10
2
10
200
0.3 km
1.8 km s−1
< 0.1 km
0.5 km s−1

Systematic radial velocity errors

at
at
at
at
at
at

mmag
mmag
mmag
mmag
mmag
mmag

at
at
at
at
at
at

G < 13
G = 17
G = 20
G < 13
G = 17
G = 20

s−1 at GRVS < 8
at GRVS = 11.75
s−1 at GRVS < 9
at GRVS = 11.75
324 K
0.46 mag
10%
15%

Solar system object epoch astrometry

1 mas (in scan direction)
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2

The DR2 place in history

Even at the level of the Gaia DR2, the Gaia products are just amazing in terms of volume
and quality. Although the numbers look impressive, but arguably this is true for many space
missions, it is not straightforward to appreciate how much better or larger it stands compared to
available astronomical data. I attempt to address this issue by showing that Gaia is producing
much more than an incremental advance in the collection of basic astrophysical data, both in
volume and accuracy, but that we are witnessing a true discontinuity of historical signiﬁcance.
For this purpose I compare the content of the Gaia survey to the astronomical knowledge at
diﬀerent times in the past. It is never easy to tell without ambiguity how many parallaxes or
proper motions were known in 1850 or 1950. There is no clear boundary of what should be
considered as known and published values may be wrong or so poor as not providing a real
knowledge. Therefore the ﬁgures on the set of tables below are often rounded and in details
could be disputed, but not by large margin. At the end the trend is clear and does not suﬀer
discussion.
2.1

The general trend

My main point regarding the jump or discontinuity created by the Gaia catalogue is supported
by the Table 3. It gives for the most relevant parameters covering astrometry, spectroscopy
and photometry the size of the available material at three diﬀerent epochs, namely 1900, 1980,
2018. Although the number of stars for which one knows the parallaxes or the radial velocity
say nothing about how well this is known, the large diﬀerence in the ﬁgures speaks for itself, and
usually the increase in size goes with an increase in accuracy. Sky survey refers to the number of
stars that have been catalogued with a position good enough to identify the star at any further
epoch, a census of the sky in short.
Table 3: General evolution in the size of general and specialised stellar catalogues.

Parameter

1900

sky survey
fundamental sources
stellar parallaxes
proper motions
radial velocities
variable stars
stellar temperature
a

2.2

GSC-I,b FK5,

c

800 000
350
100
1000
50
300
10 000

1980
Ma

20
1 500 b
10 000
250 000 c
30 000
15 000
300 000

2018
1.7 B
550 000
1.3 B
1.3 B
7.2 M
500 000
150 M

SAO

The Survey

In comparing size of surveys at diﬀerent epochs, I looked at the largest cataloguing of the whole
sky, without caring about the positional accuracy. The object of these censuses was just to list
the place of the sources on the sky up to a certain magnitude, with a positional accuracy good
enough to recover the star and tell later between a known star and a moving body or a new
star (becoming bright enough to be seen, but not really new and often referred to as a guest
star). At diﬀerent epochs eﬀorts were made to get a completeness, at least from one place, of all
the stars brighter than a given limit and provide also an approximate magnitude to help in the
identiﬁcation. The numbers of stars growing exponentially with the limiting magnitude, these
systematic surveys were quickly limited by the observational burden and the data handling, even
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when photographic plates became available. The compilation is given in Table 4 and provides
an idea of how many stars appeared in the largest surveys in the past. By the end of XIXth
century, all the stars to V ≈ 10 were catalogued. The progresses were truly slow and most of
the advances since 1950 were made possible with the advent of large computers with massive
data storage. Gaia survey is today the largest, but smaller areas of sky have been investigated
by optical or near IR telescopes at fainter magnitude than Gaia limit. In the coming years the
LSST will outnumber Gaia by one order of magnitude. For Gaia this was not a science goal to
make the biggest survey in the sense it was done 150 years ago. However the last column of the
table show where the strength of Gaia really lies in terms of positional accuracy.
Table 4: Historical sky surveys.

Name
Ptolemy
Flamsteed
Lacaille
Lalande
BD
CD
CPD
Carte du Ciel
Tycho 2
2MASS
USNO B1
Gaia
LSST

2.3

Epoch

Num. stars

IIe

sicle
1700
1750
1800

mag <

Accuracy
◦

1030
2934
10 000
48 000

6
7
7
9

0.3
20
5
3

1860
1900
1900
1950
2000

450 000
600 000
450 000
2M
2.5 M

9.5
10
11
12
11.5

20 
20 
5 
0.5 
50 mas

2000
2000
2015
2030 ?

300 M
1000 M
1700 M
15 B

15 (IR)
21
21
24

500
200
0.2
5





mas
mas
mas
mas

The reference system

For the general public a catalogue of stars is before all a list of sources one can locate in the
sky thanks to the two angular coordinates given in each line. This is more or less the goal
of the sky census just mentioned. But scientiﬁcally more important is the use of an accurate
position catalogue to materialise a reference frame in space. As said by W. Fricke8 , a recognised
expert in this ﬁeld, the main purpose of a Fundamental Catalogue in astronomy consists in
providing a coordinate system for describing the motion of the planetary systems (· · · ) and
for the determination of the proper motions of stars. In short one wishes to have consistent
coordinates for a small set of point-sources on the sky so that this can be used to ﬁx the three
orthogonal directions [x, y, z] of an inertial system, although the language should be slightly
altered in the framework of General Relativity. Producing a fundamental catalogue requires
absolute observations not depending on earlier positions of the same stars or of other stars used
to derive relative positions. For the general principles and construction see the book by H.G.
Walter and O.J. Sovers 9 . Building a fundamental catalogue is a very demanding task, extending
over years and even decades, and a handful have ever existed containing few 100-1000s sources,
stars until Hipparcos and quasars more recently.
Table 5 provides an almost exhaustive list of fundamental catalogues since the concept has
emerged in the mid-XVIIIth century. Comparing the 3rd column in this table and in Table 4 is
enough to grasp the wide diﬀerence between the two kinds of catalogues, two diﬀerent worlds
indeed. Remarkably there is only one catalogue common to these two tables: Gaia, but not
for the same sources. The Gaia CRF (Celestial Reference Frame) is built on a small subset
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of sources, namely the 550 000 QSOs meeting the overall principles of the ICRS (International
Celestial Reference System), as explained in Mignard et al. 10 . Gaia accuracy is on a par with
the most recent version of the ICRF (the IAU approved fundamental reference frame) in the
radio wavebands and resulting from VLBI astro-geodetic observations. However the density is
100 times higher and it is directly accessible in the optical domain. Both realisations are needed
and used in diﬀerent contexts in astronomy and geodesy.
Table 5: Precision of the historical fundamental catalogues.

Name

Sources

mag <

Accuracy


Lacaille
Maskelyne
Piazzi
Bessel
Argelander

1760
1774
1818
1830
1869

397
36
220
36
160

7
5
6
5
6

10
5
2
1
1

Auwers
FK4
FK5

1879
1963
1988

539
1535
1535

6
7.5
7.5

0.5 
0.2 
40 mas

Hipparcosa

1996

100 000

11.5

ICRF1 (radio)
ICRF2 (radio)
ICRF3 (radio)

1998
2009
2018

620
3400
4500

Gaia QSOs
Gaia QSOs G < 18

2018
2018

550 000
27 000

a

2.4

Epoch






1 mas

-

2 mas
0.6 mas
0.2 mas

21
18

0.4 mas
0.12 mas

quasi-fundamental

The parallaxes

Photometry, radial velocities, stellar parameters can in principle be obtained with ground based
instruments, provided the necessary means and human resources are made available over several
years to support this routine work. This is easier and more productive from space, but space is
not technically required. This is not true for absolute parallaxes which need the ﬁnest astrometry
not achievable through the atmosphere. The parallaxes of stars, or equivalently their distances,
were searched as soon as the Heliocentric system became accepted by astronomers. Our displacement around the Sun should translate into an annual reﬂex motion of the stars whose
extent is in direct relation to their distances. So the underlying geometric principles needed to
ascertain the distances are extremely simple and were well understood well before any realistic
attempt to detect the tiny parallactic eﬀect was feasible. The ﬁrst success cam with F. Bessel in
1838 and further progress were extremely slow. Parallaxes are small in regard of the achievable
astrometric accuracy and their astrophysical value is low if not better than 10% in fractional
accuracy. Even in 1980, just before Hipparcos, many of the 8000 stars with published parallaxes
did not reach this goal. In addition they were relative parallaxes and depended on additional
calibration/assumptions for the reference stars used to record the parallactic displacement.
Hipparcos astrometry was a truly new start for parallax survey. The total number of trigonometric parallaxes rose at once to more than 100, 000, with nearly 50, 000 better than 20% in
fractional errors (σ / < 20%) and 20, 000 at the 10% level. The new technique, allowing to
get virtually absolute parallaxes, proved eﬃcient and multiplied in only 3 years the number of
measured parallaxes by a factor 15. This success paved the way for Gaia and the numbers given
in Table 6 demonstrate without further comments the power of Gaia compared to the Ground-
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Table 6: Number of published stellar parallaxes.

year

number of stars

1840
1850
1890
1910

3
20
45
300

1925
1965
1990

2000
6000
8000

1996
2018
2025

120 000
1 300 M
1 800 M

comment
61 Cygni, Vega, α Cent
C.A.F. Peters
Ch. Andr (astron. stell.)
incl. 52 with photography
photographic plates
Yale Catalogue
just before Hipparcos
Hipparcos
Gaia
Gaia

based methods, painstaking and with low yield. This is a true revolution in this ﬁeld, something
that any astronomer of the 1980s could not simply dream of. With Gaia DR2 one has parallax
estimates for 1.3 billion stars, but more important above 50 million with a relative accuracy
better than 10%. With the coming releases this ﬁgure will soar above the 100 million. The Gaia
parallax survey is by far the most comprehensive ever done and has no match in terms of size
and accuracy, with the exception, regarding the accuracy, of a handful of radio masers observed
with the VLBI technique. For the Galactic stars this is the crowning of nearly two centuries of
parallax quest starting with F.W. Bessel in 1838. Until many years in the future there will be
no such undertaking to get trigonometric parallaxes directly from astrometric observations and
the Gaia survey is now actively being used to reconstruct the whole distance scale beyond the
Galaxy, based on secondary indicators.
2.5

The proper motions

The same historical comparison is done for the proper motions of stars with results given in
Table 7. Detecting the displacement of stars is in principle not too diﬃcult, since it required
basically only patience and archives. Patience, since the changes in the relative positions of stars
is very slow at the scale of human life, and then one must wait decades or centuries before it
becomes manifest. But for that one needs also to keep track of where the stars were in the past,
otherwise no comparison is feasible. It was not until the early years of the XVIIIth century that
hints of a possible break in the doctrine of the ﬁxed stars came to the fore and no indisputable
quantitative measurement was available before J. Cassini conﬁrmed beyond doubt that Arcturus
has changed position over 40 years. Table 7 is rather similar to that for the parallaxes and just
illustrates the sluggish progress of astrometry until space astrometry became a reality. Accuracy
is a key factor, since the computed positions degrade in proportion of the uncertainty of the
proper motions. The impact of Gaia is obvious with an incredible increase in quantity and
quality. And the icing on the cake with Gaia, angular displacement combined with parallaxes
gives the true velocity in km s−1 . And for the bright end, Gaia spectrometer delivers also the
third component on the line of sight.
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Table 7: Number of known proper motions at diﬀerent epochs.

Year

num. stars

comment

1738
1760
1790
1835
1856

1
15
36
390
3200

1939
1966

33 000
260 000

Gal. Cat., V < 7.5 σ ≈ 10 mas/a
SAO σ ≈ 15 mas/a

1990
1996
2002

400 000
120 000
2.5 M

PPM σ ≈ 4 mas/a
Hipparcos σ ≈ 1 mas/a
Tycho-2 σ ≈ 2.5 mas/a

2018
2025

1.3 B
1.7 B

J. Cassini
T. Mayer
N. Maskelyne
Argelander, μ > 100 mas/a
Mdler, (Bradley’s stars)

Gaia σ ≈ 0.3 mas/a @ G = 18
Gaia σ ≈ 0.03 mas/a @ G = 18

The members of the DPAC are collectively thanked for providing this material and for their
dedication to the success of Gaia.
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NON-NEWTONIAN GRAVITY IN THE EARTH’S GRAVITY FIELD
J. BERGÉ
DPHY, ONERA, Université Paris Saclay, F-92322 Châtillon, France
The tests of the deviations from Newton’s or Einstein’s gravity in the Earth neighbourhood
are tied to our knowledge of the shape and mass distribution of our planet. On the one hand
estimators of these ”modiﬁed” theories of gravity may be explicitly Earth-model-dependent
whilst on the other hand the Earth gravitational ﬁeld would act as a systematic error. In this
contribution, we revisit deviations from Newtonian gravity described by a Yukawa interaction
that can arise from the existence of a ﬁnite range ﬁfth force. In particular, we show that
the multipolar coeﬃcients describing the Earth’s gravity ﬁeld depend on the distance to the
centre of the Earth and are therefore not universal to the Earth system anymore. This oﬀers
new ways of constraining such Yukawa interactions and demonstrates explicitly the limits of
the Newton-based interpretation of geodesy experiments; in turn, limitations from geodesy
data restrict the possibility of testing gravity in space.

1

Introduction

General Relativity (GR) describes the gravitational force as mediated by a single rank-2 tensor
ﬁeld. Although there is good reason to couple matter ﬁelds to gravity in this way, 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.
All theoretical attempts at consistently modifying GR (to explain dark energy, dark matter
and/or the quantum nature of gravity) aﬀect gravitational 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
Newtonian 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. In this contribution, we focus
on the weak-ﬁeld regime and call “non-Newtonian” gravity any theory of gravity beyond GR.
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)
1 ` αe´r{λ ,
r
where G is the gravitational constant, α is the (dimensionless) strength of the Yukawa potential
U prq “ ´
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relative to Newtonian gravity, and λ is its range. Most experimental constraints on a Yukawa
interaction are performed in the Earth’s gravity ﬁeld, either in labs on the ground, or in orbit,
e.g. by monitoring the motion of satellites or of the Moon 1 . However, (too) many published
tests assume that the Earth is a point mass (thereby ignoring the Earth’s shape altogether)
or, at best, use and/or correct the lowest shape information (assuming the Earth is a smooth
extended oblate homogeneous object). In the latter case, the Earth models used are often
obtained under a Newtonian gravity assumption (e.g., inverting the gravity ﬁeld model provided
by space geodesy experiments), which can bring a lack of consistency when aiming to constrain
Newtonian gravity.
In this contribution, we show how constraining non-Newtonian gravity in the Earth’s gravity
ﬁeld is a two-way problem involving geodesy and fundamental physics: inverting the (measured
–e.g. with space experiments as GOCE 23 or GRACE 4 ) gravity ﬁeld to estimate the Earth’s
mass distribution vs predicting the gravity ﬁeld from the Earth’s mass distribution to eventually
extract a non-Newtonian contribution from gravity experiments.
2

Multipolar decomposition of the Earth’s gravity ﬁeld

We showed in Bergé et al (2018) 5 (hereafter B18) that even in the presence of a Yukawa
interaction, the Earth’s gravitational potential at a point P such that OP “ rur in conventional
spherical coordinates (where O is the center of the Earth), can be decomposed in spherical
harmonics with a form similar to the usual (Newtonian) one,
U pr, θ, ϕq “ ´

˙
ˆ

8
RC 
GMC ÿ ÿ
ym prqYm pur q,
r “0 m“´ r

(2)

where MC and RC are the mass and equatorial radius of the Earth.
Although the introduction of a Yukawa interaction does not modify the general multipolar
expansion of the Earth gravitational potential, it introduces a new contribution to the multipolar
coeﬃcients ym , that split as
N
Y
` ym
prq
(3)
ym prq “ ym
where the superscripts N and Y stand for the Newton and Yukawa contributions, such that
˙
ż ˆ
´ s ¯ ´ r ¯ı
”
s 
1
ym prq “
ρm psq 1 ` αAl
s2
Bl
ds,
(4)
p2 ` 1qMC
RC
λ
λ
where ρm psq are the coeﬃcients of the multipolar decomposition of the Earth density ρpsur1 q “
ř
m ρm psqYm pur1 q, and where the functions A and B are deﬁned as
A pxq “ x´p`1{2q I`1{2 pxq
B pxq “ p2 ` 1qx

`1{2

K`1{2 pxq,

(5)
(6)

and where I`1{2 and Kn`1{2 are modiﬁed spherical Bessel functions of the ﬁrst and second
kinds a . As expected, the kernel is m-independent so that the m-dependence arises only from
the one of the density. Note that in Eq. (4) the integral is 1-dimensional. Indeed s is deﬁned by
the Earth surface RC pur1 q so is directionally dependent. Since we have performed a multipolar
expansion, we need to take this boundary conditions into account in the function ρ so that
ρpsur1 q “ ρC psur1 q t1 ´ Θrs ´ RC pur1 qsu

(7)

where Θ is the Heaviside function The shape of the Earth is thus contained in the multipoles
ρm .
a

Note that they were incorrectly called modiﬁed spherical Bessel functions of the second and third kinds in

B18
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3
3.1

Interpretation of geodesy experiments in non-Newtonian theories of gravity
Gravity ﬁeld inversion

In this subsection, we assume that a non-zero Yukawa interaction exists, that could be detectable
in the near future (i.e., with parameters (α,λ) just below the current exclusion limits).
Eq. (4) clearly shows that the coeﬃcients ym of the multipolar decomposition are nonuniversal (contrary to the Newtonian gravity case), but depend on the distance to the center of
the Earth through the contribution of the Yukawa contribution. Therefore, measurements of the
gravity ﬁeld performed at diﬀerent altitudes will provide diﬀerent values for the ym coeﬃcients.
Although the wisdom in the Newtonian gravity realm is to consider inconsistencies between
measurements at diﬀerent altitudes as hinting to systematic eﬀects, a Yukawa interaction makes
those inconsistencies perfectly physically well-justiﬁed. Therefore, care should be taken when
combining measurements of the gravity ﬁeld performed at diﬀerent altitude. In particular, we
showed in B18 that measurements performed at low enough altitude (less than 100 km) are
possibly sensitive to a Yukawa interaction as still allowed by experiments; on the opposite,
since the Yukawa contribution vanishes relatively fast with distance, current space geodesy
experiments like GOCE and GRACE are immune to a Yukawa interaction.
We conclude this discussion by emphasizing that one should be careful when inverting a
gravity ﬁeld model to estimate the mass distribution of the Earth, as it was potentially obtained
from the inconsistent combination of multipolar coeﬃcients estimated at diﬀerent altitudes (and
therefore more or less aﬀected by a non-Newtonian gravitational interaction). In any case,
inverting a gravity model using a Newtonian model will fail to provide unbiased estimates of the
Earth mass distribution if a non-negligible Yukawa interaction is present.
3.2

Constraining non-Newtonian gravity from measurements at diﬀerent altitudes

The r-dependence of the multipolar coeﬃcients of the gravity potential can be used to constrain
a Yukawa interaction. When dealt with in a non-Newtonian frame, diﬀerences in ym measured
at diﬀerent altitudes can be directly seen as the eﬀect of the Yukawa interaction. Estimators
of the strength α of the Yukawa interaction (given its range λ) can be readily deﬁned from the
diﬀerence in the measured coeﬃcients. For instance, one can compare the ﬂattening J2 of the
Earth as estimated with GOCE-only data with that estimated with GRACE-only data. Any
other ym coeﬃcient (or combination of coeﬃcients) can also provide a similar estimator.
When constraining a Yukawa interaction in this way, we must use a model of the mass
distribution of the Earth, which should originate from data independent of any measured gravity
ﬁeld (so that it is not correlated with the measurement of the gravity ﬁeld used to constrain the
Yukawa interaction). The errors of this model (linked to our imperfect knowledge of the shape
of the Earth) will aﬀect the estimation of the Yukawa interaction strength α. We showed in
B18 that the error on α is dominated by the current measurement uncertainties; they should
be decreased by at least two orders of magnitude before our imperfect model of the Earth
dominates the error budget and signiﬁcantly aﬀects a constraint of a Yukawa interaction based
on the comparison of the Earth’s J2 at two diﬀerent altitudes.
We can naively exploit the tension between the GOCE-only 3 (J2 “ 1.0826265326404513 ˆ
10´3 ˘ 1.2127946116555258 ˆ 10´11 ) and GRACE-only 6 (J2 “ 1.0826354309122197 ˆ 10´3 ˘
3.5263625612834223 ˆ 10´12 ) estimates of J2 to constrain Yukawa’s α, and get a signiﬁcant
detection, albeit in a (α, λ) region excluded for many years. This apparent detection is most
certainly due to either underestimated errors in the Earth gravity models, or to time-dependent
systematics. It would then be advantageous to ﬂy two (or more) satellites at diﬀerent altitudes at
the same time, since time-dependent systematics would be absent. Even better, since the eﬀect of
a Yukawa interaction is stronger the lower we ﬂy, the experiments would reach a better sensitivity
if performed on-board of stratospheric balloons (one above the other) or planes (although the
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vibrational environment may prevent any signiﬁcant constraint).
4

Conclusion

We discussed the correlation between the Earth’s shape and non-Newtonian gravity, which appears as a distance-dependence of the coeﬃcients of the multipolar decomposition of the gravity
ﬁeld (those coeﬃcients are constant in Newtonian gravity). A non-Newtonian contribution to
the gravity ﬁeld implies a bias and extra systematic errors when inverting the measured gravity to reconstruct the Earth’s shape; although these eﬀects are still a few orders of magnitude
below measurement errors in space, they may already be signiﬁcant on the ground. We showed
that it is possible to test for a Yukawa deviation by comparing the ym coeﬃcients at diﬀerent
altitudes; ideally, measurements should be taken simultaneously. Finally, although our imperfect knowledge of the Earth’s mass distribution aﬀects the constraints on a Yukawa interaction
parameters, the related error are still largely subdominant compared to measurement errors.
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1

We use the planetary ephemeris INPOP17b to constrain the mass of the graviton in the
Newtonian limit. We ﬁnd that the residuals for the Cassini spacecraft signiﬁcantly (90% C.L.)
degrade for Compton wavelengths of the graviton smaller than 1.83 × 1013 km, corresponding
to a graviton mass bigger than 6.76 × 10−23 eV /c2 . This limit is comparable in magnitude to
the one obtained by the LIGO-Virgo collaboration in the radiative regime. We also use this
speciﬁc example to illustrate why constraints on alternative theories of gravity obtained from
postﬁt residuals are generically overestimated.

1

Massive gravity in the Solar system

General relativity phenomenology can be derived from a particle physics formalism in which
gravitational interaction is carried by a massless spin-2 particle, named graviton. From this point
of view it is legitimate to wonder if this particle can have a mass. Such an eventuality has raised
theoretical studies summarized in a review of de Rham 1 .
In this work we focus on Solar system scales phenomenology of massive graviton. Following
Will 2 , and the theory of Visser 3 , we develop perturbatively the potential in terms of r/λg , such
that the line element reads


ds2 =



−1 +

2GM
1 r2
1+
2
c r
2 λ2g





c2 dt2 + 1 +



2GM
1 r2
1+
2
c r
2 λ2g



dl2 + O(c−3 λ−2
g )

(1)

where λg is the Compton wavelength of the graviton, dl = dx2 + dy 2 + dz 2 , r2 = x2 + y 2 + z 2 .
Note that a coordinate change has been done in order to get rid of some unobservable constants.

107

Table 1: Summary of data selected for monitoring INPOP sensitivity to λg . Columns 2 and 3 provide the time
coverage of the sample and the number of observations per sample respectively. Column 4 gives the 1σ standard
deviation of residuals obtained with INPOP17b. These standard deviations are taken as reference values in the
text. The last column indicates the 1σ diﬀerences between INPOP17b and DE436 for geocentric distances and for
interval of time covered by the two ephemeris adjustments.

Observations

Time
Intervals

#

Mercury (Messenger)
Mars (Ody, MEX)
Saturn (Cassini)

2011 : 2013.2
2002 : 2016.4
2004 : 2014

950
52946
175

(O-C) INPOP17b
1σ
[m]
7.2
5.0
32.1

INPOP17b-DE436
1σ
[m]
3.9
1.4
11.7

In massive gravity, the null geodesics time transfer function is modiﬁed as follows


δTER =







1  GMP 
 P E RP E + b2 ln RP R + RP R · NER
 P R RP R − R
NER · R
P
3
2
PE · N
 ER
2 P c λg
RP E + R



+ O(c−3 λ−3
g )

(2)

 XY = xY − xX , RXY = |R
 XY |, N
 XY = R
 XY /RXY and bP = R2 − (R
PE · N
 ER )2 .
where R
PE
One can notice that the correction to the Shapiro delay scales as (Lc /λg )2 with respect to the usual
delay, where Lc is a characteristic distance of a given geometrical conﬁguration. Given the old
acknowledged constraint from Solar System observations on the graviton mass (λg > 2.8×1012 km
2,4 ), one deduces that the correction from the Yukawa potential on the Shapiro delay is negligible
for past, current and forthcoming radio-science observations in the Solar System. Thus in our
modeling we will keep the usual Shapiro delay formula.
When one derives the equations of motion, one ﬁnds that the additional acceleration to be
added to Einstein-Infeld-Hoﬀmann-Lorentz-Droste equations of motion is
δai =

1  GMP xi − xiP
+ O(λ−3
g ),
2 P λ2g
r

(3)

where MP and xiP are respectively the mass and the position of the gravitational source P .
2

Global ﬁt with INPOP

INPOP (Intégrateur Numérique Planétaire de l’Observatoire de Paris) 5 is a planetary ephemeris
that is built by integrating numerically the equations of motion of the Solar System following the
formulation of Moyer 6 , and by adjusting to Solar System observations such as lunar laser ranging
or space missions observations. In addition to adjusting the astronomical intrinsic parameters,
it can be used to adjust parameters that encode deviations from general relativity 7,8 , such as
λg . The latest released version of INPOP, INPOP17a 9 , beneﬁts of an improved modeling of
the Earth-Moon system, as well as an update of the observational sample used for the ﬁt 8 —
especially including the latest Mars orbiter data. For this work we use an extension of INPOP17a,
called INPOP17b, ﬁtted over an extended sample of Messenger data up to the end of the mission,
provided by Verma et al. 10 . In Table 1 we show the most accurate planetary data used in
INPOP17b.
To model and confront the massive graviton to Solar System observations, we add its contribution (Eq. (3)) to the INPOP17b Solar System model (including asteroid masses), and then
ﬁt the newly obtained ephemeris according to the procedure described in 9 . For a ﬁxed value of
λg , we ﬁt all the other parameters of the whole model to the data and compare the result to the
reference solution INPOP17b. Note that the global ﬁt is crucial in order to take into account the
diﬀerent correlations between λg and all the other parameters. The resulting constraint will be
more pessimistic than a postﬁt analysis but much more realistic, as it can be seen on Fig. 1.
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Figure 1 – Plot of the standard deviations with respect to λg without ﬁtting the other parameters (on the left)
and after 12 iterations of the data ﬁt (on the right). Note that the scale of the x-axis are diﬀerent. The values
of the reference solution INPOP17b standard deviations (given in Table 1) have been removed. The colored areas
correspond to zones where the standard deviations of each observable are considered a priori as being marginally
to not signiﬁcant. The limits come from the estimation of the internal accuracy of the ephemeris obtained through
the comparison with DE436, see Table 1 as well as text below. [A rigorous evaluation of the signiﬁcance of the
deterioration is made later on, see Fig. 2 and the related text.]

Fig. 1 shows that Cassini residuals are the ﬁrst to degrade as λg decrease. One can note how
much the global ﬁt changes the result.
3

Statistical analysis of the result

We perform a Pearson test for Cassini data. We test if the distributions of the residuals come from
the same distribution function. From the reference solution residuals, we compute the optimal
size of bins for modeling its distribution with a histogram, using the method of Scott11 , which
gives 10 bins for an optimal histogram. Let us note NiI the hits in bin i for reference solution
INPOP17b, and NiG (λg ) the hits in bin i for tested solution. Then Pearson12 has shown that
χ2 (λg ) =

1

(N G (λg ) − NiI )2
0 i

NiI

i=1

(4)

follows a 10 degrees of freedom χ2 distribution. Thus, if one computes this Pearson χ2 (λg ) for
each value of λg , one can compute its likelihood. In order to give a constraint, we have computed
two limit χ2 values corresponding to 90%C.L. and 99.9999999%C.L., which gives respectively
χ2 = 15.99 and 62.94. The Pearson χ2 as a function of λg is plotted on Fig. 2. Once again, one
can note the importance of a global ﬁt to get a realistic constraint.

Figure 2 – Plot of χ2 (λg ) and the constraints deduced for λg . The left panel shows the postﬁt analysis and the
right one the global analysis. Note that the scale of the x-axis are diﬀerent. The probabilities p = 90% and
p = 99, 9999999% correspond to critical values of χ2 equal to respectively 15.99 and 62.94.
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4

Conclusion

INPOP is a good tool for testing General Relativity in Solar System. Here, we have shown an
example of such a test, giving a constraint on the massive graviton. This constraint reads λg >
1.83 × 1013 km (resp. mg < 6.76 × 10−23 eV/c2 ) with a conﬁdence of 90% and λg > 1.66 × 1013 km
(resp. mg < 7.45 × 10−23 eV/c2 ) with a conﬁdence of 99.9999999%. We would like to emphasize
on the importance of a global ﬁt in order to give realistic constraints on alternative theories.
We have shown that the diﬀerences between postﬁt analysis and global analysis could raise some
signiﬁcant diﬀerences (one order of magnitude). The fact that our 90% C.L. bound is comparable
in magnitude to the one obtained by the LIGO-Virgo collaboration in the radiative regime 13 is
a pure coincidence: the two bounds rely on totally diﬀerent types of observation — gravitational
waves versus radioscience in the Solar System — and probe diﬀerent aspects of the massive
graviton phenomenology — radiative versus Keplerian.
One can ﬁnd a more detailed exposition of this work in Bernus et al. 14 .
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Observation time is the key parameter that deﬁnes the precision of measurements of gravitational quantum states of particles levitating above a reﬂecting surface. We propose a new
method of long conﬁnement in such states of atoms, anti-atoms, neutrons and other particles
possessing a magnetic moment. The Earth gravitational ﬁeld and a reﬂecting mirror conﬁne
the particles in the vertical direction. The interaction of the particle’s magnetic moment and
electric current passing through a vertically installed wire conﬁne particles in the radial direction. Under established conditions, motions along these two directions are decoupled to a high
degree. We estimate characteristic parameters of the problem, and list possible systematic
eﬀects that limit storage times due to weak coupling of the two motions.

1

Introduction

Gravitational quantum states of light neutral particles (hydrogen, deuterium, helium atoms,
anti-hydrogen atoms, neutrons) levitating above a reﬂecting surface can be used for various
precision measurements [1-64].
Observation time is the key parameter that deﬁnes their precision. We propose a new
method of long conﬁnement of light particles possessing a magnetic moment in such states. A
key feature of the proposed method is the combination of vertical conﬁnement of particles in
gravitational quantum states and their radial conﬁnement in the magnetic ﬁeld of vertical linear
current. Both conﬁnement principles are well established [2,65-68]. However, a combination of
the two approaches seems controversial as the magnetic ﬁeld might produce large false eﬀects
thus making senseless any precision studies of gravitational quantum states. We show that one
could achieve very small mixing of radial and vertical motions and could control false eﬀects to
an acceptable degree.
The principle of operation of the proposed gravito-magnetic trap for precision studies of
gravitational quantum states is described in the following section.
2

Description of the trap

Fig. 1 shows a scheme of the gravito-magnetic trap. The mirror and gravitational ﬁeld conﬁne
particles vertically. The interaction of particle’s magnetic moment with vertical electric current
and centrifugal acceleration conﬁne particles radially.
Under established conditions, in particular for a suﬃciently long wire, forces acting on
particles in the vertical and horizontal directions are almost orthogonal thus corresponding
motions are decoupled to a high degree. The vertical motion of particles with smallest vertical
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J

Figure 1 – A scheme of the gravito-magnetic trap. A horizontal mirror with a hole in the middle and the
gravitational ﬁeld conﬁne particles vertically. The interaction of vertical electric current J with particle’s magnetic
moment and centrifugal acceleration conﬁne horizontally particles of one spin component.

energies is governed by quantum mechanics while horizontal motion can be considered classically
in most realistic conditions.
Below, we consider a weak coupling of the two motions due to various factors. We focus on
the properties of gravito-magnetic trap but leave for later publications an interesting topics of
loading/unloading the trap and spectroscopy/interferometry of gravitational states. To justify
this approach, we note that methods of spectroscopy/interferometry of gravitational quantum
states have been developed in detail. Fast changes of electric current can load/unload the
gravito-magnetic trap in case of atoms and antiatoms. Super-liquid 4 He in the trap allows
trapping neutrons [69].
2.1

Magnetic moment in the ﬁeld of linear current

Quantum motion of a spin 1/2 particle in the magnetic ﬁeld of linear current can be described
analytically [70-71]. Here, however, an adiabatic approximation is suﬃcient. It relies on the
hierarchy of fast spin motion and slow magnetic ﬁeld change in the frame co-moving with
particle in the horizontal plane. If so, particle’s magnetic moment is collinear with the magnetic
ﬁeld, and the particle moves in a two-dimensional Coulomb-like potential:
U (r) = μB(r) =

μ0 μJ
.
2πr

(1)

where J is current, μ is the particle’s magnetic moment, μ0 is the magnetic constant, r is a
radial distance from a given point to the linear current.
Horizontal motion in the trap is described by Coulomb states with the Bohr energy
EB =

m
2h̄2

and the Bohr radius
RB =



μ0 μJ
2π

2πh̄2
.
mμ0 μJ

2

(2)

(3)

Table 1 presents the typical binding energy, orbit radius, rotation frequency of various particles captured on a circular orbit in the magnetic ﬁeld of linear current.
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Table 1: Typical parameters (orbit radius R, energy E, rotation frequency Ω, velocity v) of a particle (hydrogen
atom, deuterium atom, neutron) state bound in the magnetic ﬁeld of linear current J.

Particle
H
H
D
D
n
n

2.2

J, A
10
10
10
10
10 000
10 000

R,cm
1
0.5
1
0.5
1
0.5

E,eV
5.8 10−9
1.2 10−8
5.8 10−9
1.2 10−8
5.8 10−9
1.2 10−8

Ω, Hz
16.5
47.4
11.8
33.5
16.5
47.4

v, m/s
1.
1.5
0.74
1.1
1.
1.5

Gravitational quantum states

The particle is conﬁned vertically by the gravitational ﬁeld and a mirror. This motion is quantized and described by gravitational quantum states. Such states were predicted [72] and discovered [2] for neutrons, and predicted for antihydrogen and hydrogen atoms [32]. All details
about physical properties of such states could be found in the cited papers; here, we give only
a summary of the main properties of these states in Table 2 for the reader convenience.
Table 2: Eigenvalues λn , gravitational energies En and classical turning points zn for neutrons, hydrogen and
anti-hydrogen atoms in the Earth’s gravitational ﬁeld above a mirror.

n
1
2
3
4
5
6
7

λn
2.338
4.088
5.521
6.787
7.944
9.023
10.040

En , peV
1.407
2.461
3.324
4.086
4.782
5.431
6.044

En , Hz
340.11
594.8
803.7
988.0
1156.3
1313.2
1461.4

zn , μm
13.726
24.001
32.414
39.846
46.639
52.974
58.945

The characteristic energy and spatial scales of such states are given by:


εg =
lg =
3

3

h̄2 mg 2 /2,

(4)

h̄2 /(2m2 g).

(5)


3

Coupling of vertical and radial motions

Vertical and horizontal motions of particles are decoupled to a ﬁnite precision. Some phenomena
mix them.
3.1

The eﬀect of wire non-verticality and mirror non-horizontality

Although the precision of setting the mirror and wire directions can be high, the magnetic ﬁeld
can slightly deviate, in particular due to the environment. An unavoidable vertical ﬁeld gradient
could result in false eﬀects. To estimate them, we derive an expression for the magnetic ﬁeld in
the vicinity of a particle’s circular trajectory.

B=


μ0 J
, ρ = (R cos(ϕ) cos(α) − z sin(α))2 + R2 sin2 (ϕ).
2πρ
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(6)

Here ρ is the distance between the wire and a particle, R is a particle orbit radius, ϕ is a particle
angle coordinate in the plane, z is a vertical coordinate of a particle above the mirror plane, α
is an angle between the wire and vertical direction.
Below, we show that a ratio z/R  1 is small for all states of interest. Taking into account
the smallness of deviation α from the vertical direction, the potential energy is:
U (z) 

μ0 μJ
2πR





1+

zα cos(ϕ)
.
R

(7)

The corresponding vertical component of acceleration due to the wire non-verticality is:
am = a0 cos(ϕ).

(8)

μ0 μJ
Here, a0 = 2πmR
2 α.
Due to the periodicity of function cos(ϕ(t)), a gravitational energy correction due to the
extra acceleration in the gradient magnetic ﬁeld vanishes in the ﬁrst order of small parameter
a0 /g:

εg =

1
2π

 

mh̄2 (g + a0 cos(ϕ))2
2

1/3

dϕ.

(9)

The ﬁrst non-vanishing correction to the unperturbed gravitation energy level En = mgzn
appears in the second order:
1 mzn a20
ΔEn = −
.
(10)
18 g
In Table 3, we present typical values of a0 and the correction to frequency shift between
second and ﬁrst gravitational states for diﬀerent orbits of a trapped particle.
Table 3: An extra acceleration and a gravitation transition frequency shift in the magnetic ﬁeld of linear current
due to the non-verticality of wire alignment.

Particle
H
H
H
n
n
n

J, A
10
10
10
10000
10000
10000

α
10−3
10−4
10−3
10−3
10−4
10−3

R,cm
1
1
0.5
1
1
0.5

a0 , m/s2
0.055
0.0055
0.22
0.0055
0.055
0.22

Δω21 , Hz
−0.003
−0.00003
−0.05
−0.003
−0.00003
−0.05

As one can see in Table 1, particle rotation frequencies on orbits in the trap are small
compared to transition frequencies between low gravitational states. Thus, no resonance eﬀects
could be found.
3.2

The eﬀect of non-vanishing vertical gradient of magnetic ﬁeld

A non-vanishing vertical gradient of magnetic ﬁeld could be due to a ﬁnite trap size. It might
produce sizable eﬀects thus has to be compensated to a maximum degree. A residual gradient
would result in a transition frequency shift proportional to current. Thus, it could be extracted
from experimental data by extrapolating frequency shift to zero current.
3.3

The eﬀect of vibration of the wire and mirror

The wire vibration eﬀect could be estimated by assuming that an angle between the wire and
vertical direction is a periodic function of time, which is changing with an oscillation frequency
α(t) = α0 cos(ωv t).
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(11)

Then a perturbing potential is:
U (z, t) 

μ0 μJ zα0 cos(ωv t) cos(ϕ)
.
2πR
R

(12)

Though its amplitude is small, as established above, oscillations of the perturbing potential
(due to multiple modes of wire self oscillations) could appear to be in resonance with transition
frequency between gravitational states. In this case, the transition probability Pik between
initial (i) and ﬁnal (k) gravitational states is given by the Rabbi-type expression [60]:
Pik = sin2 (Ωik t) .

(13)

Here, the transition rate frequency is:
Ωik =

μ0 μJ α0 lg3
.
4πR |zi − zk |2

(14)

The time Tik needed for the complete transition from state i to state k is
Tik =

π
.
2Ωik

(15)

Table 4: The transition time from ﬁrst to second gravitational state due to wire oscillations.

Particle
H
H
H
n
n
n

3.4

J, A
10
10
10
10000
10000
10000

α0
10−3
10−4
10−3
10−3
10−4
10−3

R,cm
1
1
0.5
1
1
0.5

T12 , s
93.2
931.9
46.6
93.2
931.9
46.6

The eﬀect of Earth’s rotation

The eﬀect of Earth’s rotation results in additional acceleration that moving particle acquires in
the non-inertial frame (the Coriolis acceleration). The vertical component of such acceleration
ac of a particle trapped on a circle orbit is given by:
ac = ΩE cos(Θ)

μ0 μJ
cos(ϕ).
πmR

(16)

Here, ΩE = 7.27 × 10− 5 rad/s is the Earth’s rotation frequency around its axis, Θ is a latitude
of geographic position (45o in Grenoble), R is a particle orbit radius in the trap, ϕ is a particle
angle position on the mirror plane. In case of hydrogen atom trapped on a circular orbit with
the radius R = 0.5 cm and current J = 10 A, the acceleration is ac = 7.6 × 10−5 m/s2 .
After averaging over trajectory, the ﬁrst order Coriolis eﬀect is canceled due to the periodic
cos(φ) factor. The second order Coriolis eﬀect is out of reach of the accuracy of our experiment
and can be neglected.
4

Loading and unloading the trap

Here, we only show the general feasibility of loading the trap with atoms or anti-atoms with
rapidly switching the wire current. We leave for the future a detailed analysis of other methods,
which include adiabatically changing the wire current or an additional uniform magnetic ﬁeld
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in certain mirror geometries, spin-ﬂip by radio-frequency magnetic ﬁeld, various mechanical devices. In case of neutrons, a particularly elegant method of loading the trap consists of producing
ultracold neutrons directly in the trap ﬁlled in with superﬂuid 4 He. An attractive feature of this
method is uniform occupation of full phase-space volume available that is particularly important
in view of the limited phase-space densities of ultracold neutrons.
One possible method of loading and unloading the gravito-magnetic trap consists of rapidly
switching on (oﬀ) current in the wire. This is technically possible for atoms and anti-atoms
due to relatively small electric currents needed. The phase volume of trap in this case can be
estimated by assuming that all atoms with velocity v lower than the escape velocity vc for a
given atom-wire distance would be captured. The number of atoms which can be captured in
such a way is:
 
μ0 μJ 
R2 − R1 .
(17)
N = 2f0
πm
density of atoms
Here, R2 , R1 are maximum and minimum radius of the trap, f0 is an average

in a phase volume which is characterized by a maximum velocity vmax = μ0 μJ/(πmR1 ) and a
spatial size 2π(R22 − R12 ). For J = 10 A, R1 = 0.5 cm, the maximum velocity of captured atoms
is vmax = 2.1 m/s.
5

Conclusion

We propose a new method of long conﬁnement in gravitational quantum states in a gravitomagnetic trap of atoms, anti-atoms, neutrons and other particles possessing a magnetic moment. We underline that the observation time is the key parameter that deﬁnes the precision of
measurements of such states. In case of anti-hydrogen atoms, one can achieve the observation
time limited only by their annihilations in the surface [73]. In case of hydrogen atoms, storage
times will be even longer due to a contribution from their specular reﬂection from the surface
in direct contact. In case of neutrons, storage times can potentially approach the neutron lifetime. Our analysis shows that mixing of vertical and horizontal motions of particles will not be
too large and will not prohibit precision measurements of gravitational quantum states in such
gravito-magnetic traps.
These ideas can be applied in particular to GRASIAN, GBAR and GRANIT projects.
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1

2

Very slow neutrons form bound quantum states in the gravitational ﬁeld of the earth. These
states are excellent probes to test gravity at micron distances, and test various dark matter
and dark energy scenarios in the lab. For this purpose, the qBounce collaboration has
been developing and realizing a spectroscopy technique. Several experimental campaigns at
the ultracold and very cold neutrons facility PF2 at the Institut Laue-Langevin have been
performed during the last decade. Recently, the experiments were migrated from Rabi- to
Ramsey spectroscopy. This article summarizes important considerations for these eﬀorts.

1

Introduction

Placed on horizontal ﬂat surfaces, very slow, so-called ultracold neutrons (UCN) form quantum
mechanical bound states in the gravitational potential of the Earth. The system is fully described
by Schrödinger’s equation for a massive particle, the neutron, exposed to the linearized gravity
potential. The horizontal ﬂat surface is used as boundary condition. The solution of this
equation, which is equivalent to Airy’s diﬀerential equation, is given by superpositions of Airy
functions Ai(z). It turns out that the eigenenergies of the states are in the order of pico-eV,
and the spatial extent of the probability densities of the wave functions is in the order of tens
of microns. The system is a very sensitive probe to test gravity at short (micron) distances as
well as many types of dark matter and dark energy searches in the laboratory.
Only shortly after the discovery of ultracold neutrons 50 years ago 1,2 , gravitational level
experiments were suggested 3 . It took roughly 25 years, until an international collaboration
reported on the discovery of gravitational bound quantum states of ultracold neutrons 4 . This
pioneering work paved the way for numerous future precision experiments.
Exactly ten years ago, the qBounce collaboration realized a spectroscopy technique using these gravitational bound quantum states of UCN, called Gravity Resonance spectroscopy
(GRS)5 . Since then, the precision and complexity of the setup increased by orders of magnitude.
A review can be found in 6 . Lately, the qBounce successfully migrated its experimental scheme
from Rabi to Ramsey spectroscopy, as proposed in 7 . In the following, we present sensitivity
comparisons for the diﬀerent experimental schemes.
2

The qBounce Ramsey Spectrometer

The energy eigenvalues of gravitational bound quantum states are non-equidistant. More precisely, the energy diﬀerence between any two states is a unique number. Therefore, well-known
a
This contribution summarizes the talk given by T. Jenke and the Poster presentation by J. Micko and
J. Bosina.
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Detector

UCNs

State preparation

Interaction 1

Free propagation

Interaction 2

State selection

Figure 1 – Schematic drawing of the qBounce experiment: UCNs enter from the left, high energy neutrons that
extend far above the neutron mirror are removed by a rough glass plate (absorber) in section I. Then the ﬁrst
interaction section excites the neutron into a superposition of two states in section II. These two states propagate
without perturbation in section III. In section IV the excitation is completed, and the neutron is left in the higher
of the two states. This higher state is then scattered out of the system by a second absorber in section V. If the
excitation frequency is not exactly at a resonance, there will be neutrons left in the ground state which will be
detected at the end of the setup.

spectroscopy methods can be applied to measure transition frequencies between any two states,
and hence probe gravity at micron distances. Fig. 1 depicts the experimental scheme of our
current setup qualitatively at hand of the transition between the ﬁrst and the fourth eigenstate.
UCNs enter the setup from the left through a velocity selecting aperture system (not shown)
which consists of two neutron-absorbing blades mounted in a distance, at a height and an opening
in front of region I. This region consists of a polished neutron mirror on bottom and a rough
mirror on top with a slit width. We make use of the fact that the spatial probability densitiy
of neutrons in higher states extends further upwards than the one of lower states. Therefore,
higher states interact with high probability with the upper rough surface, whereupon they are
scattered out of the system and/or absorbed 4,8 . Hence, only UCNs in the lowest gravitational
states can pass through region I. The remaining UCNs in region II that are in state |1 are excited
by mechanical oscillation into a coherent superposition of states |1 and |4. In region III, the
states evolve freely on the horizontal mirror, before a second excitation in region IV drives again
the |1 to |4 transition. The state selector in region V, which is equivalent to region I, again
selects only the lowest gravitational states. As all neutrons converted by excitation from |1
to |4 are ﬁltered out in this process, while neutrons in state |1 can pass region V with high
probability, the rate measurement after region V directly reﬂects the transition probability.
The split of the excitation in two regions with an intermediate free evolution is the main
diﬀerence between Rabi and Ramsey spectroscopy. For both methods, the sensitivity increases
with the interaction time. In practice, however, the implementation of two smaller excitation
regions is technically simpler than one large such region. In addition, Ramsey spectroscopy has
the advantage of being less sensitive to a broad horizontal velocity (time of ﬂight) spectrum, as
is shown in the next section.

3

From Rabi- to Ramsey-spectroscopy

The qBounce collaboration realized several experimental campaigns implementing Rabi spectroscopy between bound gravitational states between 2009 and 2016 5,9,10 . In order to increase
the accuracy of the results, a migration to Ramsey spectroscopy is promising. For this purpose,
the collaboration developed a new instrumental platform. Commissioning of the new setup
started in 2017, and the ﬁrst transitions exploiting Ramsey’s method of separated oscillating
ﬁelds 11 were observed in 2018 12 .
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3.1

Transition probabilities and envelope function

It can be shown that the solution to the Schrödinger equation describing this system is of the
form
C(t) = M (t, 0)C(0)
(1)
where the components of C correspond to the amplitude to be in the corresponding state. For
an initial state C(0) = (1, 0)T the transition probability for a Rabi transition is given by
P (ω − ω10 ; t) = |(0, 1) · C(t)|2 = sin2



ΩR t
2



aωV10
ΩR

2
(2)


where ΩR = (ω − ω10 )2 + (aωV10 )2 is the Rabi frequency, ω10 the diﬀerence of eigenfrequencies
of the two states, a is the amplitude of the perturbation and V10 the matrix element for this
transition and t is the time the perturbation is applied. Similarily the Ramsey transition can
be written as
C(t) = M (2τ + T, τ + T )U (τ + T, τ )M (τ, 0)C(0)
(3)
with U the time evolution operator for a non perturbed system. τ is the interaction time and
T the time of free propagation. The equivalent of equation (2) is given by


aωV10 2
ΩR τ
2
ΩR










ω − ω10
ΩR τ
ω − ω10
ω − ω10 2
ΩR τ
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T − sin
sin
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cos
2
2
2
2
ΩR
P (ω − ω10 ; τ, T ) = 4 sin2



(4)

The envelope of this curve can be found by integrating over the free propagation time T .


2
2π ω−ω

E=2
0

10

P (ω − ω10 ; τ, T )dT = 4R(1 − R)

(5)



2
aωV10
is the transition probability for one sigle interaction region.
Where R = sin2 ΩR2 τ
ΩR
This can be seen in ﬁg. 2.
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Figure 2 – Envelope of the Ramsey transmission curve, calculated by averaging over one period of the interaction
time T and multiplying by 2.
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3.2

Ramsey- vs. Rabi-spectroscopy

The beneﬁts of splitting the interaction region of Rabi’s method has already been discussed in
the past13 . One of the main advantages is that the induced quantum transition is less sensitive
to systematic eﬀects.
In the experiment a neutron beam with a velocity distribution is used, and the interaction time
τ is given by 0.152
v . Equation (4) has to be averaged over this distribution. This leads to a
broadening of the resonance curve and a decrease in visibility. In ﬁg. 3 this averaging can be
seen. The Ramsey curve is for the case of two interaction regions of length 0.152 m seperated by
0.34 m, while the Rabi curve in orange shows the transition for one 0.152 m interaction region.
The green curve is for one single Rabi transition with an interaction region as long as the whole
Ramsey setup. As can be seen, the dip in the Rabi and the Ramsey case are the same, but the
Ramsey transition is much sharper, even sharper than would be achievable by doing one large
Rabi ﬂip. This fact is beneﬁcial for two reasons. First two points that can be distinguished
(have non overlapping errors for example) are much closer together in frequency and second,
when determining the frequency of the resonance, the error is inversely proportional to the slope
of the curve, which is larger for the Ramsey curve.

Velocity averaged transmission
T
1.0
0.8

Ramsey

0.6

Rabi (0.152 m)
Rabi (0.644 m)

0.4
0.2
300

350

400

450

 [Hz]

Figure 3 – Averaged transmission curves taking the velocity spectrum into account. The orange curve represents
a Rabi transition with the length of one interaction region in the Ramsey setup and the green curve a Rabi
experiment with the length of the whole Ramsey setup. The Ramsey curve is sharper than both the Rabi curves.
This is adventageous since in practice it is also easier to implement two smaller instead of one large interaction
region.

3.3

Sensitivity

The width of the Ramsey peak can be estimated as
√
3
Δν =
2τ + T

(6)

where 2τ +T is the time it takes for a neutron with the ideal velocity to travel through the wohle
setup, where ideal means the velocity, for which the Ramsey transition is in exact resonance, i.e.
the minimum of the resonance is at 0. This estimation derives from the width of a Rabi transition
(2) for the whole length of the setup (0.644 m). This approximation is valid for our experimental
parameters, in general the author does not know if this is an accurate approximation. In our
experiment T ≈ 0.644/8.8 ≈ 7.3 × 10−2 m s−1 and therefore Δν ≈ 23.8 Hz.
Using eq. (4) the measured rate can be written as r = r0 P (ν − ν1 ). This relation can be inverted
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to calculate the resonance frequency ν1 . With this it can be easily shown that the variance of
the inferred resonant frequency is given by
σν21 =

1
P  (ν − ν1 )2



σr2 σr20 r2
+ 4
r02
r0




=

σ 2 r2
σr2
+ r20 2
r2
r0 r


.

(7)

This equation is incomplete insofar as the derivative of the rate r can not be measured directly,
instead it has to be estimated by measuring the rate at two diﬀerent frequencies.
r =

r1 − r2
+ O(δ) ,
2δ

(8)

where r1 and r2 are two rates measured at frequencies seperated by 2δ. This introduces additional
error terms and also truncation errors of the order δ. The general measurement strategy is to
select a reference rate r0 that is as high as possible and to optimise the achievable visibility,
which reduces the theoretical error. In practice the estimation of r will be the biggest factor in
determining the error. In equation (8) two conﬂicting pieces of information are present. First δ
has to be as small as possible, in order for the approximation of the ﬁrst derivative to be valid.
But the diﬀerence also has to be large, in order to minimize the contribution of the ﬁrst part.
Because of this, the rates r1 and r2 must be known very precisely which will be the main source
of error.

4

Conclusions

The qBounce collaboration has been performing a series of experimental campaigns to perform
Gravity Resonance Spectroscopy, a spectroscopy technique to test gravity at short (micron) distances by studying gravitational bound states of ultracold neutrons. Recently, the collaboration
migrated its experimental setup from Rabi- to Ramsey spectroscopy. As described in the last
section, this transition leads to an improved sensitivity due to two main eﬀects: Firstly, the
setup is scalable in length. The sensitivity of Rabi spectroscopy is limited, because it is given
by the time of ﬂight and therefore by the length of the vibrating mirror, which is in competition
with the ability to vibrate the mirror with frequencies of several hundreds of Hertz. Here, we
have been limited to 20 cm long mirrors in the past. Ramsey spectroscopy has the advantage,
that the sensitivity is given by the total length of the mirrors of region II, III and IV, and the
middle region does not vibrate. Therefore, the experiment is limited by the budgetary issues
only. In comparison to our best measurement using Rabi spectroscopy, the gain factor is 3.22.
The second advantage is due to an intrinsic feature of Ramsey spectroscopy using particle beams
with a wide velocity spreading. While in Rabi spectroscopy the transition probability curves are
smeared out considerably, the middle peak in Ramsey spectroscopy stays. This allows to use
the full velocity spectrum available. The gain factor can overcompensate any loss factor due to
the beam divergence in a longer setup.
In summary, the improvements are likely to allow for high-precision measurements testing
classical Newtonian expectations with the results of quantum mechanical measurements. This
can provide limits on dark matter and dark energy candidates, which would shift the transmission
curves measured in the experiment.
Ultimately, the ﬁnal step would be to implement a storage bottle for gravitational quantum
states 7 , which allows an improvement of observation time by orders of magnitude. Nevertheless,
this ambitious goal needs further developments of experimental techniques.
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Wave function collapse, gravity and space
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Wave function collapse models assume that the Schrödinger equation is not entirely right,
and must be supplemented with extra terms, which cause the (random) collapse of the wave
function. In some of these models, the collapse is linked to gravity. We review the most
popular gravitational wave function collapse models, with an emphasis on their conceptual
status, stage of development, comparison with experiments, and open questions.

1

Spontaneous wave function collapse

One of the most peculiar features of Quantum mechanics is the superposition principle: any
quantum system can live in the superposition of√two possible states, in particular in the superposition of two spatially separated states, like 1/ 2[|here + |there]. This is due to the linearity
of the theory, namely the fact that the sum of two solutions of the Schrödinger equation is still
a solution. Delocalized quantum states have been repeatedly realized in experiments both with
simple particles, atoms and complex molecules. For example, at present the largest superposition in space is of about half-meter, and involves single atoms 1 ; the most massive superposition
involves molecules weighting about 104 amu 2 , which have been delocalized over a distance of
100 nm. Unfortunately, technology still does not allow to create a large enough delocalized state
of a very massive, possibly macroscopic, system, living long enough to be detected, thus current
experimental results refer to microscopic systems.
In everyday life we do not observe any of the peculiar features predicted to take place in
the quantum world, making them counterintuitive phenomena. A popular interpretation for
this is based on the eﬀects that the complexity of a system (its mass, size, and/or number of
degrees of freedom), and the action of the surrounding environment have on the emergence of
quantum manifestations. Environmental eﬀects are particularly important: a quantum system
gets correlated to its surrounding world, which continuously monitors it. The environment thus
depletes any quantumness in the state of the system, driving it to a classical description. Such
a process, called decoherence is believed to become increasingly relevant with the size and/or
mass of the system at hand 3 .
Yet, a crucial question is at order: is the lack of observation of quantum eﬀects at the
macroscopic level a manifestation of a breakdown of quantum linearity, or simply the consequence
of the fact that no one so far was able to create a macroscopic quantum superposition? It is
indeed not clear—nor experimentally tested yet—whether the quantum superposition principle,
the cornerstone of quantum theory, holds also for macroscopic systems.
We are then presented with a compelling case for the exploration and understanding of
quantum eﬀects at the large scale and open up a new route for fundamental and technologically
relevant investigations. Indeed, the observation of quantum features (or their lack) at scales that
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Figure 1 – According to spontaneous wave function collapse models, linearity progressively breaks down as the
size of the system increases, so that macroscopic object will never behave quantum mechanically, even if well
isolated from external disturbances.

exceed those of simple few-atom systems would simultaneously address two key points in modern
physics. On one hand, an improvement in the determination of the limits of quantum mechanics
would foster a step forward towards the formulation of a deeper-level theory. On the other hand,
the architecture of quantum technology is currently based on the paradigm of “small, protected
and elementary”, which makes such devices generally very expensive and technically demanding.
It is thus paramount to shift the attention to systems that are not as well protected or simple,
take the environmental eﬀects “on board”, and investigate the potential for the development of
a technology that exploits large-scale quantum devices.
It has been suggested by several people that gravity plays a crucial role for a possible breakdown of quantum mechanics. Indeed, since gravity has not been successfully quantized yet, it
can be the source of “non-quantum” nonlinear eﬀects, which induce the collapse of the wave
function. We present these ideas in the following section, based on the review article of Bassi et
al. 4 .
2

Gravitational Wave Function Collapse

In this section, we review proposals which attempt to modify quantum theory, motivated by
gravity: these are called (gravity induced) models of spontaneous wave function collapse.
The fundamental idea behind collapse models is that the Schrödinger equation is only approximately valid. Instead of assuming phenomenologically the collapse of the wave function
in measurement-like situations (as the Copenhagen interpretation does), this is accounted in a
dynamical way, by supplementing the Schrödinger equation with additional stochastic and nonlinear terms. Here a ﬁrst problem arises: how can one consistently modify such a fundamental
equation, without running into theoretical and experimental inconsistencies?
After decades of research 5,6 , the situation seems now rather clear 7 . The structure of the
modiﬁed Schrödinger equation is ﬁxed under two minimal assumptions: i) norm conservation
and ii) no superluminal signaling. Norm conservation is needed if one wants to interpret the
wave function in a reasonable way as objectively describing the state of a quantum systems.
Its violation would e.g. lead to mass or number of particles spontaneously decaying in time.
The second requirement, that no signal should be able to be sent faster than the speed of light,
is needed for consistency with special relativity: A collapse that does not meet this requirement would allow for instantaneous communication at arbitrarily large distances 8 , which is in
contradiction to relativistic causality. Note that this instantaneous signaling has nothing to do
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with the fact that the Schrödinger equation is a nonrelativistic equation; it is only due to the
nonlocality of the collapse.
The formal implementation of no superluminal signaling has a precise structure 8 : whatever
the evolution for the state vector, the dynamics for the density matrix must be linear. This
basically implies that the master equation is of the Lindblad type 3 , with possibly negative
coeﬃcients 6 . One recovers the true Lindblad structure with positive coeﬃcients by adding
the requirement of complete positivity. When incorporating nonlinear terms into the Schrödinger equation in order to suppress quantum superpositions, the associated density matrix also
evolves nonlinearly; this has to be avoided. This is possible if also appropriate stochastic terms
are added along with the nonlinear ones, so that when taking averages in computing the density
matrix, nonlinear eﬀects are washed away. In other words, nonlinearity and stochasticity have
to go hand in hand to have a consistent dynamics for the wave function. This is the basic reason
why the structure of consistent nonlinear modiﬁcations of the Schrödinger equation is uniquely
identiﬁed and takes the form (in the Itô language):


√
λ
i
(1)
dψt = − Ĥ0 dt + λ(Â − Ât )dWt − (Â − Ât )2 dt ψt ,

2
where Ĥ0 is the standard Hamiltonian of the quantum system, Â the self-adjoint operator on
whose basis the state vector collapses, Ât = ψt |Â|ψt  is the quantum expectation value of Â,
which makes the equation nonlinear, and Wt is a Wiener process, giving a stochastic character
to the dynamics. The positive constant λ sets the strength of the collapse process.
A physical model of spontaneous wave function collapse must justify the classical world
emerging from an underlying quantum world. The collapse should be negligible for microscopic
system (to agree with the Schrödinger evolution), and grow in strength with the mass/size of the
system, leading to wave functions of macro-objects that are well-localized
in space. This suggest

taking for the collapse operator the local mass density m̂(x) = i mi δ (3) (x − x̂i ), coupled to a
white noise w(x, t) spread through space. Then (1) becomes:

√ 
i
dψt = − Ĥ dt + λ d3 x (m̂(x) − m̂(x)t ) dWt (x)




λ
(2)
−
d3 x d3 y G(x − y)(m̂(x) − m̂(x)t )(m̂(y) − m̂(y)t ) dt ψt ,
2
where Wt (x) is a family of Wiener processes, with spatial correlation function equal to G(x − y).
We assume that G(x − y) = G(|x − y|), to respect translational and rotational symmetries. This
equation was ﬁrst proposed by Ghirardi, Pearle and Rimini and is the mass-proportional version 9
of the Continuous Spontaneous Localization (CSL) model 10 , if one takes a Gaussian correlation
2 ), where the correlation length r (with dimension
function: G(x − y) = exp(−(x − y)2 /4rC
C
[L]) is a phenomenological parameter, and λ = λCSL /m20 , with m0 a reference mass—equal to
the mass of a nucleon, which is added to the deﬁnition of lambda to make the model massdependent—and λCSL (with dimension [T−1 ]) is the collapse rate, the second phenomenological
parameter of the model.
This model has been extensively studied in the literature 11,12 . Three properties are particularly important: i) The collapse suppresses spatial superpositions, driving the wave function
towards states, which are localized in space. ii) If one considers (possibly macroscopic) rigid
objects, then the center-of-mass dynamics satisﬁes a single-particle collapse equation, with an
CM
eﬀective collapse rate λCM
CSL which grows with the mass/size of the system (λCSL = f (N )λCSL ,
where f (N ) is a monotonically increasing function of the total number N of nucleons and of
the geometry of the system). Therefore, one can show that by suitably choosing the parameters
(the original choice was λCSL = 10−16 s−1 and rC = 10−7 m 13 ), the collapse eﬀects are negligible for microscopic systems, while for macroscopic systems the ampliﬁcation mechanism makes
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sure that their center-of-mass wave-function is always well-localized in space. iii) Quantum
measurements are consistently described, and their entire phenomenology (deﬁnite outcomes,
Born probability rule, von Neumann projection postulate, role of the operators as observables)
emerges from the dynamics 14 .
For future reference, we write the master equation for the statistical operator ρt = E[|ψt ψt |]:


i
λ
d
(3)
ρ̂t = − [Ĥ, ρ̂t ] −
d3 x d3 y G(x − y) [m̂(x), [m̂(y), ρ̂t ]] ,
dt

2
which again is of the Lindblad type.
The relevant open question for the present discussion is what causes the collapse, or equivalently, what is the origin of the noise Wt (x). A tempting answer is that it has a gravitational
origin, and this idea is supported by two considerations. The ﬁrst one is that gravity naturally
couples to the local mass density of each physical system, which is the natural choice for a collapse model, as discussed here above. The second one is that there is no proof so far that gravity
is quantum, therefore the possibility is still open for it to provide the anti-hermitian coupling,
which is necessary to have a collapse equation. We will review four proposals, which connect
gravity to the collapse of the wave function: The Diósi–Penrose model 15 , Adler’s proposal 16 ,
Károlyhaźy’s model 17 , and the Schrödinger–Newton equation 18,19 .
2.1

The Diósi–Penrose model

This model was ﬁrst proposed by Diósi 15 , who postulated (2) and assumed that the spatial
correlator of the noise is proportional to the Newtonian gravitational potential (this is the
connection to gravity):
G 1
G(x) =
;
(4)
 |x|
Having deﬁned G(x) this way, λ is a dimensionless constant, which Diósi set equal to 1. Equivalently, one can deﬁne G(x) = 1/|x| and λ = G/. Since the structure of the Diósi–Penrose
equation is the same as the CSL equation, the collapse mechanism works the same way, but
with a diﬀerent strength due to the diﬀerent choice of the correlation function and collapse rate.
One of Diósi’s motivations for proposing this equation is that it is deﬁned without free
parameters. Contrary to the CSL model, which contains two phenomenological parameters,
the collapse rate λ and the spatial correlation length of the noise rC , here the collapse rate is
governed by Newton’s constant G, while the spatial correlation function is given by the “width”
of the 1/|x| function. However the model needs to be regularized by introducing an eﬀective
radius R0 for “point-like” particles, because 1/|x| makes the integrals diverge. Diósi proposed
to set R0 the nucleon’s radius  10−15 m, which is a reasonable assumption, given that this
model is intrinsically nonrelativistic.
The model predicts a loss of coherence which is proportional to the Newtonian self-interaction
among diﬀerent parts of the wave function. This is precisely the endpoint of Penrose’s idea 19 .
According to Penrose, given two macroscopic objects at diﬀerent locations, each being in a
stationary state, i. e. an energy eigenstate, with the same eigenvalue, then also their superposition
is a stationary state and persists in time, according to quantum theory. This is another way to
express the Schrödinger’s cat problem. However, Penrose argues that if one takes also gravity
into account, things change. Each state will give rise to a stationary spacetime geometry,
and the two diﬀer macroscopically from each other. When a superposition of the two objects
is considered, then also the two spacetime geometries will be superimposed, and this will no
longer be stationary. The superposition decays in time, with a rate which is equivalent to what
predicted by Diósi’s equation. This is why one speaks of the Diósi–Penrose model.
We have seen that collapse models couple quantum systems to an external classical noise. As
such, the noise exchanges energy with the system, whose energy is not conserved anymore. The
CSL model, and the Diósi–Penrose model as well, do not include dissipative eﬀects, therefore
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Figure 2 – Experimental bounds on R0 obtained from the phenomenological analysis of X-rays 23 , cold atoms 24
and cantilever 25 experiments.

the energy of the system steadily increases and eventually diverges, as if the noise is at inﬁnite
temperature. The rate of energy increase turns out to be:

dEDP (t)
mG
2π ∞ 3
d Q ΓDP (Q) Q4 = √
,
(5)
=
dt
m 0
4 π R30
with EDP (t) = Tr[ρ̂(t)Ĥ] where ρ̂(t) satisﬁes the Diósi–Penrose dynamics. This relation easily
allows to evaluate the diﬀerent implications of the cut-oﬀ proposed, respectively, by Diósi 20 and
later by Ghirardi et al. 9 . In the former case, R0 = 10−15 m, one gets a rate for the energy
increase of order 10−4 K/s for a proton, which means a thermal catastrophe. Precisely this fact
induced Ghirardi et al. to introduce a much larger value, R0 = 10−7 m, in which case the rate
is of order 10−28 K s for a proton, which is indeed a much more reasonable value. Although in
this way the problem of overheating has been partially resolved, it is clear that the introduction
of a cut-oﬀ R0 = 10−7 m is much less justiﬁed than the one originally proposed by Diósi. One of
the main motivations of the Diósi–Penrose model, namely, to provide a phenomenological model
without free parameters, is in this way lost. For a further analysis, see the work of Bahrami et
al.21 . Figure 2 shows the bounds on the cut-oﬀ R0 obtained via a phenomenological analysis of
recent experimental results 22 .
2.2

Adler’s proposal for gravity-induced collapse

While Diósi assumes the structure (2) and postulates the noise correlation function (4), Adler
still works within the here above outlined framework of collapse models, but he approaches
the problem from a diﬀerent point of view 16 . He notices that one can naturally introduce
a mass-proportional anti-hermitian coupling to the wave function by assuming that gravity is
fundamentally classical and its metric contains a rapidly ﬂuctuating complex component. In
other words:
gμν = g μν + hμν ,
(6)
with g μν the conventional real spacetime metric, and hμν an irreducibly complex ﬂuctuation.
For simplicity, we will set g μν = ημν , i. e. we will consider only perturbation around the ﬂat
Minkowski metric. Under these premises, it is easy to show how one obtains the desired coupling
term.
The standard action of a matter ﬁeld coupled to gravity is:

√
S = d4 x −g Lmatter ,
(7)

√
where Lmatter is the matter Lagrangian, gμν is the metric tensor and −g = − det[gμν ]. The
Taylor expansion around ημν gives:



1
(0)
S = d4 x Lmatter − hμν T(0)
(8)
μν + higher order terms;
2
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Figure 3 – Experimental bounds on ξ obtained from the phenomenological analysis of X-rays experiments 26
(blue16), cold atoms 27 (red), LISA Pathﬁnder 28 (orange) and theoretical requirement that the model collapses
macroscopic objects 29 (green).

the apex (0) denotes quantities with respect to the ﬂat spacetime ημν , and Tμν is the stress
energy tensor associated to the Lagrangian Lmatter . In the weak ﬁeld limit, gravity couples to
matter linearly through the stress energy tensor.
If one considers for example the nonrelativistic limit for the Lagrangian of a Klein-Gordon
(0)
ﬁeld φ, one can show that hμν Tμν  mc2 h00 φ∗ φ. Since second quantizing the ﬁeld then gives
2
the one-particle Hamiltonian p /2m + mc2 h00 /2, the N -particle Hamiltonian can be written as:

(9)
H = H0 + c2 ξ d3 x m̂(x)w(x, t),
where H0 is the kinetic term, m̂(x) is the mass density operator introduced before, and we have
renamed h00 (x, t)/2 = ξw(x, t), where w(x, t) is an a-dimensional complex random ﬁeld, whose
ﬂuctuations are of order 1, while the constant ξ measures the size of the ﬂuctuations. On the one
hand, the real part of w(x, t) contributes to the Hamiltonian as a standard random potential,
giving rise to decoherence eﬀects as discussed in the previous section. On the other hand, its
imaginary part provides the anti-hermitian random coupling, which is an essential point for the
collapse dynamics. The model was further developed by Gasbarri et al. 22 , who also analysed
the bounds put by experiments on the magnitude of complex ﬂuctuations ξ (see Fig. 3). It is
interesting to observe that weak complex ﬂuctuations, weaker than the (real) waves recently
measured by LIGO (∼ 10−21 ), are suﬃcient to provide an eﬃcient collapse.
2.3

Károlyhaźy’s model

The key idea of Károlyházy 17 , is that measuring devices are made of atoms and therefore
are ultimately quantum and must obey the Heisenberg uncertainty principle. Thus lengths
and times cannot be measured with arbitrary precision, implying that there is a fundamental
uncertainty in the structure of spacetime, which is undetermined beyond some scale. By using
the uncertainty principle and other arguments, he arrives at the following relation 17 :
4/3

Δs2 = Pl s3/2 ,

(10)


where Pl = G/c3 is the Planck length. The above relation expresses the best precision with
which a length s can be measured.

132

Károlyházy expresses the spacetime uncertainty by promoting the metric gμν (x) to a stochastic metric gμν (ω, x), for which averages are taken in the end. In the nonrelativistic and Newtonian limit, the metric perturbation enters the Schrödinger equation as a random potential
V (x, t) = mc2 h00 (x, t)/2, the generalization to many particles being straightforward. The resulting dynamics is stochastic and leads to decoherence, as the coherent behavior of diﬀerent
terms of a spatial superposition will be washed away by the diﬀerent phases acquired.
The decoherence time τ has been computed and it can be expressed as: τ = ma2c /, where
ac is the shortest coherence distance, to which the stochastic dynamics assigns a phase mismatch
 π, which gives full decoherence. Calculations give:
 1
,
(11)
G m3
for an elementary particle of mass m. This gravitational decoherence eﬀect is fully negligible for
microscopic systems. For example, for one electron one gets: ac  1035 cm and correspondingly
τ  1070 s. On the other hand, macroscopic superpositions rapidly decay. For a macroscopic
object of mass M and linear dimensions R one has:
 2 1/2 2/3

R
ac 
;
(12)
G
M
ac 

for an object of size  1 cm and normal density, one gets ac  10−16 cm and τ  10−4 s.
2.4

The Schrödinger–Newton equation

The Schrödinger–Newton equation was ﬁrst proposed by Diósi 18 and Penrose 19 , who were interested in its stationary solutions as the ﬁnal states of the wave function collapse. Its dynamical
behavior received renewed attention, mainly due to its connection with the question whether
gravity should really be quantized 30 , and due to its falsiﬁability in envisaged experiments 31 .
The one particle Schrödinger–Newton equation is nonlinear and reads:



 2
2 2
∂
2
3  |ψ(t, r )|
d r
∇ − Gm
i ψ(t, r) = −
ψ(t, r) .
(13)
∂t
2m
|r − r |
This equation displays a self-gravitational interaction among diﬀerent parts of the wave function,
as if the (absolute value squared of the) wave function represents the mass distribution of the
system. Since this is an attractive eﬀect that opposes the quantum diﬀusion originating from
the Laplacian, one expects a slower spreading of the wave function over time, with respect to
the usual quantum dynamics, and possibly a collapse for large masses. Asymptotically, a stable
solitonic state should remain, where attraction and diﬀusion exactly compensate.
Interestingly, given a superposition of two states displaced in space, the Schrödinger–Newton
term gives a mutual attraction, which localizes the superposition. For massive systems, such
an attractive term becomes dominant and kills any possible superposition in space. This is
why the Schrödinger–Newton equation equation is discussed in connection with the quantum
measurement problem as a possible way to explain why macroscopic superpositions are not
observed.
However, the Schrödinger–Newton equation presents problematic aspects: the collapse of
the wave function does not occur as predicted by the Born rule, and it allows for superluminal
signaling. For a discussion, see Bahrami et al. 32 .
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Status of the GBAR experiment at CERN
Barbara Latacz on behalf of the GBAR collaboration
IRFU, CEA Paris-Saclay
F-91191 Gif sur Yvette Cedex, France
The GBAR experiment aims at measuring the free fall of antihydrogen atoms in the terrestrial
gravitational ﬁeld. It is located at CERN in the AD area. It is the ﬁrst experiment which has
been connected to the ELENA low energy antiproton ring that started commissioning in the
summer of 2018. First tests with antiproton and positron beams were performed in summer
and fall of 2018. The status and plans of the experiment are described in this document.

1

Introduction

The main goal of the GBAR collaboration is to measure the Gravitational Behaviour of
Antihydrogen at Rest. It is done by measuring the classical free fall of neutral antihydrogen, which is a direct test of the weak equivalence principle for antimatter. The experiment is
based on an idea of J. Walz and T. Hänsch 1 , which was brought to life by P. Pérez 2,3 .
The ﬁrst step of the experiment is to produce an antihydrogen ion H̄ + and catch it in a Paul
trap, where it can be cooled to μK temperature using ground state Raman sideband sympathetic
cooling. The μK temperature corresponds to a particle velocity in the order of 1 m/s. Once
such velocity is reached, the antihydrogen ion can be neutralised and starts to fall. Due to the
low temperature, a fall from 10 cm height corresponds to about 0.14 s time of ﬂight. Such a
long free fall allows achieving 37 % error on the measurement of the gravitational acceleration
ḡ for antihydrogen after only one event. With this method, the aim is to reach 1 % precision
with about 1500 events 3 .
The second goal of the experiment is to reach 10−5 − 10−6 precision in the measurement of
the gravitational quantum states of cold antihydrogen 4,5 . This method is inspired by a similar
experiment performed for cold neutrons 6 .
2

Production of antihydrogen ions

The ﬁrst part of the GBAR experiment is the production of the antihydrogen ion. It is made in
the following reactions:
P s∗ + p̄ → H̄ ∗ + e− ,

(1)

P s∗ + H̄ → H̄ + + e− .

(2)

The “∗” next to an atom symbol indicates that it can be either in the ground state or in an
excited state.
The general scheme of the antihydrogen ion production part of the GBAR experiment is
shown in Figure 1. The antihydrogen atom H̄ and ion H¯+ production takes place in a cavity. Due
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to relatively low positronium energy in comparison to antiproton energy, the heaviest reaction
products (antihydrogen atoms and ions) combined with the p̄ beam are guided to the switchyard
where they are separated in an electrostatic ﬁeld (Figure 1).
The production of a few H̄ + ions in one beam crossing requires about 107 p̄/bunch and a few
1011 Ps/cm−3 positronium density inside a cavity, which is produced with a beam containing
5 · 1010 positrons per bunch.
The H̄ + production part of the experiment was installed at CERN in 2018. Nowadays,
the experiment is being commissioned with positrons and protons, which allow to perform the
symmetric reactions of hydrogen atom and ion formation. An optimisation of the ion production
with matter will help to be fully prepared for the next antiproton beam time in 2021.

Figure 1 – The general scheme of the antihydrogen ion production setup.

2.1

ELENA and antiproton deceleration

GBAR is the only experiment that has received the antiproton beam from the new CERN
antiproton decelerator - ELENA 7 . The ﬁrst ELENA beam reached the experiment in June 2018
and was tested until November 2018. After many improvements performed by both ELENA
and GBAR teams, we can report that ELENA reached the nominal beam parameters at the
extraction point. This indicates that in spring 2021 the decelerator should be ready to work
with all experiments.
The ELENA beam has a 100 keV energy and an intensity reaching 5·106 p̄/bunch. This beam
is later decelerated to 1-10 keV energy 8 in order to obtain the highest possible H¯+ formation
rate 9,10 . From next year, a high ﬁeld Penning-Malmberg trap will be added to the system in
order to trap antiprotons. This will allow obtaining better beam parameters.
Due to technical diﬃculties on both ELENA and GBAR sides, it was possible to test the
deceleration system only partially. Additionally, the ﬁrst tests of the detection system were
performed. Example image of single 10 keV antiprotons registered with the MCP detector that
will be used for H̄ detection is shown in Figure 2.
2.2

The slow positron source

The GBAR positron source is based on a 9 MeV linear electron accelerator. The relatively low
energy was chosen to avoid activation of the environment with gamma radiation. The electron beam is incident on a tungsten target where positrons are created from Bremsstrahlung
radiation (gammas) through the pair creation process. Some of the created positrons undergo a further diﬀusion in the tungsten moderator reducing their energy to about 3 eV.
The created particles are re-accelerated to about 53 eV energy and are adiabatically transported to the next stage of the experiment. Presently, the measured positron ﬂux is equal to
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Figure 2 – An MCP image of single 10 keV antiprotons.

Ne+ /1s = 6.02 ± 0.45(stat) ± 1.55(sys) · 107 e+ /s, which is a few times higher than intensities
reached with radioactive sources.
2.3

Positron trapping

The goal of the GBAR experiment is to obtain more than 5 · 1010 e+ /pulse. In order to achieve
it, a two-stage trapping system is used.
The ﬁrst device 11 is based on a Surko buﬀer gas trap 12 . The main goal of this 40 mT
magnetic ﬁeld trap is to cool positrons and reduce their radial velocity 13,14 , so that they can
be trapped for long times and even accumulated. Presently, the trapping eﬃciency is equal to
5 %. The second device is a Penning Malmberg trap with a high magnetic ﬁeld of 5 T. In this
trap, 5 · 1010 e+ are going to be stored in the form of a non-neutral plasma 15 . At this time the
measured positron ﬂux after the trap is equal to 108 e+ /pulse. Currently, the trap is using a
synchrotron cooling technique, but later the goal is to use an electron cooling technique.
2.4

Positronium formation

The production of antihydrogen ions requires a cold (energy < 0.1 eV) dense positronium target.
It is produced by positron implantation on a mesoporous silica target, for which the positron to
ortho-positronium conversion probability is equal to 30 %. The Ps formation has been tested
before by collaborators 16,17,18 . In the GBAR zone, the ﬁrst formation of ortho-positronium
with τ = 142 ns was observed in 2018. The expected density of ortho-positronium for 5 · 1010
positrons incident on the target is equal to a few 1011 ortho-Ps/cm3 density in the cavity of size
1 mm x 1 mm x 20 mm.
According to calculations 19 the cross-section for H¯+ formation can be enhanced for excited
states of ortho-positronium. This hypothesis will be tested for the 3D state of ortho-positronium.
3

Antihydrogen ion cooling and free fall experiment

After the reaction, a beam composed of three species p̄, H̄ and H̄ + is electrostatically separated
into three diﬀerent directions, whereupon each beam is guided to a dedicated detection system.
The second part of the experiment is designed to catch and cool the antihydrogen ion 20 . Once
it reaches neV energy, the extra positron is photodetached, and the neutral, cold antihydrogen
atom starts to fall.

137

3.1

H̄ + capture and cooling

The ﬁrst step of the ultracold H̄ + preparation is to catch it in a cm scale RF linear trap. It
is not possible to directly trap an ion of a few keV energy, this is why it is decelerated in the
electrostatic ﬁeld of a biased trap. Once the H̄ + energy is in the order of a few eV it can be
trapped. The energy dispersion (or spread) must be less than 20 eV in order to exceed 50%
trapping eﬃciency. The energy spread from the antiproton beam is transferred to the anti ions.
In ELENA this is of the order of 300 eV. Thus, an antiproton trap will be inserted in order to
reduce this energy dispersion.
The antihydrogen ion does not have a transition allowing for direct laser cooling. It will be
cooled by interaction with a cloud of simultaneously trapped and laser-cooled beryllium ions
Be+ . In this procedure, the ﬁnal temperature is higher than the Doppler limit (e.g. 0.47 mK
or 60 neV in the case of Be+ ), but can go down to 5-100 mK range. It is reached within a few
ms 21 . Once the antihydrogen ion is cold, it is injected to the precision RF trap where a single
Be+ ion is also trapped. In the precision trap the cold Be+ and H̄ + ions are coupled harmonic
oscillators on which ground state Raman sideband cooling can be performed 22 . This method
allows for the reduction of vibrational energetic levels. As a result, μK temperatures can be
reached in less than 1 s. Both described cooling methods in dedicated traps were successfully
tested by collaborators.
When the antihydrogen ion is cold, one of its two positrons can be photodetached by a
1.64 μm laser. This moment deﬁnes the start of the free fall measurement.
3.2

The free fall experiment

The ﬁnal free fall experiment takes place in the so-called “free fall chamber”. It is a cylindrical
chamber with at least 10−11 mbar pressure. The chamber is surrounded by detectors that are
supposed to reconstruct the antihydrogen annihilation vertex:
• tracker detectors - 50 cm by 50 cm MicroMegas chambers with a pion detection eﬃciency
better than 96% per plane 23 ;
• 170 cm by 10cm by 5cm Time of Flight Detectors built from scintillator bars. The time
resolution of these detectors is better than 80 ps.
The ﬁrst detector units were tested with cosmic radiation and antiproton annihilations.
Summary
The GBAR experiment started to move to CERN in 2017. In 2018 the collaboration succeeded
in developing the antihydrogen ion production part. The ﬁrst tests with the antiproton beam
supplied by the ELENA decelerator were performed. Currently, the proton source is under development in order to test the equipment with the symmetric hydrogen atom and ion production.
The positronium cloud preparation is progressing. The slow positron source reached
6 · 107 e+ /s and the trapping is at the level of 108 e+ /bunch. The ﬁrst positronium cloud
was made in the ﬁnal reaction chamber. It is expected to produce hydrogen within a few
months.
The cooling traps are tested by collaborators. The proof of cooling principle was done,
however now the ion transport between two traps is being tested. The cooling eﬃciency is
related to the energy dispersion of the antiproton beam. If it comes directly from ELENA it
is too wide to be used in the experiment. However, this should be much improved with the
insertion of an antiproton trap.
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Abstract
The foreseen production of cold antihydrogen atoms at CERN’s Antiproton Decelerator
(AD) opened up the possibility to perform direct measurements of Earth’s gravitational acceleration on antimatter bodies. This is one of the goals of the AEgIS collaboration: measure
the value of g using a pulsed source of cold antihydrogen and a moiré deﬂectometer/Talbot-
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Lau interferometer. The milestones achieved so far by AEgIS, on the way of developing a
pulsed cold antihydrogen source using resonant charge-exchange between antiprotons and
cold Rydberg positronium, are reviewd. First, the procedure developed to capture, manipulate and prepare a cold plasma of antiprotons for antihydrogen production is summarized.
Antiprotons were captured from the AD using aluminum degraders and cooled with electrons. These mixed e-/p+ plasma were radially compressed to sub-mm radii applying a
rotating-wall drive and progressively reducing the number of cooling electrons. Antiprotons
were ﬁnally transferred in high numbers to the antihydrogen production trap using an efﬁcient in-ﬂight launch and recapture procedure. Second, the many milestones achieved by
AEgIS in producing, manipulating and studying Ps are summarized. Ps has been ﬁrst studied in a dedicated setup for spectroscopy experiments at room temperature using nanoporous
silica positron-positronium converters in a reﬂection geometry. The spectroscopy of its 1-3
and 3-15 transitions was carried out, ﬁrst showing the feasibility of AEgIS’ proof-of-concept
in-ﬂight laser excitation. These experiments yielded as a byproduct the development of a
long-lived source of metastable 23 S Ps atoms, which may be considered in the future as an
alternative to long-lived Rybderg Ps to directly probe gravity on positronium. Ps was subsequently formed also from the 10K cryogenic converter inside the main AEgIS experiment,
leading to the ﬁrst Ps laser excitation to the Rydberg levels in a 1T magnetic ﬁeld and to
the detailed characterization of the Ps source for antihydrogen production.

1

Introduction

Probing experimentally the antimatter gravitational acceleration using a pulsed beam of cold
antihydrogen is the goal of the AEḡIS collaboration at CERN [1]. It aims to use a moiré
deﬂectometer [2] to detect the vertical displacement of free-falling atoms with known (measured)
velocity using a high-resolution position-sensitive detector [3]. Pulsed antihydrogen production,
yet to be experimentally demonstrated, is implemented in AEḡIS using a double charge-exchange
reaction between trapped antiprotons (p̄) and laser-excited Rydberg Positronium (Ps) atoms [4],
obtained from the conversion of positrons (e+ ) in a nanochanneled mesoporous e+ -Ps converter.
In synthesis:

e− + e+ −→ Ps
Ps + γ205 nm + γ1700 nm −→ Ps∗
p̄− + Ps∗ −→ H̄∗ + e−

Ps production
Laser excitation
Charge exchange.

Many progresses towards the ﬁrst milestone pulsed production of H̄ have been recently
achieved by AEḡIS: the preparation of dense, cold plasmas of p̄; the eﬃcient production of Ps
by the matter converter designed for cryogenic high-vacuum use; its eﬃcient laser-excitation to
Rydberg level.
A sketched scheme of the current setup of the pulsed antihydrogen production experiment is
shown in Figure 1. A nanoporous silicon positron-Ps converter developed for cryogenic use [5] is
located 1.5 cm above a cylindrical Malmberg-Penning trap for p̄ plasmas storage [6]. Bursts of
positrons (e+ ) are implanted with keV energy in the target where they are eﬃciently converted
into Ps atoms, immediately re-emitted into vacuum after cooling by collisions in the material
porosities (electrochemically-etched nanochannels [7]). Two laser pulses are sent from the side
to excite the re-emitted Ps cloud to n = 3 (205.045 nm) ﬁrst, then to Rydberg levels (1700 nm)
using a two-step laser excitation scheme [8]. Rydberg Ps atoms, having a lifetime longer than
10 μs, ﬂy towards the p̄ storage trap with a velocity ∼ 105 m s−1 and produce H̄ by the chargeexchange reaction with the p̄ in the cold plasma.
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Figure 1 – Cut-open schematic view of the AEgIS experiment, highlighting the most crucial components. Inset:
zoom on the antihydrogen production region.

2

Antiproton plasma preparation

Cold p̄ plasmas were prepared in the H̄ production region with a multi-step procedure. First,
∼ 1% of the 3·107 5.3 MeV antiprotons in each spill of the Antiproton Decelerator were captured
in the AEḡIS catching traps (located in a 4.46 T magnetic ﬁeld) using a matter energy degrader
and high voltage electrodes [6]. The so-obtained keV-energy p̄ cloud was then cooled to eV
energies by means of electron sympathetic cooling, previously loaded in a subsection of the
trap. Subsequently, the mixed p̄ - e− plasma was radially compressed to ∼ mm radii using the
rotating-wall technique [9] to allow them to be ballistic transferred to the H̄ production trap, 6
times smaller in diameter than the catching traps and located in a lower 1 T magnetic ﬁeld. The
transfer was realized applying two synchronized fast potential pulses on the two trap end-caps
to let the particles ﬂy from one to the other [10]. Further electron cooling and stacking of several
p̄ spills in the H̄ production region was also shown possible, allowing 6 − 7 · 105 antiprotons to
be stored in the trap with long plasma lifetimes (> 1 h).

3

Positronium production and Rydberg excitation

In parallel, Ps production and emission into vacuum from the mesoporous silicon targets designed for AEḡIS was ﬁrst demonstrated in a dedicated experimental setup [11]. Ps was subsequently laser-excited to Rydberg levels spanning between n = 15 and n = 17 [12], with an
overall laser excitation eﬃciency of ∼ 8% [13]. This demonstrated the proof-of-principle laser
excitation scheme for H̄ production, which was then reproduced in the 1T cryogenic environment of the antihydrogen experiment. A new scheme for detecting Ps with high-resolution was
developed, based on detecting with a high-resolution MCP detector e+ emitted from Ps laser
photo-ionization [14]. This method showed possible a fast and reliable shot-to-shot diagnostics
of the Rydberg Ps cloud as it ﬂyes towards the p̄ plasma. An alternative way to increase the
Ps lifetime was also investigated, i.e. Ps laser excitation to the 23 S metastable state [15], which
can open future possibilities for conducting inertial experiments using a beam of long-lived Ps
with low sensitivity to external ﬁeld gradients [16], provided that a position-sensitive detector
for Ps annihilations (such as [17] or [14]) with suﬃcient resolution is demonstrated.
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4

Conclusions

AEgIS entered its data taking period with both antiprotons and positrons at the beginning
of 2015. Since then, many progresses towards a ﬁrst experimental demonstration of pulsed
antihydrogen production were achieved. This experiment, for which the time is now ripe, will
the crucial milestone towards conducting a ﬁrst gravity measurement on a pulsed beam of cold
antihydrogen.
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[4] D. Krasnický, R. Caravita, C. Canali, and G. Testera. Phys. Rev. A, (94):022714, 2016.
[5] S. Mariazzi, P. Bettoti, S. Larcheri, L. Toniutti, and R. S. Brusa. Phys. Rev. B, 81:235418,
2010.
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Progress and recent results on the gravitational measurements using the 10 m
atomic fountain
C. Overstreet, P. Asenbaum, and M. A. Kasevich
Department of Physics, 382 via Pueblo Rd, Stanford, CA 94305, USA
Light-pulse atom interferometry enables the precise measurement of inertial forces on atoms
in free fall. The acceleration sensitivity of an atom interferometer increases with the time
between interferometer pulses and the momentum splitting between interferometer arms. A
long-time, large-momentum-transfer atom interferometer in a 10 m atomic fountain has been
used to observe the tidal phase shift associated with a quantum system evolving in curved
spacetime. This apparatus is currently performing a test of the equivalence principle by
comparing the gravitational acceleration of 85 Rb and 87 Rb. We demonstrate a technique
that reduces systematic errors associated with initial kinematic oﬀsets to one part in 1013 ,
paving the way for an atomic test of the equivalence principle at an accuracy comparable with
state-of-the-art classical tests.

1

Introduction to atom interferometry

A light-pulse atom interferometer interferes atomic matter waves that have traveled along
distinct spacetime trajectories and measures their relative phase. The initial beamsplitter, mirrors, and ﬁnal beamsplitter for the matter waves are implemented via light-atom interactions.
Here we describe some of the experimental techniques used in the Stanford 10 m atom interferometer and discuss the physical information that is contained in the interferometer phase.
1.1

Experimental techniques

Each atom interferometry experiment in the Stanford apparatus begins with the production
of an ultracold Rb atom cloud. The atoms are initially loaded from a 2D magneto-optical trap
(MOT) into a 3D MOT, then transferred into a plugged quadrupole trap in which they are
evaporatively cooled 1,2 . A magnetic lensing sequence is used to further reduce the velocity
spread of the atoms 3 , and the atoms are launched into the magnetically shielded interferometry
region by an optical lattice 4 . While the atoms are in free fall, sequential 2h̄k Bragg transitions
are used to create a spatial superposition of two atomic trajectories, which are then reﬂected
back toward one another and interfered by subsequent 2h̄k Bragg transitions 5 . The resulting
atom clouds spatially separate and are imaged with resonant scattering.
Several techniques are used to enhance the acceleration sensitivity of the atom interferometry sequence. First, the interferometer arms spatially separate over a long time T ∼ 1 s. Second,
the momentum splitting between interferometer arms is increased by implementing additional
2h̄k Bragg transitions in the beamsplitter and mirror sequences. Using these large momentum
transfer (LMT) sequences, we have implemented an atom interferometer with 90h̄k momentum splitting, corresponding to an interferometer arm separation of 54 cm, while maintaining
interferometer contrast of ∼ 30% 5 .
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1.2

Phase shifts in atom interferometry

A number of formalisms have been developed for calculating the phase of a light-pulse atom
interferometer 6–8 , which in general requires solving the Schrödinger equation for the evolution
of the atomic wavepackets. In analyzing the results from our apparatus, it is convenient to
make two approximations: the semiclassical approximation, which states that the phase space
width of each wavepacket is small compared to the spatial and momentum scales associated with
derivatives of the Hamiltonian, and the short-pulse approximation, which treats the light-atom
interactions as occurring instantaneously. We can obtain an additional simpliﬁcation by using
the fact that at the interferometer sensitivity, the gravitational potential is well approximated
by a quadratic function on the length scale of the wavepacket separation. Together, these
approximations imply that the phase shift Φ of the interferometer can be calculated entirely
from the light-atom interactions 6 :
Φ=

N



(ki,a − ki,b )

i=1

xi,a + xi,b
2


.

(1)

Here the index i runs over the N interferometer pulses, a and b label the two arms of the
interferometer, ki,j is the wavevector of the ith light pulse interacting with arm j, and xi,j is
the position of arm j at the time of the ith light pulse. For a Mach-Zehnder interferometer with
wavevector k, this equation simpliﬁes to
Φ = k x̄(0) − 2k x̄(T ) + k x̄(2T )

(2)

where T is the time between interferometer pulses and x̄(t) is the center-of-mass position of the
interferometer at time t. This formula suggests a classical interpretation of the interferometric
measurement: the phase of the atom interferometer is the average acceleration of the atoms with
respect to the laser pulses, calculated from three position measurements at times 0, T , and 2T .
2

Observation of a quantum system in curved spacetime

A longstanding goal in matter-wave interferometry has been to observe the inﬂuence of
gravity on the evolution of a quantum system 9–13 . From the perspective of general relativity,
gravitational eﬀects are manifested through spacetime curvature. Here we describe the ﬁrst
observation of a tidal phase shift induced by spacetime curvature over the length scale of a
matter-wave interferometer.
2.1

Background: the COW experiment

The COW experiment of 1975 14 was the ﬁrst to observe an inertial phase shift in a matterwave interferometer. This experiment consisted of a Mach-Zehnder neutron interferometer that
could be rotated around its axis. As a function of the rotation angle φ, the interferometer phase
Φ was observed to be
Φ = 4π λ g h−2 m2 d (d + a cos θ) tan θ sin φ

(3)

where λ is the neutron de Broglie wavelength, g is the gravitational acceleration, m is the
neutron mass, d is the distance between the silicon crystals used to diﬀract the neutrons, a is
the width of the crystals, and θ is the Bragg diﬀraction angle. In the limit a/d → 0, deﬁning
h̄k ≡ mv sin 2θ to be the Bragg diﬀraction momentum, this expression can be rewritten as
Φ = k g T 2 sin φ.

(4)

Up to the geometric factor, this is the well-known kgT 2 phase shift that has been observed in
many subsequent matter-wave interferometers.
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2.2

Analysis of the COW experiment

From a Newtonian perspective, one could interpret the kgT 2 phase shift in a matter-wave
interferometer as representing an interaction between the matter waves and the gravitational
ﬁeld of the Earth. However, the equivalence principle of general relativity implies that there is
no diﬀerence between a uniform gravitational ﬁeld and a uniformly accelerating reference frame,
which are both representations of ﬂat space in which gravity is absent. In the COW experiment,
the quantity g appears in the phase shift because the neutrons and the silicon crystals that
comprise the matter-wave optics have a relative acceleration g; the former are in free fall, while
the latter have a ﬁxed height in the lab frame. The relative acceleration between neutrons and
silicon crystals occurs because of non-gravitational forces acting on the silicon crystals–if there
were no such non-gravitational forces, then the silicon crystals would be in free fall as well, and
the relative acceleration (and phase shift) would be zero. Therefore, the phase shift observed in
the COW experiment is a physical consequence of non-gravitational forces rather than gravity.
To observe a gravitationally-induced phase shift in a matter-wave interferometer, it is necessary that the matter waves evolve in curved spacetime. Speciﬁcally, the spacetime curvature
must be large enough compared to the acceleration sensitivity that the two arms of the interferometer experience resolvably diﬀerent accelerations. The tidal phase shift associated with this
situation is given by 15
Φtidal =

h̄ 2 2
n k Tzz T 3
2m

(5)

where m is the atomic mass, nk is the wavevector of an LMT beamsplitter of order n, Tzz is the
gravity gradient, and T is the interferometer time. This phase shift scales with the wavepacket
separation h̄nkT /m and also with the Tzz component of the spacetime curvature.

2.3

Observation of the tidal phase shift

Using a long-T LMT interferometer, we observed the tidal phase shift induced by a nearby
source mass 15 . The source mass consisted of seven lead bricks (total mass 84 kg) placed ∼ 25
cm away from the trajectory of the atoms. A gravity gradiometer interferometer geometry was
used to identify the phase shift induced by the lead bricks, and each measurement was performed
with and without the bricks present in order to remove systematic eﬀects.
Figure 1 compares the measured gradiometer phase diﬀerence to several models. In the
ﬁrst model, the tidal phase shift is artiﬁcially removed by considering the trajectory deﬂections
from the interferometer atom optics to be negligible (black dashed curve). Without the tidal
phase shift, the gradiometer phase diﬀerence would vary linearly with the LMT order rather
than quadratically. In the second model, we compute the gradiometer phase diﬀerence as if the
atoms in each interferometer had experienced the acceleration of the upper arm (red curve) or
lower arm (blue curve). Both of these curves are inconsistent with the data, indicating that the
upper and lower arms of a single interferometer experienced resolvably diﬀerent accelerations
due to the tidal forces induced by the lead bricks. Therefore, the interferometer phase cannot
be computed by treating the interferometer as a local experiment in which each atom travels
along a single populated geodesic. The interferometer is a nonlocal probe of the spacetime
manifold, and it is a single quantum system in which the inﬂuence of spacetime curvature has
been observed.

149

Figure 1 – Gradiometer phase diﬀerence of a sequence with launch height 8.25 m, gradiometer baseline 32 cm,
and T = 550 ms as a function of LMT order n. The black, dashed curve is the phase calculated without including
the tidal phase shift. The solid red and blue curves are calculated using the accelerations of the upper or lower
interferometer arms, respectively (see the main text). The gray, dashed (black, solid) curve is the phase predicted
by the midpoint line (full phase shift) calculation. Each data point is the average of 15 shots.

3

Progress toward an equivalence principle test with atom interferometry

The equivalence principle of general relativity (EP), which states that all matter accelerates
at the same rate in a given gravitational ﬁeld a , is foundational to our understanding of gravity.
Here we summarize previous eﬀorts to test the equivalence principle and discuss recent results 16
in an ongoing atom-interferometric EP test.
3.1

Background: tests of the equivalence principle

In general, a test of the equivalence principle is a comparison of the gravitational acceleration
of two test bodies that diﬀer in composition. The results of such experiments may be expressed
in terms of the Eötvös ratio η ≡ Δg
g , where Δg is the acceleration diﬀerence between test bodies
and g is the average gravitational acceleration. Three classical experiments currently provide
the strongest bounds on EP violation: torsion balances (η < 10−13 ) 17 , lunar laser ranging
(η < 10−13 ) 18 , and the MICROSCOPE satellite mission (η < 10−14 ) 19 . In contrast, EP tests
using atom interferometry have obtained bounds on the order of (η < 10−8 ) 20 . The goal of our
current work is to bridge this gap by testing the equivalence principle at an accuracy comparable
to that of the most accurate laboratory-based classical experiments.
3.2

Sensitivity and systematic eﬀects in an atom-interferometric EP test

Our experiment tests the equivalence principle by comparing the free-fall accelerations of
and 87 Rb. The signal of an EP violation is a nonzero diﬀerential phase ΔΦ between the
two isotopes, corresponding to an Eötvös ratio of
85 Rb

η=

Δg
ΔΦ
k Δg T 2
=
=
.
g
k g T2
Φ

(6)

a
The equivalence principle as deﬁned here is sometimes called the “weak equivalence principle” and is identical
to the statement that gravitational mass and inertial mass are equivalent.
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In our apparatus, the interferometer time T is about 1 s, and the eﬀective wavevector k is about
108 /m due to the enhancement provided by LMT interferometry. Thus Φ ∼ 109 . About 105
atoms per isotope participate in the interferometer, so the shot-noise-limited diﬀerential phase
resolution is ΔΦ ∼ 5 mrad. With shot-noise-limited sensitivity, the measurement would reach a
relative precision of η ∼ 10−13 in ∼ 2500 shots, which corresponds to about 1 day of continuous
data-taking given the cycle time of ∼ 20 s. The best diﬀerential phase resolution achieved in
our apparatus so far is ΔΦ ∼ 15 mrad.
In order to make an accurate EP test with atom interferometry, many systematic eﬀects
must be controlled. Table 1 lists some of the relevant systematic eﬀects along with an estimate
of their relative sizes. Here k = 6.4 · 107 /m is the eﬀective beamsplitter wavevector, T = 900 ms
is the interferometer time, Tzz ≈ 2 · 10−6 /s2 is the gravity gradient, Δz0 ≈ 1 mm and Δv0 ≈ 100
μm/s are the initial vertical position diﬀerence and vertical velocity diﬀerence of the launched
clouds, αi is the second-order Zeeman coeﬃcient of species i, mi is the mass of species i, B0 ≈ 10
mG is the magnetic ﬁeld in the interferometer region, ∂z B ≈ 0.1 mG/m is the magnetic ﬁeld
gradient, Ω ≈ 3 · 10−8 rad/s is the residual rotation rate of the mirror, and Δvx ≈ 50 μm/s is
the initial horizontal velocity diﬀerence.
Table 1: Non-exhaustive list of estimated systematic eﬀects in an atom-interferometric EP test.


k

α85
m85

Phase shift
k Δz0 Tzz T 2
k Δv0 Tzz T 3

Size [rad]
1.0 × 10−1
9.4 × 10−3

Fractional Size
2.0 × 10−10
1.8 × 10−11

1.8 × 10−4

3.8 × 10−13

T2

10−4

3.1 × 10−13

−

α87
m87

B0 (∂z B) T 2

2 k Ω Δvx

1.6 ×

The largest systematic eﬀects arise due to the coupling of Earth’s gravity gradient Tzz to
initial kinematic diﬀerences between the isotopes. In order to reduce these systematic errors
to below a relative size of 10−13 , displacements between isotopes arising from initial kinematic
diﬀerences would need to be controlled to better than 300 nanometers. To relax this requirement,
we use an interferometer sequence with reduced sensitivity to phase shifts associated with initial
kinematic diﬀerences. This technique is described in the following section.
3.3

Frequency-shift gravity gradient compensation

In a uniform gravity gradient Tzz , the systematic error associated with initial position difference Δz0 and initial velocity diﬀerence Δv0 is given by k Tzz T 2 (Δz0 + Δv0 T ). As described
in Ref. 21, a frequency shift Δf (corresponding to a wavevector shift Δk) of the mirror pulse
sequence produces a phase shift of −2 Δk (Δz0 + Δv0 T ). Thus, if the mirror pulse frequency
shift is chosen so that
Δk
1
(7)
= Tzz T 2 ,
k
2
the interferometer becomes insensitive, at ﬁrst order, to the gravity gradient. We call this
technique frequency-shift gravity gradient compensation, or FSGG compensation.
We have demonstrated that FSGG compensation can be used to suppress phase shifts associated with initial kinematic oﬀsets by two orders of magnitude 16 . To ﬁnd the optimal frequency
shift Δf for the mirror pulse sequence, we observe the diﬀerential phase ΔΦ as a function of
initial position oﬀset Δz0 for several diﬀerent choices of Δf and choose Δf such that the dependence of ΔΦ on Δz0 vanishes. To vary the initial position oﬀset, we use 2h̄k Raman transitions,
which are species-selective. Speciﬁcally, we apply a 2h̄k Raman transition to the 87 Rb, then
wait a variable length of time before applying a 2h̄k Raman transition to the 85 Rb.
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Figure 2 – Dependence of the diﬀerential phase on mirror pulse frequency shift Δf and initial separation Δz0 . (a)
Diﬀerential phase as a function of frequency shift for two initial separations diﬀering by 5.5 mm. Each point is the
average of ∼ 20 experimental shots. For Δf = 345 ± 11 MHz, the diﬀerential phase at the two separations is equal
and, therefore, insensitive to the gravity gradient. (b) Diﬀerential phase as a function of relative position shift
for Δf = 0 MHz (black points, ∼ 30 shots per point), Δf = 510 MHz (blue points, ∼ 100 shots per point), and
Δf = 343 MHz (red points, ∼ 100 shots per point). The slope of the red linear ﬁt is (0.7 ± 1.3)% of the slope of
the black linear ﬁt, demonstrating the reduction of diﬀerential phase sensitivity to initial kinematic mismatches.
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In addition to suppressing phase shifts that depend on initial kinematic diﬀerences, a mirror
pulse frequency shift allows us to precisely measure initial kinematic diﬀerences. Fig. 2(a) shows
the diﬀerential phase ΔΦ as a function of the mirror pulse frequency shift Δf at two diﬀerent
initial position oﬀsets Δz0 . Initial position overlap of the two species is achieved by choosing
Δz0 such that the dependence of ΔΦ on Δf vanishes. This relative position measurement has an
accuracy of 40 μm, limited by statistical uncertainty. Combined with the reduction in gradient
sensitivity provided by FSGG compensation [Fig. 2(b)], the improved kinematic overlap of 87 Rb
and 85 Rb reduces the relative systematic error associated with the gravity gradient to 10−13 .
We conclude by pointing out that FSGG compensation may be generalized by adding an
additional frequency shift to one of the beamsplitter pulse sequences. This is beneﬁcial when
the diﬀerential phase depends on initial kinematic parameters in some linear combination other
than (Δz0 + Δv0 T ). For example, as described in the supplemental information of Ref. 16, a
non-uniform gravity gradient adds additional terms to the phase shift that depend on Δv0 T . In
that case, ﬁrst-order suppression of the diﬀerential phase dependence on initial kinematic oﬀsets
can be achieved by appropriate frequency shifts applied to any two of the three interferometer
pulse sequences.
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l’Observatoire 75014 Paris France
2
Departamento de Astronomia y Astroﬁsica - Valencia University
3
European Space Operations Center, ESA/ESOC, Darmstadt Germany
4
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We present the results of the analysis of the GREAT (Galileo gravitational Redshift test with
Eccentric sATellites) experiment from SYRTE (Observatoire de Paris), funded by the European Space Agency. An elliptic orbit induces a periodic modulation of the fractional frequency
diﬀerence between a ground clock and the satellite clock, while the good stability of Galileo
clocks allows to test this periodic modulation to a high level of accuracy. Galileo satellites
GSAT0201 and GSAT0202, with their large eccentricity and on-board H-maser clocks, are
perfect candidates to perform this test. By analyzing 1008 days of eccentric Galileo satellites
data we measure the fractional deviation of the gravitational redshift from the prediction by
general relativity to be (0.19 ± 2.48) × 10−5 at 1 sigma, improving the best previous test by
Gravity Probe A by a factor 5.6. Moreover, we apply the exact same analysis to two almost
circular Galileo satellites, in order to show the robustness of the method. By analyzing 899
days of circular Galileo satellites data we measure the fractional deviation of the gravitational
redshift from the prediction by general relativity to be (0.29 ± 2.00) × 10−2 at 1 sigma.

1

Testing the Einstein equivalence principle with atomic clocks

General Relativity is based on two fundamental hypothesis: the Einstein Equivalence Principle
(EEP) and the Einstein ﬁeld equations. Following Will,1 EEP can be divided into three subprinciples: (i) the Weak Equivalence Principle: if any uncharged test body is placed at an initial
event in space-time and given an initial velocity there, then its subsequent trajectory will be
independent of its internal structure and composition; (ii) the Local Position Invariance (LPI):
the outcome of any local non-gravitational test experiment is independent of where and when
in the universe it is performed; (iii) and the Local Lorentz Invariance: the outcome of any local
non-gravitational test experiment is independent of the velocity of the (freely falling) apparatus.
Tests of Lorentz Invariance have been performed using comparisons of atomic clocks onboard
GPS satellites w.r.t. ground clocks,2 and more recently using an international network of optical
clocks compared with optical ﬁbres.3 Test of Lorentz Invariance can be performed also in the
Matter Sector.4–7 Test of LPI can be performed by searching for variations in the constants of
Nature.8 Several types of variation can occur depending on the particular theory: linear temporal drift;9–13 spatial variation w.r.t. the Sun gravitational potential;9, 11, 14, 15 harmonic temporal
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variation;16, 17 and transients.18–21 Harmonic temporal variations and transients usually occurs
when standard matter couples anormally to a ﬁeld which can be linked to light dark matter.
Finally, LPI can be tested with a clock redshift experiment, where the gravitational redshift
can be measured. It was observed for the ﬁrst time in the Pound-Rebka-Snider experiment.22–25
In a clock redshift experiment, the fractional frequency diﬀerence z = Δν/ν between two identical clocks placed at diﬀerent locations in a static gravitational ﬁeld is measured. The EEP
predicts z = ΔU/c2 for stationary clocks, where ΔU is the gravitational potential diﬀerence
between the locations of the receiver and the emitter, and c is the velocity of light in vacuum. A simple and convenient formalism to test the gravitational redshift is to introduce a new
parameter α deﬁned through:26
Δν
ΔU
z=
(1)
= (1 + α) 2
ν
c
with α vanishing when the EEP is valid. The most precise test of the gravitational redshift until
recently has been realized with the Vessot-Levine rocket experiment in 1976, also named the
Gravity Probe A (GP-A) experiment.27–29 The frequency diﬀerences between a space borne hydrogen maser clock and ground hydrogen masers were measured thanks to a continuous two-way
microwave link. The gravitational redshift prediction was veriﬁed with 1.4 × 10−4 uncertainty.
A recent test with the clocks of Galileo 5 and 6 satellites improved this limit to 2.5 × 10−5 uncertainty.30–32 The ACES experiment will test the gravitational redshift to around 2–3 × 10−6
accuracy.33 Furthermore, other projects like STE-QUEST propose to test the gravitational redshift at the level of 10−7 . Finally, observations with the RadioAstron telescope reach today an
accuracy34 of 3 × 10−2 , and may reach35 an accuracy of the order of 10−5 in the future.
In this article we report on the recent test of gravitational redshift using eccentric Galileo
satellites,30 where the fractional deviation of the gravitational redshift from the prediction by
general relativity was reported to be (0.19 ± 2.48) × 10−5 , therefore compatible with general
relativity. Moreover, we apply the same analysis to two circular Galileo satellites. Even if the
accuracy of the test with circular satellites is 3 orders of magnitude smaller than the one with
eccentric satellites, it is worth to verify that the exact same analysis lead to a robust estimation
of uncertainties, and especially the ones due to systematics. Such a test with circular satellites
has been performed with GPS in the TOPEX/POSEIDON Relativity Experiment,36 reaching
an accuracy of 2.2 × 10−2 , which is almost the same as our result with circular Galileo satellites.
2

Test of the Gravitational redshift with Galileo eccentric satellites

Galileo is the European Global Navigation Satellite System (GNSS). The space segment consists in 24 operational satellites and 6 spares satellites in medium Earth orbit, placed on three
diﬀerent orbital planes. There are actually 26 launched satellites. When the constellation will
be completed, ten satellites will be spread evenly around each orbital plane. A global network
of ground sensor stations is receiving signals from the Galileo satellites, and sending that information to control centres located in Europe. The control centres are computing the signals in
order to ﬁnd orbit solutions and synchronise the time signal of the satellites. The control centres
are sending this information to the satellites via a global network of 5 up-link stations. Then,
the satellites can send the relevant timing and positioning information to the receivers.
ESA supports science done with Galileo through the GNSS Science Support Centre (GSSC:
gssc.esa.int) and the GNSS Science Advisory Committee (GSAC). Today, more than 100
GNSS satellites have been launched, with a global coverage and continuous measurements. Their
scientiﬁc use led to major contributions in Earth Science, Fundamental Physics, Metrology and
many other ﬁelds. Before the second generation of Galileo satellites, an intermediate batch of
6 satellites will be launched between 2024 and 2026. These satellites will embark experimental
instruments, which will be the occasion to perform new science with Galileo.
Galileo satellites GSAT0201 and GSAT0202 were launched on a Soyuz rocket on August,
2014 on the wrong orbit due to a technical problem. The anomaly occurred during the ﬂight of
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Figure 1 – The original (in red) and corrected (in blue) orbits of the ﬁfth and sixth Galileo satellites, along with
that of the ﬁrst four satellites (green) (Copyright ESA)

Fregat, the launcher’s fourth stage, 35 minutes after liftoﬀ, leading to an anomaly in the orbital
injection of the satellites a . Instead of a nominal circular orbit, the satellites were placed on
a very eccentric orbit with 0.21 eccentricity (see Fig.1, red orbit). The orbital error resulted
from a temporary interruption of the joint hydrazine propellant supply to the thrusters, caused
by freezing of the hydrazine, which resulted from the proximity of hydrazine and cold helium
feed lines. This caused a loss of inertial reference and an error in the thrust orientation for
the launcher’s fourth stage. Soon after the launch, the European Space Agency searched for a
suitable orbit for these satellites such that they could be operational b . A total of 11 manoeuvres
were performed to circularize the orbit, such that the satellite’s Earth sensor can be used continuously, keeping its main antenna oriented towards Earth and allowing its navigation payload
to be switched on. The ﬁnal orbit of the two salvaged satellites is still very eccentric, with an
eccentricity of 0.16 (see Fig.1, blue orbit).
The Galileo satellites GSAT0201 and GSAT0202, with their high eccentricity, are perfect
candidates for a test of the gravitational redshift. Indeed, an elliptic orbit induces a periodic
modulation of the clock proper time at orbital frequency. For a Keplerian orbit it can be shown
that the relation between proper time τ of the satellite clock and coordinate time t is:
√


3Gm
2 Gma
τ (t) = 1 −
t
−
e sin E(t) + Cst
(2)
2ac2
c2
where Gm is the gravitational parameter of the Earth, a, e and E are the semi-major axis, the
eccentricity and the eccentric anomaly of the satellite, respectively, and c is the velocity of light
in vacuum.
The ﬁrst term in Eq.(2), linear in time, results in a constant frequency shift between the
satellite clock and a ground clock, which is ≈ 40 μs d−1 assuming a nominal 10.23 MHz frequency
for the Passive Hydrogen Maser (PHM) onboard the satellite. However, each PHM clock is
also aﬀected by an intentional frequency oﬀset (≈ −6 μs d−1 ) to this nominal frequency which
explains an observed drift of ≈ 34 μs d−1 . Additionally, after each activation the PHM clock
a
Arianespace Press Release: “Soyuz Flight VS09: Independent Inquiry Board announces deﬁnitive conclusions
concerning the Fregat upper stage anomaly”, October 08, 2014.
b
ESA Press Release: “Galileo satellite recovered and transmitting navigation signals”, December 03, 2014.
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Figure 2 – GR prediction, clock data (after removal of a daily linear ﬁt) and residuals are shown for 2 days from
March 31st, 2016. The peak-to-peak eﬀect is around 0.4 μs, therefore the model and systematic eﬀects at orbital
period should be controlled down to 4 ps in order to have a 1 × 10−5 uncertainty on the LPI violation parameter α.

retraces to the nominal frequency with an accuracy not better than ±0.18 μs d−1 . We account
for this unknown frequency oﬀset (together with the known ≈ 34 μs d−1 ) by removing from the
measured clock bias a daily linear ﬁt (DLF).
The second term in Eq.(2) is proportional to the eccentricity of the satellite and periodic
with a period equal to the orbital period of the satellite. The amplitude of this term amounts
to ≈ 800 ns peak-to-peak. To measure this periodic eﬀect with a good accuracy, one needs a
good stability of the clock over the orbital period, around 13 h, which is the case of the Galileo
clock, designed to be very stable over one day. Moreover, the nominal satellite lifetime is around
15 years, which allows to reduce the statistical uncertainty of the gravitational redshift test, and
the satellites are permanently monitored by several ground receivers.
The orbit of the Galileo satellites is not Keplerian. Therefore we cannot use Eq.(2) to
calculate the total redshift. Instead, one has to use the full formula from GR, which can be
found in.30 As input to the full proper time to coordinate time transformation, we use an orbit
and clock solution generated by ESA’s Navigation Support Oﬃce, located at the European
Space Operations Centre (ESOC). The proper time to coordinate time transformation equation
can be split into diﬀerent contributions: the periodic gravitational redshift amounts to 400 ns
peak-to-peak (see Fig.2); the Earth ﬂatness leads to a 40 ps peak-to-peak periodic eﬀect at twice
the orbital frequency; ﬁnally, tidal eﬀects from the Moon and the Sun lead to a periodic signal
of around 12 ps peak-to-peak, higher than the uncertainty goal of the experiment which is 4 ps.
The data analysis is done in three steps. First, we ﬁt a model for the stochastic noise to the
corrected clock bias residuals. In a second step, we ﬁt our theoretical model to the corrected
clock bias by using a Monte Carlo approach, using the stochastic noise model estimated in the
ﬁrst step. This gives us the ﬁtted value for the LPI violation α as well as an estimation of its
statistical uncertainty. In a third step, we estimate the systematic uncertainty by considering
the main sources of systematics: eﬀects of magnetic ﬁeld, of temperature and mismodelling of
the orbital motion of the satellites. These three steps are described in details in.30
Finally, by analysing 1008 days of data from the two eccentric Galileo satellites, GSAT0201
and GSAT0202, and through a careful analysis of systematic eﬀects, we were able to improve the gravitational redshift test done by GP-A in 1976 by a factor 5.6, down to α =
(0.19 ± 2.48) × 10−5 . The diﬀerent sources of uncertainty are given in Table 1.
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Figure 3 – Clock bias pre-ﬁt residuals are obtained by removing from the raw clock bias a daily linear ﬁt. Here
only the times taken into account in the analysis are shown.

3

Test of the Gravitational redshift with Galileo circular satellites

Now we apply exactly the same data analysis to two chosen circular satellites. The master clock
on board the Galileo satellites may change over time due to maintenance routine. There are two
PHM clocks as well as two rubidium clocks (RAFS) on board each of the satellites. The RAFS
is usually ten times noisier than than the PHM. The circular satellites have been chosen such
that one of the PHM clock was operational for more than one year. We did not use the RAFS
clock. We choose one satellite from the IOV (In-Orbit Validation) generation, GSAT0101, which
was launched in October 21, 2011. Moreover, we choose another satellite from the FOC (Full
Operational Capability) generation, GSAT0203, which was launched in March 27, 2015. The
pre-ﬁt residuals of the clock bias from these two satellites are shown in Fig.3. The data analysis
contains 518 days of data from GSAT0101 and 381 days of data from GSAT0203, spanning from
November 2014 to December 2017.
The diﬀerent sources of uncertainty are given in Table 1. When we quadratically add the
statistical and systematic uncertainties due to each considered error source, we obtain for the
LPI violation parameter α = (0.71 ± 1.89) × 10−2 for GSAT0101 and α = (−5.31 ± 4.86) × 10−2
for GSAT0203. Finally, we combine the data from both circular satellites using a global MonteCarlo least square analysis, by applying a weight inversely proportional to their orbit uncertainty
given in Table 1, as we did for the eccentric satellites. We obtain for the LPI violation parameter
α = (0.29 ± 2.00) × 10−2 . The aacuracy of the test is slightly degraded in the combination
compared to GSAT0101 alone, because of the high orbit uncertainty of GSAT0203, however the
bias is closer to zero in the combined solution.
4

conclusion

To conclude, we reported the use of eccentric Galileo satellites to perform the best test of the
gravitational redshift to date.30 By analysing 1008 days of data from the two eccentric Galileo
satellites, GSAT0201 and GSAT0202, and through a careful analysis of systematic eﬀects, we
were able to improve the gravitational redshift test done by GP-A in 1976 by a factor 5.6,
down to α = (0.19 ± 2.48) × 10−5 . Our result is at the lower edge of the predicted sensitivity
in.31 Moreover, we applied the same analysis to two circular Galileo satellites, GSAT0101 and
GSAT0203, obtaining α = (0.29 ± 2.00) × 10−2 . This new result shows the robustness of the
uncertainty analysis we developed for the eccentric satellites. Finally, the ACES experiment will
improve this result by one order of magnitude in 2020. Ground optical clock comparisons might
also improve our result in the coming years.
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Table 1: Final result of the EEP/LPI test. Each row is a separate output from ﬁts of each satellite data and
models, and a combined ﬁt of 2 satellites data and models (either eccentric or circular). The uncertainties due to
systematic eﬀects are evaluated independently from the clock data, and are the result of individual ﬁts of models
of systematics (for temperature and magnetic ﬁeld), and a ﬁt of SLR residuals for the orbit uncertainty, thus
giving an upper limit of each eﬀect. A single value is computed for the magnetic ﬁeld uncertainty by summing in
quadrature the X/Y/Z values. The total uncertainty column, for each row, is derived from the quadratic sum of
the individual uncertainties to the right.

LPI
violation

Total
uncertainty

Stat.
unc.

Orbit
unc.

Temperature
unc.

Magnetic ﬁeld
tot. unc.

Eccentric
GSAT0201
GSAT0202
Combined

[×10−5 ]
−0.77
6.75
0.19

[×10−5 ]
2.73
5.62
2.48

[×10−5 ]
1.48
1.41
1.32

[×10−5 ]
1.09
5.09
0.70

[×10−5 ]
0.59
0.13
0.55

(X/Y/Z) [×10−5 ]
1.93 (0.52, −0.36, 1.82)
1.92 (−0.07, 0.58, 1.83)
1.91 (0.48, −0.29, 1.82)

Circular
GSAT0101
GSAT0203
Combined

[×10−2 ]
0.71
−5.31
0.29

[×10−2 ]
1.89
4.86
2.00

[×10−2 ]
0.57
0.90
0.55

[×10−2 ]
1.39
4.58
1.53

[×10−2 ]
0.07
0.07
0.07

(X/Y/Z) [×10−2 ]
1.15 (−0.07, 1.15, −0.01)
1.35 (0.05, 1.35, 0.00)
1.16 (−0.06, 1.16, −0.01)
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1

The test of the gravitational redshift will be the primary scientiﬁc objective of the Atomic
Clock Ensemble in Space (ACES) space mission. We developed several methods and software tools to simulate and analyse ACES data, in the presence of realistic non-white noises,
important data gaps and the International Space Station position error. Using Monte Carlo
Least Squares method and phase analysis, we expect an uncertainty around 2 − 3 × 10−6 with
few measurement sessions of 10-20 days each, with a relatively modest requirement on orbit
determination of ∼300 m.

1

Introduction

The ACES-PHARAO space mission will install the ﬁrst cold Cs atom clock on the International
Space Station. It will enable scientiﬁc projects in many ﬁelds such as tests of fundamental physics,
international clock comparison or ionosphere studies.
The SYRTE laboratory is implementing a speciﬁc Data Analysis Center consisting of theoretical modeling, numerical simulation and the data analysis software itself. The simulation and
analysis include all realistic eﬀects known to be present (atmospheric delay, Doppler eﬀect, fundamental measurement noise), and all software tests are in agreement with the mission speciﬁcations
1.
In this contribution we focus on one of the primary mission objectives: the test of the gravitational redshift.
2

Gravitational redshift test

To assess the gravitational redshift, ACES will be compared the relative frequency diﬀerence
Δν/ν0 , between the space clock (s index) and a clock of the ground network (g index), that can
be expressed as :
Vg2 − Vs2
Ug − Us
Δν
=
+ (1 + α)
(1)
ν0
2c2
c2
where c is the speed of light, ν0 is the mean frequency of the clocks, Vg (resp. Vs ) is the velocity
of the ground (resp. space) clock, Ug (resp. Us ) is the gravitational potential depending on the
position of the ground (resp. space) clock and α is a phenomenological parameter characterizing
a possible deviation from general relativity (GR), equal to zero when the gravitational redshift is
not violated 2,3 .
a

E. Savalle and C. Guerlin should be considered as co-ﬁrst authors.
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The data delivered by the ACES microwave link (MWL) will be the desynchronisation Δτ
between space and ground clocks, which is the integral of the frequency diﬀerence Δν/ν0 between
the start time of the mission and the current time t :
 t 2
 t
Vg − Vs2 
Ug − Us 
dt + (1 + α)
dt
(2)
Δτ (t) = Δτ0 +
2
2c
c2
t0
t0
where Δτ0 = Δτ (t0 ) is an intial oﬀset between the clocks.
3
3.1

Data Analysis
Model

To get the best estimation of α, we subtract from the experimental data Δτe the integral of the
Doppler eﬀect and the gravitational potential, which are calculated from our a priori knowledge
of the ISS trajectory (orbitography) and of the ground station position:
 t 2
 t
Vg − Vs2 
Ug − Us 
Y (t) = Δτe (t) −
dt −
dt
(3)
2
2c
c2
t0
t0
Then we can adjust a simple model to the data :
 t
Ug − Us 
dt
Y (t) = Δτ0 + α
c2
t0

(4)

It leads to a simple linear model Y = AX where X is the vector of the wanted parameters (Δτ0
 t U −U
and α) and A is the model matrix (1 and t0 gc2 s dt ).
3.2

Least Squares methods

To extract α we perform two types of linear Least
Squares (LS) methods.
The two dominant noises expected for the mission
are a white frequency noise for PHARAO and a white
phase noise for MWL. The noise of PHARAO is expected
to be dominant at long term (as can be seen in ﬁgure
1), we expect to see a dominant random walk noise on
our observable (equation 4) and a non dominant white
noise.
The ﬁrst one is a Monte Carlo Least Squares method
(LSMC). It consists on simulating N sets of data, with
the noise expected in the mission, and perform on each
set a LS. Analyzing the statistic distribution of the N Figure 1 – TDEV of mission noise : short
solutions allows us to obtain a mean and a standard term dominant white phase noise from MWL
and long term dominant white frequency noise
deviation for each parameter included in the model. The from PHARAO
second method used in our software is the Generalized
Least Squares method (GLS). It is the best estimator for our data, but it also requires the
knowledge of the noise covariance matrix and its inverse. Although leading to the stringest
constraints, a numerical simulation of the GLS covariance matrix is limited by the duration of
the experiment (typically one day). Given that the analytical GLS (AGLS) implementation is
not time limited, we can perform the analysis for the full duration of our data (12 days). AGLS
relies on analytical formulae which are an idealized version of the experimental noise and could
fail in the experimental conditions.
As one can see in table 1, the LSMC method is close to optimal and conservative in both the
short (1d) numerical and the full (12d) analytical case. For the upcoming mission and the rest of
this proceeding, we choose LSMC that allows us to include the MWL noise, although negligible.
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Table 1: Estimated uncertainty (σα ) obtained by the LSMC and exact numerical GLS methods over 1 day, and
LSMC and approximate analytical GLS (AGLS) over 12 days, for phase data with the OPMT ground station.

σα

4
4.1

LSMC (1d)
1.0 × 10−5

GLS (1d)
9.6 × 10−6

LSMC (12d)
2.9 × 10−6

AGLS (12d)
2.7 × 10−6

Results
Phase or frequency analysis

With 8 ground stations, white frequency noise for the clocks and white phase noise for the MWL,
and considering 12 days (real orbitography ﬁle of the ISS) of noncontinuous data, the simulation
software is able to generate a realistic simulation of the mission. We analyze either the phase data
(equation 4) or the frequency data (derivative of 4). Table 2 shows the results of this analysis.
Table 2: Diﬀerence of uncertainty σα of the α parameter for frequency and phase analysis

σα

Phase
2.9 × 10−6

Frequency
1.0 × 10−4

We conclude that analyzing the data in phase would lead to a better estimation (more than 1
order of magnitude in this case) for the α parameter than the frequency analysis. This is mainly
due to the data behavior.

Figure 2 – Experimental data and theoretical model used to extract α. Top left : frequency data dY(t) /dt. Top
t
right : frequency model ΔU/c2 . Bottom left : phase data Y(t) . Bottom right : phase model t0 ΔU/c2 dt.

In frequency, we obtain α as mainly an oﬀset (top right in ﬁgure 2) ﬁtted in white noise (top
left). Whereas in phase, we obtain α through mainly the slope of the line drawn by the model
(bottom right) in a random walk noise (bottom left). This slope mostly depends on the points
at the beginning and end of the data set and is much more immune to the large data gaps that
aﬀect the mission. From now on, we will only consider the phase analysis.
4.2

Expectation for the ACES-PHARAO mission

Using the above assumptions, we can reﬁne the expectation made on the ACES-PHARAO test
of the gravitational redshift. In a fully realistic simulation mode, such as in section A, we are
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expecting to perform this test with a statistical uncertainty of 3 × 10−6 for 12 days of data.
Using a longer data stretch and/or several measurement campaigns will allow improving below
the uncertainty of systematic frequency oﬀsets coming from the PHARAO clock (a systematic
frequency oﬀset of 1 × 10−16 corresponds to an error on α of about 2.5 × 10−6 ).
4.3

ISS Orbit error and false detection of a violation

Finally, we tested the inﬂuence of an orbit error on the gravitational redshift test. The data
were simulated with a perfectly determined orbit (POD) and the analysis was made using a
less precise orbit (OD) where the error is of the
order of a few meters. Both orbit ﬁles (POD
and OD) are for real ISS orbits from 2006,
but obtained from analysis of diﬀerent GPS
receivers on-board, OD using the less precise
one. The POD-OD diﬀerence (plotted in term
of the radial error in ﬁgure 3) thus represents a
Figure 3 – Radial error between the POD and OD ﬁles.
realistic estimate of the orbit errors and their The standard deviation error is around 30cm on the ISS
temporal signature (mainly a periodic term at radial distance.
orbital frequency).
Taking advantage of our simulation software, we numerically deteriorated the ISS orbit
through a factor k. The orbit ﬁle (OF) used in the analysis was then generated by the following
formula :
OF = POD + k (POD − OD)
(5)
We can see in table 3 that a radial error of the order of 100m (k = 1000) does not create a fake
signal on the gravitational redshift test.
Table 3: α estimation using deteriorated orbit of the ISS

α
σα
Signiﬁcant

POD
2 × 10−6
4 × 10−6
False

OD
2 × 10−6
4 × 10−6
False

k = 103
−1 × 10−6
4 × 10−6
False

k = 104
−3 × 10−5
4 × 10−6
True

This means that the gravitational redshift test does not require a highly precise orbit determination, the main reason being that the eﬀect is periodic and averages out to a good extent.
5

Conclusion

Developing the simulation and data analysis softwares ahead of the launch of the ACES-PHARAO
mission allowed us to reﬁne performance estimation for the gravitational redshift test. We are
now only considering the phase analysis, independently of the analysis method used. Our software
is ready for experimental data, and despite their absences, we are conﬁdent about the expected
statistical uncertainty. Finally, for this particular mission objective, the constraints on the orbit
uncertainty of the ISS are not very stringent.
References
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TESTING FOR LORENTZ INVARIANCE VIOLATIONS THROUGH
BIREFRINGENCE EFFECTS ON GRAVITATIONAL WAVES
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General Relativity and the Standard-Model are two experimentally supported theories, yet a
consistent uniﬁed quantum theory of gravity at the Planck scale is still to be found. Built
into these theories are CPT and Lorentz symmetries; attempts to unify the two theories may
involve breaking these symmetries. We use the Standard- Model Extension framework to test
possible violations of these symmetries In particular, this paper uses LIGO gravitational wave
data as a means of testing for Lorentz symmetry.

1

Background

Using an eﬀective theory framework, the Standard-Model Extension (SME) lays out all possible
couplings of background ﬁelds to known ﬁelds. In order to begin testing Lorentz symmetry,
correction terms may be added to the action for General Relativity. In this way, one can test for
the generic symmetric breaking of existing ﬁelds. These new ﬁelds are called coeﬃcients for LV
that can be constrained experimentally. We focus on gravitational wave data from the LIGO
interferometers that will be used to constrain coeﬃcients from the SME. The weak ﬁeld limit
is implemented where gμν = ημν + hμν , and hμν considered as a small perturbation the ﬂat,
Minkowski spacetime metric ημν .
The lowest order correction term that is purely in the gravity sector is added to form a
modiﬁed action,


I=

(d−4)

d4 x ( LGR + LSM + LLV

).

(1)

This added term is a Lorentz violating term. In addition, natural units are used, where c = 1
and h̄ = 1. In this sense, the units time and length are the same, and the dimensions of the
additional SME terms are in mass dimension units of d − 4.
In order to focus on a general Lagrange density that is quadratic in the ﬁeld hμν , a general
form is provided that contains both Lorentz-invariant and Lorentz-violating terms,
1
LK(d) = hμν K̂(d) μνρσ hρσ
4

(2)

where K̂(d) μνρσ are constant, small coeﬃcients that have mass dimensions of d − 4. These coeﬃcients are also operators that act on the ﬁeld hμν , where K̂(d) μνρσ = K(d)μνρσ 1 ... d−2 ∂ 1 ...∂ d−2 .
One can impose GR gauge symmetry under the transformation, hμν → hμν +∂μ ξν +∂ν ξμ , and
produce a relation for the coeﬃcients, (K̂(d)(μν)(ρσ) ± K̂(d)(ρσ)(μν) )∂ν = 0. This assumption can
also be relaxed 1 . From this, the coeﬃcients can be organized into three classes based upon their
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properties (e.g., CPT symmetry, even or odd mass dimension). Then from eq.(2), a modiﬁed
dispersion relation is derived, for plane wave solutions in the Lorentz gauge,


ω = 1 − ζ0 ±





(ζ 1 )2 + (ζ 2 )2 + (ζ 3 )2

|p|

(3)

where the ζ i are combinations of the LV coeﬃcients. If there is a background ﬁeld that couples
dynamically to gravity, then Lorentz Symmetry is broken; spacetime is no longer isotropic.
Gravitational waves will couple diﬀerently depending upon their orientation with respect to these
ﬁelds, producing diﬀerent dynamical eﬀects. Gravitational waves, hμν have two independent
polarizations in the transverse-traceless gauge, referred to as h+ and hx , reamins true with LV.
There are constraints that already exist for such coeﬃcients which are listed in a reference of
data tables 8 .
Given that polarizations are oriented diﬀerently with respect to each other, and thus with
respect to the background ﬁeld, a possible observable eﬀect would then be birefringence, where
we would see a delay in arrival times at the LIGO detectors between the two; the speeds of the
two polarizations may diﬀer. The equation for the diﬀerence in arrival times can be derived from
the dispersion relation in 2 (in this case, we assume the cosmological redshift to be negligible).
Δt ≈



2ω d−4

d=5

 z
(1 + z)d−4
0

Hz

dz


jm

(d)

Yjm (n̂) K(v)jm

(4)

The time delay is written as an expansion of spherical harmonics, Yjm , where n̂ is in the direction
(d)
of propagation of the gravitational wave. The K(v)jm are the background ﬁelds or coeﬃcients
assumed small and constant. The distance is written in spherical form of the modiﬁed cosmological luminosity distance. The distance is also calculated in terms of the redshift and the
cosmological luminosity distance.
2

Initial Setup and Code Development

A chi square test is used to test for birefringence. The model waveform is manipulated to have
diﬀerent shift times between waveform polarizations, and when correlating it with strain data,
the test indicates which time shift in the model best matches that in the strain data.
Before working with event strain from LIGO detectors, an extreme emission model, PIRO,
is used to develop the methodology for the analysis. The model is of a failed supernova, with a
black hole in the center of a disk of matter. Gravitational instabilities create fragmentation of
the outer material, sending pieces of matter spiraling in toward the center black hole. Initially,
a PIRO waveform of 7 solar mass black hole with the infalling matter mass at a fraction of this
(η = 0.5), a face-on orientation with respect to the LIGO detectors, at a distance of 10 kpc was
used. Also considered were waveforms at 1 Mp and 1 Gpc distances, with all other parameters
the same.
A model strain and a pseudo data strain were generated. The model strain had artiﬁcial
shifts inserted between the two polarizations,
A
Smodel
(t) = F+A (θ, φ, ψ) h+ (θ, φ, ψ, t, Δt) + FxA (θ, φ, ψ) hx (θ, φ, ψ, t)

F+A (θ, φ, ψ)

FxA (θ, φ, ψ)

(5)

and
are the plus and cross antenna response functions for either
where
Livingston or Hanford. The Δt represents the time shift in the plus polarization due to the LV,
background ﬁeld.
The pseudo strain data was formed by adding noise to the PIRO strain. Initially, randomly
generated white noise, with a bandpass ﬁlter (20-1000Hz) was scaled to the PIRO amplitude.
An artiﬁcial shift could be inserted into the strain data for Hanford, tshif t compared to that of
Livingston. For two detectors, one can choose a midpoint frame of reference, located between
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both the Livingston and Hanford detectors. This allows for the time delay between the detectors
to be split. In addition, when deciding the scaled amplitude of the noise with respect to the
signal, a match ﬁlter SNR value was used to decide the scale of the generated noise 7 .
It should be noted that the time delay between the polarizations is a physical eﬀect: it does
not depend upon the choice of observer coordinates. It is an eﬀect based on the relative orientations of the gravitational waves and the background Lorentz-violating ﬁelds. Indpendently, one
polarization term is not gauge indpendent. When an artiﬁcial time delay is inserted between
the polarizations, it is done while in an arbitrary frame of reference. Currently we assume the
observer frame used is an optimal frame such that the background LV ﬁeld only interacts with
the plus polarization.
The model strain is then correlated to the pseudo strain data by a chi square test,

Figure 1 – Chi square test for PIRO WF at 10kpc with generated, scaled noise of an SNR of 200.

The minimum value shows where, if any, the time shift between polarizations occurs in the pseudo
data strain. The time intervals cannot be smaller than the sample rate, and the resolvability of
the time shift will depend on the SNR and the resolution of the other source parameters.
In order to build conﬁdence in the result, a histogram is used. 100 runs, each using a diﬀerent
randomized noise for a given SNR value, calculate the χ2 minimum. The spread in distribution
is related to the SNR, where a larger spread correlates to a lower SNR, and vice versa. The
histogram peak would indicate a Δt between polarizations; for no shift in the data strain, it
would be expected that the peak centers around zero.
To better understand the relationship between diﬀerent SNR values and the ability to resolve
the LV time shift between polarizations conﬁdently, a plot is generated of SNR versus Δt. For a
given SNR, we can compare one standard deviation (1σ) to the mean LV shift of the histogram.
We would expect it easier to resolve the Δt if it is larger than 1σ. Thus we inject PIRO for
diﬀerent SNR and diﬀerent artiﬁcial data time shifts to check for regions of better Δt resolution.
If the shift is too small, it may not be resolvable with a 1σ deviation. Still, a constraint can be
placed on the SME coeﬃcients.
The SME framework provides a generic way to test breaking of underlying symmetries like
Lorentz symmetry, which are built into the theory of GR. We can use GW signals to provide
constraints on LV eﬀects and we can develop a method to apply conﬁdence levels in attributing
oberved eﬀects to Lorentz violation. In addition, noting that the LV coeﬃcients depend on the
source sky location, and given many events, one can map out the background ﬁelds aross the
sky.
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Figure 2 – Left: a histogram distribution of the χ2 min values can help provide constrains on SME coeﬃcients on
the left. Right: Conﬁdence level and ability to resolve LV eﬀects across diﬀerent SNR values.
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MEASURING RELATIVISTIC DRAGGING WITH QUANTUM
INTERFERENCE
Y. BONDER* AND J. E. HERRERA-FLORES
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México
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An experiment to test for relativistic frame dragging eﬀects with quantum interferometry is
proposed. The idea that the classical trajectories of the interferometer surround a spherical
mass source whose angular momentum is perpendicular to the plane containing these trajectories. A simple analysis allows one to ﬁnd the phase shift for particles traveling in the
innermost stable circular orbit; the result can be easily generalized for more realistic orbits.
The phase diﬀerence goes like the source’s angular momentum per mass times the quantum
particles’ mass. This is a small eﬀect but it can be ampliﬁed by making the classical paths
go around the source several times. Moreover, this experiment has the advantage that the
source’s angular momentum can be easily controlled.

General Relativity is the accepted theory of gravity and its predictions have been empirically
veriﬁed in many situations 1 . On the other hand, Quantum Mechanics is the current theory of
matter and the nongravitational interactions. However, these theories are incompatible and the
quest to combine them into a theory of Quantum Gravity (QG) is still ongoing. Moreover, it
is widely believed that the regime where the QG eﬀects are expected to dominate is at Planck
scale. However, this scale is hard to access experimentally.
Perhaps one of the issues delaying the construction of a universally accepted QG theory is the
lack of experimental guidance. Still, it is possible to get relevant clues of QG by testing gravity
with quantum systems, i.e., systems that cannot be described classically. The ﬁrst experiment of
this kind is the famous COW experiment where the interference pattern of neutrons is aﬀected
by gravity 2 . However, this experiment is insensitive to spacetime curvature: the “gravitational”
eﬀect measured in the experiment is related to the fact that noninertial frames are used, and
tidal eﬀects, which are directly related with curvature, are negligible. This becomes evident by
the fact that the same interference pattern is obtain by accelerating the interferometer 3 . It
should be emphasized that, in the modern understanding of gravity, only curvature eﬀects are
considered to be gravitational.
Atom interferometry has become an extremely sensitive technique that has led to exquisite
measurement of fundamental constants 4 and to stringent bounds on dark energy 5 . In addition,
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it has provided with very sensitive tests of gravity. In fact, such experiments are sensitive enough
to measure gravity gradients 6 , which are generated by a nontrivial spacetime curvature. In this
work a new experiment is proposed that could be sensitive to curvature eﬀects with quantum
systems. The proposal is to look for frame dragging eﬀects using quantum interferometry and
it is described in the remaining of this work. The notation and conventions of Ref. 7 are used.
Consider a spacetime whose geometry is sourced by a spherical and slowly rotating mass
distribution. Then, to ﬁrst order in the angular momentum J, the spacetime metric outside this
source, in conventional Schwarzschild coordinates (t, r, θ, φ), and using natural units, takes the
form


ds2 = − 1 −

2M
r





dt2 + 1 −

2M
r

−1

dr2 + r2 dθ2 + r2 sin2 θdφ2 −

4J
sin2 θdtdφ,
r

(1)

where M ≥ 0 is the Schwarzschild parameter which, in this case, is essentially the mass of the
spherical source, and the angular momentum points in the direction of (∂/∂φ)a . Clearly, the
source density is such that r = 2M is inside it, which is a region that is not covered by the
coordinates. Also, note that one recovers the Schwarzschild metric when J = 0.
In the WKB approximation, the particles’ paths in the interferometer are approximated by
the classical trajectories 8 . Moreover, in the test particle approximation, this trajectories are
given by timelike geodesics. Solving the geodesic equation is generically hard, however, there
are well-known methods 9 to simplify these equations when symmetries are present.
The spacetime under consideration is stationary and axially symmetric, therefore, ξ a =
(∂/∂t)a , and ψ a = (∂/∂φ)a are Killing vector ﬁelds, for which there are two conserved quantities
along the geodesics


e = −gab ξ a ub = 1 −
l = gab ψ a ub = −

2M
r



ṫ +

2J
sin2 θφ̇,
r

2J
sin2 θṫ + r2 sin2 θφ̇,
r

(2)
(3)

where ua is the four-velocity with respect to proper time τ and the overdot represents the
derivative with respect to τ . Moreover, this spacetime metric is invariant under θ → π − θ, thus,
any geodesic that travels on the θ = π/2 “equatorial” plane for an open time interval, must
remain in that plane indeﬁnitibly.
For timelike equatorial geodesics, the four-velocity normalization condition can be casted
into the form
1
(4)
ε = ṙ2 + Veﬀ ,
2
with ε = (e2 − 1)/2 and
M
M l2 2elJ
l2
Veﬀ = −
(5)
+ 2− 3 + 3 .
r
2r
r
r
Thus, the problem of solving the geodesic equations has been reduced to an eﬀective onedimensional problem described by Eqs. (4) and (5). It should be mentioned that the key step
in reducing the problem is to invert Eqs. (2) and (3) and write ṫ and φ̇ in terms of r and the
conserved quantities.
For simplicity, only an innermost stable circular orbit (ISCO) is considered; the analysis
presented here can be easily generalized for more realistic trajectories. However, such generalizations may require numerical
√ methods. The condition for an ISCO is that Veﬀ has one
with this exextremum, which implies l = 12M − eJ/M . Moreover, the ISCO coincides
√
tremum, therefore the (constant) radius of the geodesic is rISCO = 6M − 12eJ/M . The proper
time along an equatorial ISCO segment is given by


τ=





1−

2M
4J
2
dt2 − rISCO
dφ2 ±
dtdφ ,
rISCO
rISCO
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(6)

where the integral is along the path and the sign in the last term is + when the trajectory is
counterclockwise, as seeing from the 0 < θ < π/2 region, and the opposite sing when traveling
clockwise. This sign change is a consequence of the well-known relativistic dragging that has been
measured by Gravity Probe B10 , and, importantly, it is a curvature eﬀect. In other words, there is
a proper time diﬀerence between equatorial ISCO segments if they are travelled counterclockwise
or clockwise.
For a quantum interference experiment where the two classical paths under consideration
that go from φ = 0 to φ = π: one counterclockwise and the other clockwise. The proper time
diﬀerence between these paths, to ﬁrst order in J, is then
√
2 2π J
Δτ =
.
(7)
3 M
If m is the mass of the quantum particle then, the phase diﬀerence becomes 8 Δϕ = mΔτ .
Clearly, Δϕ = 0 when J = 0, as expected.
Of course, in realistic experiments J is expected to be very small, thus, the only hope to
detect the predicted phase diﬀerence is that the classical paths travel through the region generating the phase diﬀerence many times, assuming that quantum coherence can be maintained.
Still, a nice feature of the proposed experiment is that J can be easily modulated to help extract
the signal.
Finally, the analysis presented here can be generalized to describe more realistic situations
by doing simple improvements like changing the particles’ trajectories, which, in general, will
not be geodesics. Yet, the idea that frame dragging could be measured in terrestrial laboratories
is very appealing, particularly since it relies on the quantum nature of matter.
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Tensor-scalar theory is a wide class of alternative theory of gravitation that can be motivated
by higher dimensional theories, by models of dark matter or dark ernergy. In the general case,
the scalar ﬁeld will couple non-universally to matter producing a violation of the equivalence
principle. In this communication, we review a microscopic model of scalar/matter coupling
and its observable consequences in terms of universality of free fall, of frequencies comparison
and of redshifts tests. We then focus on two models: (i) a model of ultralight scalar dark
matter and (ii) a model of scalarized black hole in our Galactic Center. For both these models,
we present constraints using recent measurements: atomic clocks comparisons, universality of
free fall measurements, measurement of the relativistic redshift with the short period star S0-2
orbiting the supermassive black hole in our Galactic Center.

1

Introduction

The theory of General Relativity (GR) is the current paradigm to describe the gravitational
interaction. Since its creation in 1915, GR has been conﬁrmed by experimental observations
(e.g. Will 1 ). Although very successful so far, it is nowadays commonly admitted that GR is
not the ultimate theory of gravitation. Attempts to develop a quantum theory of gravitation or
to unify gravitation with other fundamental interactions lead to deviations from GR. Moreover,
observations requiring the introduction of dark matter (DM) and dark energy are sometimes
interpreted as a hint that gravitation presents some deviations from GR at large scales.
Tensor-scalar theories consist in a large class of widely studied extensions to GR. In these
alternative theories of gravitation, one introduces a scalar ﬁeld ϕ in addition to the standard
space-time metric gμν to describe the gravitational interaction. These theories have been motivated because scalar ﬁelds arise naturally in higher dimensions theories, in massive gravity, in
string theories and in some models of DM and dark energy.
In the most general case, the scalar ﬁeld can couple non-minimally to standard matter and
produces a violation of the Einstein Equivalence Principle (EEP) characterized by a violation of
the universality of free fall (UFF) and of the local position and Lorentz invariance 1 . In Section 2,
we will review how a non-minimal scalar/matter coupling will impact the motion of test masses,
the comparison of frequencies and measurements of the gravitational redshift.
Then, we will focus on two speciﬁc models of tensor-scalar theory. The ﬁrst model, presented
in Section 3, is an ultralight scalar DM candidate, an alternative to standard fermionic DM that
has not been detected with particles accelerators so far. This bosonic DM candidate can be
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searched for using atomic clocks comparisons and UFF measurements. We review the constraints
on this model available with the state-of-the art current measurements.
The second tensor-scalar theory considered in this communication is the quadratic EinsteinGauss-Bonnet theory presented in Section 4. In this class of theory, a coupling between the
scalar ﬁeld and the Gauss-Bonnet curvature invariant is introduced motivated by string theory.
Such a coupling can give rise to scalarized black holes (BH), i.e. to BH with a large scalar
hair. We use this model as a testbed alternative for Sagitarius A∗ (Sgr A∗ ), the supermassive
black hole (SMBH) in our Galactic Center (GC). We show that recent measurements of the
gravitational redshift of the short-period star S0-2 orbiting Sgr A∗ can be used to search for a
violation of the EEP for a model where Sgr A∗ is a scalarized black hole.
2

Violation of the Einstein Equivalence Principle due to a scalar ﬁeld: microscopic
modeling and observable eﬀects

The violation of the EEP is totally encoded in the matter part of the action. In this section, we
give an example of a Lagrangian describing the interaction between the scalar ﬁeld and standard
matter that explicitly breaks the EEP. In addition, we give the expression of three observables
that are related to a violation of the EEP: (i) the Universality of Free Fall measurements, (ii)
the searches for variations of the constants of Nature using atomic sensors or spectral lines and
(iii) gravitational redshift tests. The expressions of the observables presented in this section are
general and totally independent of the full action (in particular, they are independent of the
kinetic and potential part for the scalar ﬁeld) and of the interpretation of the scalar ﬁeld (as
DM, dak energy or anything else).
2.1

Microscopic modeling

One way to break the EEP is to introduce a non-minimal coupling between the scalar ﬁeld and
the ﬁelds from the standard model (SM) of particle physics. By non-minimal coupling, we mean
a coupling that can not be reabsorbed by a global conformal or disformal transformation. The
number of ways to non-minimally couple a scalar ﬁeld to standard matter is only limited by our
imagination and several models have been studied in the literature like e.g.: introduce diﬀerent
conformal couplings between the scalar ﬁeld and diﬀerent parts of the SM Lagrangian (see e.g.
Khoury and Weltman 2 ), an axionic coupling, a dilatonic coupling (see Damour and Donoghue 3 ),
etc. . . In this communication, we will focus on the microscopic modeling introduced by Damour
and Donoghue 3 but the discussion that will follow can be translated into other types of coupling.
In the model introduced by Damour and Donoghue 3 , the matter part of the action is
Smatter [gμν , Ψi , ϕ] =

1
c




√ 
d4 x −g LSM (gμν , Ψi ) + Lint (gμν , ϕ, Ψi ) ,

(1)

where g is the determinant of the space-time metric gμν , c is the speed of light, LSM is the SM
Lagrangian that depends on the SM ﬁelds Ψi and Lint parametrizes the interaction between
matter and the scalar ﬁeld. This interacting Lagrangian is parametrized through


Lint (gμν , ϕ, Ψi ) = ϕi

 (i)




 
de
dg β3 A μν
(i)
Fμν F μν −
F F −
d(i)
mj ψ̄j ψj ,
mj + γ mj dg
4μ0
2g3 μν A
j=e,u,d
(i)

(2)

A
with Fμν being the standard electromagnetic Faraday tensor, μ0 the magnetic permeability, Fμν
the gluon strength tensor, g3 the QCD gauge coupling, β3 the β function for the running of g3 ,
mj the mass of the fermions (electron and light quarks), γmj the anomalous dimension giving
the energy running of the masses of the QCD coupled fermions and ψj the fermion spinors. The
(i)
constants dj characterize the interaction between the scalar ﬁeld ϕ and the diﬀerent matter
sectors. Essentially two phenomenological modelings have been studied in the litterature: (i) a
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(1)

linear coupling 3,4 characterized by the coupling coeﬃcients dj

and (ii) a quadratic coupling 5,6

(2)
dj .

characterized by the coupling coeﬃcients
Note that another convention (used e.g. by
Stadnik and co-authors 5 ) for the coupling coeﬃcients is sometimes considered using dimensional
(i)
Λj coupling constants (see Appendix of Hees et al 7 ).
This Lagrangian leads to the following eﬀective dependency of ﬁve constants of Nature




i
αEM (ϕ) = αEM 1 + d(i)
,
e ϕ



mj (ϕ) = mj 1 +

i
d(i)
mj ϕ

Λ3 (ϕ) = Λ3 1 +

i
d(i)
g ϕ







(3)
for j = e, u, d

(4)

,

(5)

where αEM is the electromagnetic ﬁne structure constant, mj are the masses of the fermions
(the electron and the up and down quarks), Λ3 is the QCD mass scale Λ3 and the superscripts
(i) indicate the type of coupling considered (linear for i = 1 and quadratic for i = 2). Note that,
following Damour and Donoghue 3 , we introduce the mean quark mass m̂ = (mu + md ) /2 which
depend also on the scalar ﬁeld through a




(i)

(i)

m̂(ϕ) = m̂ 1 + dm̂ ϕi with dm̂ =

(i)

(i)

mu d m u + md d m d
.
mu + md

(6)

In this communication, we will focus on free falling test masses and on frequency measurements. Both these systems need to be modeled from the microscopic Lagrangian presented
above.
Free falling test masses
Damour and Donoghue 3 have shown that the action describing matter including the microscopic
interaction from Eq. (2) can be replaced at the macroscopic level by a standard point mass
action, with each mass A depending on the scalar ﬁeld mA (ϕ). The eﬀects produced by the
scalar/matter coupling are totally encoded in the coupling function
(i)

αA =

∂ ln mA (ϕ)
(i)
= d∗(i)
+ ᾱA ,
g
∂ϕi

∗(i)

(7)

(i)

where dg is composition independent and ᾱA is composition dependent. Both these coeﬃcients
(i)
depend on the matter/scalar coupling parameters dj


(i)

−

d(i)
g







(i)
(i)
d∗(i)
= d(i)
+ 2.75 × 10−4 d(i)
+ 2.7 × 10−4 d(i)
g
g + 0.093 dm̂ − dg
me − dg
e ,
(i)
ᾱA

= [Qm̂ ]A




(i)
dm̂





  

 
(i)
+ Qme A d(i)
+ Qe A de(i) ,
m e − dg

(8)
(9)

are the dilatonic charges for the body A and characterize the
where the coeﬃcients Qj
A
sensitivity of the body A to the scalar ﬁeld. The values of these coeﬃcients depend only on
the composition of each body, they have been computed from theoretical atomic and nuclear
calculations and their expression can be found in Damour and Donoghue 3 .
Frequency measurements
Frequency measurements (with atomic clocks or spectroscopy) are directly sensitive to a possible
variation of the constants of Nature from Eqs. (3-5). The eﬀects produced by the scalar/matter
coupling on a frequency measurement νC is encoded in the coupling function
(i)

κC =
a

∂ ln νC
,
∂ϕi

(10)

The diﬀerence between the quark mass δm is neglected in this communication, see Hees el al 7 for more details.

177

which is the equivalent of Eq. (7) for test masses. This coeﬃcient depends on the scalar/matter
(i)
coupling parameters dj through
(i)







(i)



(i)
(i)
+ [kq ]C dm̂ − d(i)
,
κC = [ke ]C d(i)
e + [kμ ]C dme − dg
g

(11)

where the coeﬃcients [kj ]C are the sensitivity coeﬃcients of the transition νC to the constants
of Nature (e.g. [ke ]C = ∂ ln νC /∂αEM ). These coeﬃcients are similar to the dilatonic coeﬃcients
appearing in the modeling of test masses. The values of these coeﬃcients depend only on
the atomic properties of the frequency considered. They can be computed from theoretical
calculations by solving numerically the Schrödinger equation (see e.g. the AMBiT software
described in Kahl and Berengut 8 ). Values of the ki sensitivity coeﬃcients for diﬀerent atomic
transitions have been computed by Flambaum and collaborators 9,10 .
2.2

Interpretation of three tests of the Einstein Equivalence Principle

Universality of Free Fall
UFF tests consist in measuring the diﬀerential acceleration between two bodies A and B of
diﬀerent composition falling in the same gravitational potential. This diﬀerential acceleration is
directly related to variation of the scalar ﬁeld 7
[Δa]A−B = aA − aB =



(i)
ᾱB

−

(i)
ᾱA





dϕi
c ∇ϕ + v
dt
2

i



,

(12)

where the ᾱ(i) are given by Eq. (9) b . In order to design experiments that are the most sensitive
to violation of the UFF, one needs to use two tests masses whose dilatonic coeﬃcients are as
diﬀerent as possible and to locate the experiment in a region of space-time where variations of
the scalar ﬁeld are large.
Local frequencies comparison
One way to search for a violation of the local position invariance is to measure the frequency ratio
between two frequencies νC and νD (atomic clocks or atomic lines observed with spectroscopic
measurements) based on diﬀerent atomic transitions and located at the same position. The
observable is then Y = νC /νD and its relative variation takes the form of


Y
(i)
(i)
= K + κC − κ D ϕi ,
Y0

(13)

where the κ(i) are given by Eq. (11) and K is a unobservable constant. In order to search for
violations of the EEP, one needs to measure Y at diﬀerent space-time locations in order to be
sensitive to scalar ﬁeld variations. To design experiments that are sensitive to a violation of the
EEP, one needs to use two frequency transitions whose sensitivity coeﬃcients kj are as diﬀerent
as possible and monitor the ratio Y in at least two diﬀerent locations ideally characterized by
large the scalar ﬁeld diﬀerences.
Redshift test
In a typical redshift experiment, one measures the gravitational redshift between two clocks
located in a diﬀerent gravitational potential, this gravitational potential having been measured
b

Here, we assume the two bodies to be initially moving with the same velocity vA = vB = v
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previously by using the motion of test masses (see e.g. Delva el al 11 ). First, let us consider a
test mass A moving in a gravitational potential. Its equation of motion is given by c
(i)

aA = ∇U − αA c2 ∇ϕi = ∇UA , where

(i)

U A = U − α A c 2 ϕi ,

(14)

potential d

where U is the bare gravitational
and UA is the observable gravitatonial potential as
infered from the motion of the test mass A. Now, let us compare two clocks of the same type C
(this can be generalized easily) located in a diﬀerent gravitational potential. The gravitational
part of the redshift is given by


Δν
ν



=
grav


Uem
Urec
ΔUA  (i)
(i)
(i)
(i)
+ κC ϕiem − 2 + κC ϕirec = 2 + κC + αA Δϕi ,
c2
c
c

(15)

where the subscript em/rec refers to the emitter and receiver of the signal. In the last equality,
we have replaced the bare gravitational potential by its observable counterpart (for a similar
discussion, see Damour 12 ). The optimal measurement to search for a violation of the EEP with
a redshift test is to compare two clocks with large sensitivity coeﬃcients located in two regions
characterized by a large scalar ﬁeld diﬀerence.
3

A model of ultralight bosonic Dark Matter

In this section, we will focus on a model where the scalar ﬁeld is massive and plays the role of
DM. This DM candidate is parametrized by the following action


√



c3 −g
c2
S = d4 x
R − 2g μν ∂μ ϕ∂ν ϕ − 2 2 m2ϕ ϕ2 + Smat Ψi , gμν , ϕ ,
(16)
16πG
h̄
where mϕ is the scalar ﬁeld mass and the matter part of the action is given by Eq. (1). At
the cosmological level, the scalar ﬁeld will oscillate at its Compton frequency 4,5 and on average will behave as a pressureless ﬂuid, making it a perfect DM candidate. The amplitude
of the scalar ﬁeld oscillations ϕ0 are directly related to the DM energy density through 4,5
ϕ0 = (8πGh̄2 ρDM /c6 m2P )1/2 ∼ 7 × 10−31 eV/mϕ , where we used a local galactic value for the
DM energy density of ρDM = 0.4 GeV/cm3 .
For relatively low masses (mϕ < 10 eV), the occupation number of the scalar ﬁeld is high
and ϕ behaves as a classical ﬁeld (see Derevianko 13 for a detailed derivation). In addition, this
model exhibits very nice galactic properties for masses at the level of 10−22 eV (see e.g. Marsh 14
or Hu et al 15 ). Finally, the DM velocity distribution in our Galaxy implies that the scalar ﬁeld
oscillations are coherent only over 106 oscillations (see Derevianko 13 for a detailed derivation),
which impacts the data analysis of high frequency measurements for which the measurement
time baseline is larger than the oscillations coherence time. One crude way to analyze data in
that case consists in cutting the measurements in pieces shorter than the coherence time, but a
better methodology can be developped.
Interestingly, this model of DM will break the EEP and can be searched for in the lab. We
will make the distinction here between two cases that produce very distinct phenomenologies:
(i) a linear scalar/matter coupling and (ii) a quadratic scalar/matter coupling.
3.1

A linear scalar/matter coupling

In the linear case (i.e. setting i = 1 in Eq. (2)), the scalar ﬁeld around a body A is given by 7
(1) GMA −r/λϕ
e
c2 r

ϕ(1) = ϕ0 cos(ωϕ t + δ) − sA
c

,

(17)

We assume the scalar ﬁeld to be static and we keep only the leading order terms.
The bare gravitational potential is related to the low gravitational ﬁeld expansion of the time component of
the space-time metric appearing in the action from Eq. (1): g00 = −1 + 2U/c2 + . . ..
d
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Figure 1 – Constraints on the scalar/matter coupling for a scalar DM model obtained from atomic clocks mea(1)
surements 16,17 and from UFF experiments 19,20,21 . Left: constraints on the linear scalar/matter couplings de
(1)
(1)
(2)
and dm̂ − dg . Right: constraints on the quadratic scalar/matter coupling de . Similar ﬁgures for the other
couplings can be found in Hees et al 7 .

where ωϕ and λϕ are respectively the Compton pulsation and wavelength of the scalar ﬁeld.
The ﬁrst term can be interpreted as DM. In that case the amplitude is directly related to
the DM local energy density. This term can eﬃciently be searched for by using atomic clocks
comparison 16,17 . The second term is a Yukawa interaction and is generated by the central body.
(1)
(1)
The scalar charge of the central body sA is proportional to the coeﬃcient αA from Eq. (7)
up to a geometric factor. UFF tests are particularly sensitive to this second term 18 . Several
measurements can be used to constrain such a model: (i) the comparison between Rb and Cs
hyperﬁne transition frequencies from the dual atomic fountain from SYRTE 7 , (ii) comparison
of two radio-frequency transitions using two isotopes of Dysprosium 16 , (iii) UFF tests using
torsion balances (Be versus Ti but also short distances test of Cu versus Pb) 19,20 and (iv) the
ﬁrst result of the UFF test of the MICROSCOPE space-mission 21 . The exclusion region for
some of the linear scalar/matter coupling coeﬃcients is presented on the left of Figure 1 and
similar ﬁgures for the other couplings can be found in Hees et al 7 . For low scalar masses, atomic
clocks provide the best constraints, large scalar masses are essentially constrained from lab UFF
experiments while the MICROSCOPE result is competitive in the middle mass range.
3.2

A quadratic scalar/matter coupling

The case of a quadratic scalar/matter coupling (i.e. setting i = 2 in Eq. (2) gives rise to a very
rich phenomenology. Indeed, the scalar ﬁeld solution is given by 7


(2) GMA
c2 r

ϕ = ϕ0 1 − s A
(2)



cos(ωϕ t + δ) ,

(18)
(2)

where sA is the scalar charge of the central body, which depends non-linearly on αA and on
the body’s compacity and ϕ0 is related to the local DM energy density. First of all, it is worth
to highlight the absence of any Yukawa interaction. Secondly, the amplitude of the scalar ﬁeld
oscillations are now depending on the location with respect to the central body, leading to a very
(2)
rich and interesting phenomenology. In addition, the non-linearity characterizing sA leads to
(2)
a screening mechanism for positive value of αA , meaning that the scalar ﬁeld is screened close
to the body and can become undetectable at its surface. On the other hand, negative values of
(2)
αA lead to a scalarization mechanism where the scalar ﬁeld is ampliﬁed 7 . The exclusion region
(2)
for the quadratic scalar/matter coupling coeﬃcient de is presented on the right of Figure 1 and
similar ﬁgures for the other quadratic couplings can be found in Hees et al 7 . For low scalar ﬁeld
masses, atomic clocks provide the best constraints while at larger masses, the MICROSCOPE
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result provides the most stringent constraints, due to the fact that being in space is favorable
for such models. It is also intersting to note that the constraint is not the same for positive and
(2)
negative values of de due to the non-linearities.
4

Can Sagitarius A∗ be a scalarized black hole?

During last summer, the short-period star S0-2 (also named S2) experienced its closest approach
from Sgr A*, the SMBH in our GC. This event was followed closely by the UCLA Galactic
Center Group 22 and by the GRAVITY collaboration 23 , which led to the detection of the
relativistic contribution to the redshift of S0-2 at the level of ∼ 15% 22,23 . If one parametrizes
a deviation from the gravitational redshift e using the parametrization from Will 1 [Δν/ν]grav =
(1 + αred )U/c2 , the GRAVITY result 23 writes αred = −0.2 ± 0.34 while a similar result has been
obtained by the UCLA group 22 . The discussion from Section 2.2 shows that this result can be
interpreted as a constraint on the coupling between a scalar ﬁeld and matter (in this section,
we will focus only on a static scalar ﬁeld). To illustrate how these recent results can be used
to constrain GR alternatives, let us consider the case of the quadratic Einstein-Gauss-Bonnet
theory, recently studied by three diﬀerent groups 24,25,26 . The action is given by
√



c3 −g
η
S = d4 x
R − 2g μν ∂μ ϕ∂ν ϕ + ϕ2 G + Smat [gμν , Ψi , ϕ] ,
(19)
16πG
8
where η is a coupling parameter of dimension of length square that parametrizes the coupling
between the scalar ﬁeld and the Gauss-Bonnet invariant G = R2 − Rμν Rμν + Rμναβ Rμναβ . One
interesting feature from such theory relies in the existence of scalarized black holes solution of
the vacuum ﬁeld equations, in addition to standard GR black holes 24,25,26 . This means that
there exists vacuum solution with non-trivial scalar ﬁeld proﬁle which can become large even at
large distances from the horizon, a feature generated by the non trivial coupling between the
scalar ﬁeld and the Gauss-Bonnet curvature invariant. In particular, it can be shown that the
scalar ﬁeld proﬁle at large distances from the horizon takes the form
GM
ϕ = ϕ∞ + q 2 + . . . ,
(20)
c r
where ϕ∞ is the asymptotic value of the scalar ﬁeld and q is the BH scalar charge which depends
on the fundamental parameter η and on the BH mass. This scalar charge can have values up
to 25,26 q ∼ 0.45. If the scalar ﬁeld is non-minimally coupled to matter, it will impact both the
motion of S0-2 and the spectroscopic measurements, as described in Section 2.2. In particular,
using the linear scalar/matter coupling (i = 1 in Eq. (2)), the Newtonian equation of motion
for S0-2 writes
GM
GMS0−2
(1)
aS0−2 = − 3 r(1 − qαS0−2 ) = −
r,
(21)
r
r3
showing that the SMBH mass inferred from the motion of S0-2 (MS0−2 ) is diﬀerent from its
bare mass M . In addition, the gravitational contribution to the redshift of S0-2 is given by f





Δν
GM 
GMS0−2 
(1)
(1)
(1)
= 2
1 + κS0−2 q =
1 + q κS0−2 + αS0−2 .
(22)
ν grav,S0−2
c r
c2 r
This shows that for this class of theory, the gravitational redshift parameter can directly be
mapped to the fundamental parameters
(i.e. the constant η and the scalar/matter
 of the theory 
(1)
(1)
(1)
coupling coeﬃcients) through αred = q κS0−2 + αS0−2 where αS0−2 depends on the composition
(1)

of S0-2 and is given by Eq. (7) and κS0−2 depends on the atomic property of the Br-γ atomic
line used to measured S0-2’s radial velocity and
 is given
 by Eq. (11). The full derivation of the
(1)
exclusion region within the parameters space η, di
is currently a work in progress.
e
Note that the gravitational redshift is only half the contribution of the relativistic redshift (the combination
of the second order transverse Doppler and of the gravitational redshift) whose measurement is reported in 22,23 .
f
The contribution from the frequency standard at reception is constant and is absorbed in the orbital ﬁt.
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5

Conclusion

Tensor-scalar theories of gravitation remain a wide class of alternatives to GR with various motivations ranging from higher dimension scenarios to DM or dark energy model. In general, one
expects the scalar ﬁeld to couple non-universally with matter (unless this is prevented by some
kind of symmetry) which leads to a violation of the EEP. In this communication, we reviewed
some impacts induced by a violation of the EEP by a scalar ﬁeld and how such signatures can
be constrained by various types of experiments ranging from laboratory experiment (atomic
clocks comparisons and torsion balances), to space-mission (with MICROSCOPE) to astrophysical measurements (like e.g. in our GC). It is likely that the search for a breaking of the EEP
induced by scalar ﬁelds will be pursued and improved in the future with improved experiments,
with new types of experiments and in regimes under-explored (or not exploread at all) so far.
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1

Dark matter (DM) could have a mass anywhere from that of ultralight candidates, mχ ∼
−22
10
eV, to scales well above the GeV. Conventional laboratory searches are sensitive to a
range of masses close to the weak scale, while new techniques are required to explore candidates outside this realm. In particular lighter candidates are diﬃcult to detect due to their
small momentum. Here we study two experimental set-ups which do not require transfer of
momentum to detect dark matter: atomic clocks and co-magnetometers. These experiments
probe dark matter that couples to the standard matter via the very precise measurement of
the energy diﬀerence between atomic states. Our contribution is a very brief summary of work
on this subject that we carried out over the last two years and that is published in two recent
1,2
1
articles . The ﬁrst one treats the general case of any type of particle DM that couples
2
diﬀerently to the two atomic states in a clock. The second one considers a particular class
of DM models, where DM couples to the spin of the atomic states in clocks or magnetometers. We ﬁnd that the constraints from current atomic clocks and co-magnetometers can be
−22
3
− 10 eV, depending on the model.
competitive in the mass range mχ ∼ 10

1

Introduction

The driving force in the quest for DM has been the search for weakly interacting massive particles
(WIMPs) with masses and cross-sections with the SM particles related to the electroweak scale.
But, despite years of constant progress, the current detectors have only provided bounds to these
ideas, see e.g. 3,4 . Similarly, there has been an active search for indirect signals from WIMPs
that has crystallised into bounds on its properties, see 5,6 for recent reviews. Finally, the data
from the Large Hadron Collider has not shown any signs of physics beyond the SM, let alone
a DM candidate. As a consequence, the DM searches are currently moving towards other less
explored, yet well motivated, territories. In particular, there is growing interest in scrutinizing
DM candidates with smaller masses, see 7,8,9 for recent reviews. The present work falls into
this category and presents new ideas to explore the range of masses from sub-MeV down to the
lightest masses compatible with observations.
2

Dark Matter as particles or coherently oscillating ﬁelds

Quite generally DM can be considered either in the particle regime where one has to consider
scattering processes between DM and atoms, or as a classical ﬁeld that oscillates at a frequency
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equal to its mass (we use natural units with h̄ = c = 1). The frontier between the two cases
is given by the occupation number of DM modes Nocc . This is readily calculated for a typical
astrophysical DM scenario (standard DM halo in our galaxy) that provides the DM density and
velocity distribution in a local frame.
Nocc =

n
3π 2 ρ

,
nδv
4m4 δv 3

(1)

where n is the DM number density, nδv is the density of modes corresponding to a DM velocity
distribution δv ≈ 10−3 c, ρ ≈ 0.4 GeV/cm3 is the DM mass density, and m its mass. For
Nocc  1, DM can be treated as a classical ﬁeld that, for atomic clocks and accelerometers,
will aﬀect the energy splitting of atomic states. For standard DM parameters that frontier is
typically at m ≈ 10 eV, so below that mass bosonic DM can be treated as a classical ﬁeld.
Fermionic DM cannot have Nocc > d where d is the number of internal degrees of freedom
(d = O(1)), thus typically fermionic DM cannot exist at masses below about 1 eV or it must
make up only part of the total DM density.
3

Physical picture of interaction with atomic clocks or magentometers

It is well beyond the scope of this short proceedings contribution to fully describe the interaction of atomic clocks or magnetometers with DM and the diﬀerent models that could lead to
observable eﬀects. The interested reader is referred to the two recent papers 1,2 . Instead we
will try and give a physical picture of the interaction in diﬀerent regimes and the corresponding observable eﬀects. In all cases we will consider interactions that couple to the spins of the
atoms, or more fundamentally, to the spins of the standard model (SM) fermions that make
up the atoms. We will consider hyperﬁne atomic clocks that operate on spin polarized Zeeman
states, and magnetometers that operate using energy states deﬁned by the Larmor precession of
spins. In both cases a locally applied magnetic ﬁeld deﬁnes the spin axis, and the fundamental
measurement is the frequency separation of the two resulting spin dependent states.
Let us ﬁrst consider the case of particles. If the DM couples to spin, then atoms in the
two diﬀerent spin states of the transition will “see” a diﬀerent interaction potential, for a given
DM particle spin and/or velocity. As the DM particle is scattered oﬀ the atom the interaction
potential will lead to a transient change in the transition frequency because the energies of the
two states are aﬀected diﬀerently. Interestingly, and importantly, this is the case even if the DM
particle is too light, or too far, to cause a signiﬁcant change in the atomic momentum. So the
eﬀect on the transition frequency is observable even in the case of pure forward scattering, which
makes clocks and magnetometers sensitive to even very light DM, contrary to more “standard”
DM experiments that rely on the atomic recoil for a detection. Furthermore, the resulting eﬀect
depends linearly, rather than quadratically, on the scattering amplitudes 1 . For example, in a
Ramsey type hyperﬁne clock the frequency shift is given by (see 1 for details)
δ

2πn
Re[f1 (0) − f2 (0)].
m

(2)

where fi (0) is the forward scattering amplitude of state i (i = 1, 2 for the two atomic states).
This expression is reminiscent of the eﬀect on the atomic clock frequency from background gas
collision 10 , and indeed the analysis is analogous. The details of f1 (0) − f2 (0) depend on the DM
model considered. They can be calculated from the Lagrangian that characterises the interaction
between DM and SM fermions, see 2 for some examples.
For the case of classical ﬁelds, the DM ﬁeld is treated in a similar way to any other perturbing
background ﬁeld (e.g. magnetic or electric ﬁelds). From the interaction Hamiltonian one derives
the energy shifts of the individual states using perturbation theory 2 . Depending on the DM
model the resulting frequency shift depends either only on the scalar product between the DM
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spin or velocity and the SM fermion spins, or on that scalar product multiplied by a cos(mt)
term. For example, axial scalar (axion) DM will lead to a frequency shift in a Ramsey type
hyperﬁne clock 2


N
CN gNcl
− Ce
2ρχ 1  T λ · v
δ=−
dt
cos(mt),
(3)
fa
T 0
F
where CN /fa and Ce /fa are the coupling constants to the SM nucleons and electrons respectively,
N
is a nuclear form factor speciﬁc to the atom used in the clock, ρχ , v are the DM density and
gNcl
velocity, T is the Ramsey time, and F, λ are the total angular momentum and its component
along a given axis (deﬁned in general by a local magnetic B-ﬁeld). It is interesting to analyse
the diﬀerent time dependencies in (3). In general λ ·v will vary in time as the B-ﬁeld varies with
the rotation of the Earth (when ﬁxed in the lab) and the rotation of the apparatus if rotating in
the lab. Additionally, v changes in time due the the motion of the laboratory in the “DM wind”
because of the orbital and rotational motion of the Earth. With the oscillation of the DM ﬁeld
itself (cos(mt) term) this can lead to a highly speciﬁc temporal signature that can be searched
for.
4
4.1

Interaction types
Eﬀective ﬁeld theory

The ﬁrst example we give is a four point contact interaction between the fermions in the atom
and the DM ﬁeld as depicted in ﬁg.1.
χ

χ

χ

χ

e

e

q

q

At

At

At

At

Figure 1 – Contact interaction of DM χ with the electron or quark components of the nucleus of an atom denoted
by At.

The corresponding interaction Lagrangian is
Lint = −



⎛
3

d x ⎝GIe ē ΓI e JχI +



⎞

GIq q̄ ΓI q JχI ⎠

q=u,d

≡−



d3 x



GIψ JψI × JχI ,

(4)

ψ

where by JχI we denote the Lorentz representation built out of DM ﬁelds, ΓI are the possible
Dirac structures that contracted with JχI make a Lorentz invariant, and GIψ are coupling constants, which have labels I and ψ to distinguish the diﬀerent operators and the SM particle they
couple to. The current JχI itself depends on what type of particle DM is; here we take it to be
a spinless, spin-1/2 or spin-1 particle. Possible interactions are listed in table 1.
In the particle regime the resulting diﬀerence of scattering amplitudes to be inserted in (2)
is2

λ
m
N
f1 (0) − f2 (0) =
GN gNcl
− Ge Jχ · ,
(5)
π
F
where Jχ is either proportional to the DM spin λχ or the DM velocity vχ depending on the type
of DM considered in table 1 (see tab. 3 of 2 for details).
In the classical ﬁeld regime, the fact that the operators in table 1 have two powers of the
ﬁeld results in a net non-averaging-out eﬀect for each frequency of the oscillating DM ﬁeld. We
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Table 1: Leading interactions for scattering between DM and SM fermions in the form of operators O ≡ Jψ × Jχ
of dimension ≤ 6. We only write operators that do not vanish in the limit of zero transferred momenta. The
μν
α
μν
μ
ν
αβ
terms σ /2 (or (Σμν ) β ) are the Lorentz generators in spin 1/2 (or spin 1) space, σ = i/2[γ , γ ] (Σμν =
α β
β α
i(ημ ην − ημ ην )).

I
Ax. vector

ψ = e, u, d
Jψ :

ψ̄γ μ γ5 ψ

DM
Jχ :

Scalar
iχ† ∂μ χ+h.c.,

Tensor

Jψ :

ψ̄σ μν ψ

Jχ :

–

Fermion
χ̄γμ χ,
χ̄γμ γ5 χ,
χ̄σ μν χ,

Vector Boson
iχ†ν ∂μ χν +h.c.
χ†α (Σμν )αβ χβ .

collectively write the Hamiltonian of interaction as
Hint = −

2 Gψ ρχ 
λψ · Jχcl.
m

(6)

where Jχcl. is again proportional to the DM spin λχ or the DM velocity vχ . The resulting
frequency shift is given by

λ
2ρχ 
N
GN gNcl
− Ge Jχcl. · .
(7)
δ=
m
F
This result coincides with that of the particle regime, equ. (2) with (5), with the substitution
Jχ → Jχcl. , and Jχcl. can be thought of as the macroscopic average of the microscopic property
Jχ .
For both cases, particles or classical ﬁeld, the diﬀerent currents Jχ are given in Tab 2.
Table 2: Dark matter matrix elements, Jχ , for the diﬀerent currents resulting from table 1. ‘D’ and ‘M’ Fermions
refer to ‘Dirac’ and ‘Majorana’ respectively, and the ± signs correspond to particles or antiparticles. Remember
that typically fermionic DM cannot exist at masses below about 1 eV.

ψ = e, q
Jψ :

ψ̄γ μ γ5 ψ

ψ = e, q
Jψ :

ψ̄σ μν ψ

DM
Jχ :

Scalar
(±)vχ

DM

Scalar
—

D Fermion
(±)vχ
2λχ
D Fermion
−4λχ

M Fermion
0
2λχ
M Fermion
−4λχ

Vector Boson
−(±)vχ ,
Vector Boson
(±)λχ /mχ .

Finally, let us recall that the eﬀective ﬁeld theory used here can be completed by introducing
a massive mediator as shown in 2 . As we are only interested in forward scattering, the eﬀect of
introducing a vector boson mediator is formally simply the substitution Gψ → gψÃ gχÃ /m2Ã , where
gψÃ and gχÃ are the coupling constants of the mediator to the SM fermion and the DM particle
respectively, and mÃ is the mass of the mediator. Note however, that for light mediators, such
that the range of the interaction is larger than the atomic or DM wave-packet (whichever is
larger) the statistics of the interaction are modiﬁed (see appendix B of 1 and section 4.1.1. of 2 ).
4.2

Axial boson dark matter

Massive axial bosons (scalars or vectors) are popular candidates for DM. This stems from their
natural appearance in diﬀerent models beyond the SM and the variety of mechanisms to generate
the proper DM abundance 11,8 . The couplings of the axion a to SM fermions (ψ = e, u, d, n or
p) read:


iCψ mψ
−Cψ
ψ̄γ5 ψa =
d3 x ψ̄γμ γ5 ψ ∂ μ a,
(8)
Laint = d3 x
fa
2fa
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where the second identity is true at leading order and obtained after using the equations of
motion. For the axial vector boson, they read
A
LA
int = gψ



d3 x Aμ ψ̄γμ γ5 ψ .

(9)

Cψ , gψA are dimensionless (in natural units) coupling constants and fa is the axion decay constant.
Notice that the massive axial vector boson includes a longitudinal polarization, whose coupling is
similar to that of the axion ﬁeld. These operators yield ‘Compton’ scattering processes between
the SM fermions ψ with spin λψ and the DM ﬁelds through the processes shown in ﬁg. 2 (compare
with ﬁg. 1).
a(pχ )

a(pχ )
ψ

ψ(pψ )

Aν (pχ )

Aμ (pχ )

ψ(pψ )

ψ(pψ )

ψ(pψ )

Figure 2 – Diagrams for the axial bosonic DM scattering with a fermion in the atom.

For the case of the axion in the particle regime, and for forward scattering, the interaction
is suppressed by an additional O(ma /mψ ) factor and is thus too small to yield interesting
sensitivity. For the axial vector boson its spin leads to a sensitivity at leading order in ma /mψ
and the resulting scattering amplitudes for ψ an electron or a nucleon are:
f1 (0) − f2 (0) =


λ · λ
−1  A 2 N
(gN ) gNcl − (geA )2 A ,
πmA
F

(10)

which can be inserted into (2) to obtain the frequency shift. This expression has a similar form
to that of the EFT case (5) with the substitution Gψ = (gψA )2 /m2A .
For the case of classical ﬁelds that oscillate at the DM mass the interactions (8) and (9)
yield


Ha = −



2ρχ 
Cψ 2ρχ 
λψ · v cos(ma t + φ0 ), HA = 2gψA
λ · Re[ e−imA t+iφ0 ],
fa
mA ψ

(11)

where  is the polarization of the vector boson and we have introduced an arbitrary constant
phase φ0 . The resulting frequency shifts are (3) for the axion and


δ=

A N
2 gN
gNcl − geA

mA



2ρχ 1  T
λ ·  −im t−iφ
0
dt Re[
].
e A
T 0
F

(12)

for the vector boson. From these expressions it is clear that for ma,A ≥ 10−15 (s/T ) eV there is
a loss of sensitivity inversely proportional to the mass.
5

Examples of sensitivity reach

The potential bounds that one may expect from present day performance of best hyperﬁne
atomic clocks 12,13 and co-magnetometers 14,15 are derived in detail for the diﬀerent interaction
types in 2 . Here we only present two examples, one for a contact interaction in eﬀective ﬁeld
theory (ﬁg. 1) and one for axial vector boson DM (ﬁg. 2). For both cases we assume that typical
co-magnetometer sensitivities to a modulation of the transition frequencies are of the order of a
nHz, and those of clocks of the order of a μHz. Numerous other experimental details need to be
considered, e.g. the number of atoms, interrogation time, averaging time, etc... as a function of
the interaction type (see 2 for details).
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Gn (GeV−2 )


















mχ (eV)
Figure 3 – Expected constraints on DM-neutron coupling Gn for the scalar DM case in a contact interaction from
atomic clocks –thick-solid (blue) line –, co-magnetometers – thin-solid (green) line–, and DM pair emission in
stars – dashed (red) line.

Figure 3 shows expected bounds in the case of a contact interaction of scalar dark matter
with the neutron. The constraints can be continued to masses above 10−6 eV but become
less competitive when compared to existing bounds. Bounds can also be obtained for other
interactions described in section 4.1, and also when extending the eﬀective ﬁeld theory to massive
mediators 2 .

gnA 













mA (eV)

Figure 4 – Expected bounds on the coupling of axial vector boson DM to neutrons from atomic clocks, thick-solid
(blue) line, and co-magnetometers, thin-solid (green) line. The red dashed line represents the bound coming from
stellar energy loss

Figure 4 shows expected bounds in the case of vector boson dark matter. The bound from
stellar energy loss is derived from 16 . The grey region on the right indicates the region where
sensitivity is quickly lost as the DM ﬁeld oscillates faster than the typical interrogation times
and thus starts averaging out (see section 4.2).
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6

Conclusion

We have summarised extensive work on possible new strategies on detecting DM using atomic
clocks and co-magnetometers published in detail in 1,2 . Here we only describe the general procedure and underlying physics, and illustrate it using some chosen examples. For a more exhaustive
and detailed description the interested reader is referred to the two main publications. The lesson is clear: both experiments are very sensitive at low masses, and probe regions of parameters
previously unconstrained. Co-magnetometers are more powerful in the determination of total phase shifts, and hence tend to yield better constraints. Still, both technologies are quite
independent and it makes sense to explore them simultaneously.
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Tests of General Relativity with Gravitational Waves
Constantinos Skordis
CEICO, Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21, Prague,
Czechia

I discuss the recent observation of a gravitational wave from the merger of two neutron stars
followed by an electromagnetic counterpart. I review the impact of this observation on a
number of gravitational theories such as the Horndeski theory, beyond Horndeski and TeVeS.

1

Introduction

Modern cosmology assumes that General Relativity (GR) correctly describes gravity on large
scales and low curvatures. With this assumption and according to current data, the cosmological
model needs in addition the existence of a Dark Matter (DM) and Dark Energy (DE).
Although a plethora of data has given us a lot of information on how the dark sector inﬂuences
the visible sector – normal Standard Model matter – through the gravitational interaction 1,2,3,4,5 ,
the precise nature of the dark sector remains unknown. There have been many theories of dark
matter in the last 40 years or so but it has yet to be detected experimentally through direct
detection. Moreover, the simplest form of dark energy compatible with the data, a cosmological
constant, has a value incompatible with our understanding of Quantum Field Theory. While
future advances may indeed point to a speciﬁc particle with the right properties as good dark
matter candidate, and it may also come to be that the dark energy is indeed a cosmological
constant, it still a current possibility that what we interprete as the dark sector is due to us
using an incorrect description of gravity.
Yet, General Relativity works extremely well in the regimes where it has been tested 6 . Solar
system constraints on the deviations of the Parametrised Post-Newtonian (PPN) parameters γ
and β from GR are around the 10−5 level 7 while preferred frame parameters like α1 and α2 are
constrained to be at the 10−5 and 10−7 level respectively 8,9 . At higher curvatures found around
millisecond pulsars α1 and α2 are constrained to be at the 10−5 and 10−9 level respectively 10,11 .
Given these strong constraints on possible deviations from GR, does it make sense to consider
other gravitational theories beyond GR in cosmology?
In order to understand why the above constraints do not exclude deviations from GR relevant to cosmology, let us scan the parameter space of various gravitational systems. In 12 it
was proposed to place gravitational systems on a two-dimensional place with the dimensionless
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metric perturbation ≡ Ψ (∼ GM
for a point mass) on the x-axis and the square root of the
rc2

Kretschmann scalar ξ = Rμναβ Rμναβ on the y-axis. The potential Ψ is obtained by perturbing
the metric g00 = −(1 − 2Ψ). In ﬁgure 1 we see various systems on this plane: our solar system
(SS), binary pulsars (PSR), main sequence stars (MS), white dwarfs (WD), neutron stars (NS),
astrophysical black holes (BH), supermassive black holes (SMBH), S-stars orbiting Sagittarius
A∗ (S-stars) sitting on the Milky Way’s curve (MW), M87 galaxy, other galaxies, the Cosmic
Microwave Background (CMB), clusters of galaxies, the cosmological constant Λ and the matter
power spectrum of large scale structure (P (k)). See 12 for more details.

Figure 1 – Various gravitational systems placed with respect their ﬁeld strength  and curvature ξ. The upper
ellipse encompasses systems where deviations from GR have been found to be very small, as described in the text.
The lower (yellowish) ellipse encompasses cosmological systems where gravity has not be thoroughly tested but
where the eﬀects of the dark sector manifest.

The various systems where deviations from GR have been found to be very small (upper
ellipse), as described above, are on curvatures which are orders of magnitude larger than curvatures associated with systems where the eﬀects of the dark sector manifest (yellowish lower
ellipse). Thus, given current data, it is conceivable that the eﬀects attributed to dark matter
represent a shortcoming in our understanding of the nature of gravity. That is, General Relativity (GR) may not describe gravity correctly in all curvature regimes and it remains very
important to test GR at the low curvatures associated with cosmological systems.

2

Testing GR with the speed of gravitational waves

Gravitational waves (GW) from the merger of a binary neutron star system have been observed
by the advanced Laser Interferometer Gravitational Observatory (aLIGO) and the VIRGO interferometer 13 . Within seconds of this event (GW170817) being detected, a gamma ray burst
was independently observed from the same location 14,15 . Given the high likelihood that these
represent signals from the same event, the speciﬁc small time diﬀerence ∼ 1.7s - given the large
distance ∼ 40M pc between the location of emission (the galaxy NGC 4993) - implies that (in
units where the speed of light is unity), the speed of propagation of GW cT obeys
αT ≡ |c2T − 1|  10−15 .
where αT is the speed excess from c2T = 1.
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(1)

3

Non-GR gravitational theories as an alternative to dark energy

The need for an additional component like DE has been around since the early 1980s when
evidence from the masses of rich clusters pointed to a shortfall of pressure-less matter. In 16
it was argued that the remainder should be in the form of a cosmological constant Λ. More
evidence came from measurements of the luminosity distance of type Ia supernovae 1,2 . Further
evidence comes from the measurements of the CMB anisotropies17,3 , the most recent being from
the Planck collaboration3 .
Assuming the existence of dark matter, a number of gravitational theories which may lead
to a self-accelerating universe without a bare cosmological constant have been proposed. These
include, but not limited to, the so-called Galileon theories 18 , Kinetic Gravity Brading (KGB) 19 ,
massive gravity 20,21 and chameleons 22 . Thorough reviews of alternative gravitational theories
and cosmology have been published in recent years 23,24,25 .
In order to compare (1) with the predictions coming from various theories, one assumes
a Friedman-Robertson-Walker (FRW) background given by the scale factor a(t) and a spatial
metric γij of constant curvature κ. On this spacetime one adds a tensor perturbation hij which
models the tensor mode gravitational wave so that
ds2 = −dt2 + a2 (γij + hij ) dxi dxj

(2)

 i hi = 0 and γ ij hij = 0 where ∇
 i is the spatial covariant derivative
The tensor mode obeys ∇
j
associated with γij . Ignoring possible source terms for the gravitational wave, using the Eﬀective
Field Theory of Dark Energy 26,27 one can parametrise 28 the tensor mode equation as
ḧi j + 3H ḣi j −



1
 2 − 2κ hi = 0
(1 + αT ) ∇
j
2
a

(3)

where αT is in general a function of time. What remains is to compare this equation from the
one obtained in a particular theory and read-oﬀ αT .
3.1

Horndeski theory, including Galileons

The most general theory containing a metric gμν and a scalar ﬁeld φ both obeying 2nd order ﬁeld equations is the Horndeski theory29,30,31 . This theory includes as special cases, GR,
the
Brans-Dicke theory, k-essence and galileons. The action is given by SHorndeski =
 4 classic
√ 
d x −g 5n=2 Ln where the terms Ln are given by
L2 =G2 (φ, X)
L3 =G3 (φ, X)φ
L4 =G4 (φ, X)R + G4,X ∇[μ1 ∇μ1 φ∇μ2 ] ∇μ2 φ
G5,X
L5 =G5 (φ, X)Gμν ∇μ ∇ν φ −
∇[μ1 ∇μ1 φ∇μ2 ∇μ2 φ∇μ3 ] ∇μ3 φ
6
where GI (φ, X) are general functions of φ and X = − 12 (∇φ)2 and a comma denotes derivative
with respect to the variables that follows it. Theories with only G2 present are called k-essence/kinﬂation theories, while those for which G2 = g2 X, G3 = g3 X/M 3 , G4 = g4 X 2 /M 6 and G5 =
g5 X 2 /M 9 for an energy scale M correspond to the cubic galileon when g4 = g5 = 0, the quartic
galileon when g5 = 0 and the quintic galileon when all constants g2...5 are non-zero. The case
where G4 = G5 = 0 for general G3 (φ, X) is the so-called KGB theory 19 .
The terms L2 and L3 do not have any eﬀect on the propagation of tensor modes, however,
if L4 and L5 are present, one ﬁnds that




αT ∝ 2X 2G4,X − 2G5,φ − φ̈ − φ̇H G5,X
(4)
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The trivial way of satisfying αT = 0 is thus to set G4 = G4 (φ) only and G5 = 0 32,33,34 and
theories with these restrictions will always have tensor mode speed equal to the speed of light
and are thus safe.
Of course, since the constraint imposed by (1) is at very low redshift, it may be that αT
can deviate from zero in the early universe but, being a function of time, through dynamical
evolution settle to zero today so that the LIGO/VIRGO constraints can be satisﬁed. This case
has been considered in 33 who analysed the full parameter space in the case of quartic and quintic
galileons. First one considers what type of dynamical evolution leading to self-acceleration
remains compatible with CMB observations from Planck 3 and BAO 4 . In the case of the quartic
galileon (g5 = 0), all such data-consistent cosmologies require αT = 0 even at low redshift and
are thus incompatible with (1). In the case of the quinticgalileon the evolution of αT at low
!
H04
ξ4 H 4
4
5 1 + Ḣ/H 2
where M∗2 = 1 − H 40 32 c4 + c5 ξ
redshift is given by αT = M 2 H
4 2c4 ξ + c5 ξ
∗

and ξ = H φ̇/H02 is a constant with a value around ∼ 2. Then Ezquiaga and Zumalacárregui 33
 4
 5
αT
−17 2
−17 2
T
ﬁnd that |c4 | < 2ξ
and c5 < 4α
≈
3.8
×
10
. While these ﬁne
4 ≈ 2.8 × 10
5
ξ
ξ
3ξ
tuned quintic galileon models are still viable, more NS-NS events are expexted to ruled them
out completely.
The existence of a φ̈ term in (4) suggests that this line of reasoning is not the most general.
In particular, φ̈ is not an independent function, but is dictated by the equation of motion (EOM)
for φ. Thus, one should instead use the EOM of φ to eliminate φ̈ from (4) and then determine
the conditions on GI which correspend to viable theories. Assuming a ﬂat universe, this has
been investigated by the author with collaborators35 . In particular, solving for φ̈ and inserting
back into (4) gives

αT ∝
Cij (φ, X)H i Ḣ j
(5)
ij

where Cij (φ, X) are functions which depend on G4 , G5 and their derivatives wrt φ and X.
Requiring that αT vanishes for any cosmology dictated by H and Ḣ leads to the constraint
Cij = 0. There is a unique non-trivial model which satisﬁed this constraint and leads to αT = 0:
6μ
(6)
G4 = − 
|X|

3
G5 =κ2G + μf (φ) |X|
(7)
2
with G2 and G3 also having (unique) non-trivial forms, where μ and κG are constants and f (φ)
backgrounds.
an arbitrary function of φ. Such a model allowes for c2T = 1 on
!
 arbitrary ﬂat FRW
Allowing for spatial curvature κ, changes (5) to αT ∝ ij Cij + aκ2 Dij H i Ḣ j = 0 which
is solved for arbitrary cosmologies by Cij = 0 and Dij = 0. However, D01 = 0 if and only
if G5,X = 0, in which case, only the trivial model above survives and the non-trivial model
is non-viable. One could argue that κ may indeed be zero, however, the formation of large
 2 Φ and this could be a potential
scale structure leads to eﬀective curvature given by κef f ∼ ∇
problem. To investigate this, one has to consider GW propagation through and inhomogeneous
universe so that
ds2 = − (1 + 2Ψ) dt2 + a2 (1 − 2Φ) (γij + hij ) dxi dxj
(8)
where Φ and Ψ are potential wells formed by matter. The tensor mode obeys the hierarchy
h
pc
hij  Φ, Ψ ∼ 10−5 and it may be estimated that Φij ∼ 10−17 40M
 1 where d is the distance
d
from the source, which is small for most of the time of propagation. A schematic representation
is given in ﬁgure 2. For LIGO wavelengths λ ∼ 1000km and inhomogeneity scales r > 100M pc
we have that λ/r  10−18 so that the hierarchy ∂ 2 h  Φ∂ 2 h  Φ2 ∂ 2 h  ∂Φ∂h  h∂ 2 Φ is
justiﬁed. This leads to a tensor mode equation as




1
 2 − 2κ hi = 0
(1 − 2Ψ) ḧi j + 3H ḣi j − 2 (1 + αT ) (1 − 2Φ) ∇
(9)
j
a
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 2Φ
It turns out that in the case of the non-trivial model above αT contains terms such as ∼ H0−2 ∇
which is estimated to be of size Φ/(H0 r)2 ∼ 10−3 , and hence, much larger than 10−15 so that
this non-trivial model is indeed ruled out.

Figure 2 – Schematic represantation of GW propagation through an FRW universe and through inhomogeneities.

3.2

Beyond Horndeski theory

In 36

it was realised that Horndeski
theory may be generalised further by enhancing the Horndeski

√
action as SBH = SHorndeski + d4 x −g (B4 + B5 ) where the terms Bn are given by
μ ν  ρ σ

B4 =F4 (φ, X)

μνρ

B5 =F5 (φ, X)

μνρσ μ ν  ρ σ 

σ

∇μ φ∇μ φ∇ν ∇ν  φ∇ρ ∇ρ φ
∇μ φ∇μ φ∇ν ∇ν  φ∇ρ ∇ρ φ∇σ ∇σ φ

where F4 and F5 are additional functions, resulting to the so-called ”beyond-Horndeski” (BH)
theory. The BH theory contains 3rd order ﬁeld equations but additional constraints remove dof
so that the theory remains theoretically healthy.
The trivial case for which αT = 0 is such that G5,X = F5,X = 0 and F4,X = G4,X − G5,φ 32,34 .
Performing the same analysis as for Horndeski by eliminating φ̈ from the expression for αT using
the EOM, one ﬁnds a larger set of non-trivial models. However, 37 showed that BH theory leads
to tensor mode decay into scalars φ (provided that the speed of sound of the scalar is subluminal)
which is rapid enough so that no GW would have been observed. One can avoid this decay if
m24 = − 12 GT αT − X 2 F4 + 3HX 2 φ̇F5 → 0 and this is possible only if F4 = F5 = 0. Hence, no
non-trivial BH models survive.
In Horndeski theories GR is restored close and inside massive objects via the Vainshtein
mechanism which makes the scalar ﬁeld strongly coupled. However, in BH theories the Vainshtein mechanism stops working inside massive objects 38,39,40 and leads to corrections to the
two potentials Φ an Ψ dictated by the radial change in the object’s mass and constants Y1
and Y2 which depend on the theory parameters. Sakstein and Jain 41 , put severe constraints
on the {Y1 , Y2 } parameter space of BH theories. Helioseismolgy has the potential of improving
constraints on Y1 by 2-3 orders of magnitude 42 .
4

Non-GR gravitational theories as an alternative to dark matter

Dark matter, and more speciﬁcally Cold Dark Matter (CDM) has been hypothesised as a necessary ingredient for any successful cosmology. Early evidence for dark matter came in the form
of observations of the motion of stars within galaxies 43 , where it was found that stars towards
the outer regions of galaxies had orbital velocity signiﬁcantly higher than expected due to the
Newtonian gravitational ﬁeld produced by visible matter.
Interestingly, galaxies indicate the existence of an acceleration scale a0 ∼ 1.2 × 10−8 m/s2
above which no dark matter is necessary and below which dark matter eﬀects become important. Based on this, Milgrom proposed 44 that this could result from a modiﬁcation to the
inertia/dynamics of stars at low Newtonian accelerations below a0 . Bekenstein and Milgrom
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showed that the same eﬀect could alternatively result from a non-linear modiﬁcation to the
Poisson equation of Newtonian gravity. These models are referred to as MOdiﬁed Newtonian
Dynamics (MOND). The inherently non-relativistic nature of this modiﬁcation renders it diﬃcult to test as its realm of validity is unclear. As a result, there have been a number of proposals
for relativistic theories that yield MONDian behavior on galactic scales 46,47,48,49,50,51,52 .
Perhaps the most widely-known relativistic theory leading to MOND-like behavior is the
Bekenstein-Sanders Tensor-Vector-Scalar (TeVeS) theory 53,46 which depends on a metric ĝμν ,
a unit-timelike vector ﬁeld Aμ and a scalar ﬁeld φ. All types of matter couple universally to a
metric gμν via
gμν = e−2φ ĝμν − 2 sinh(2φ)Aμ Aν

(10)

and as such the Einstein Equivalence Principle is obeyed. The algebraic relation between the
two metrics implies that there is only one tensor mode propagating GW perturbation (2 polarizations) in this theory. The cosmology of TeVeS theory has been extensively investigated
in 54,55,56,57 .
A slight generalization of TeVeS is given by the following action 58,59 which depends on the
three above ﬁelds and the two Lagrange multipliers λA and μ:




1
ˆ β φ − V̂ (μ) + SM [g]
ˆ α φ∇
(11)
d4 x −ĝ R̂ − K̂ + λA (Aρ Aρ + 1) − μĝ αβ ∇
Ŝ =
16πG
Here G is the bare gravitational constant, ĝ and R̂ are the determinant and scalar curvature
of ĝμν respectively, V̂ is a free function of μ, SM [g] is the action for all matter ﬁelds and
ˆ μ Aν ∇
ˆ α Aβ is obtained using
K̂ = K̂ μναβ ∇
K̂ μναβ = c1 ĝ μα ĝ νβ + c2 ĝ μν ĝ αβ + c3 ĝ μβ ĝ να + c4 ĝ νβ Aμ Aα

(12)

The indices of Aμ are raised using ĝ μν , the inverse metric of ĝμν , i.e. ĝ μρ ĝρν = δ μν ). In contrast
to 58,59 we allow here the cI (I = 1 . . . 4) to be functions of φ, which is very important when
analyzing the speed of GW. For notational compactness we deﬁne cIJ... ≡ cI + cJ + . . . .
The emergence of MOND behavior in the quasistatic weak ﬁeld limit in the constant cI case
has been analysed extensively in 59 . It turns out that the MOND behaviour remains unalterred
even if cI are functions of φ 60 . Speciﬁcally, the vector ﬁeld equations are identically satisﬁed
while the Einstein and scalar ﬁeld equations reduce to
8πG
 2 Ψ̂ =
∇
ρ
2 − c1 + c4
!
 i ϕ = 8πGρ
 i μ∇
∇
Φ̂ = Ψ̂

(13)
(14)
(15)

where
Ψ̂ = Ψ − ϕ,

Φ̂ = Φ − ϕ,

(16)

ρ is the matter energy density and where the cI ’s are evaluated at φ = φ0 in (13).
The speed of the tensor mode GW in TeVeS theory is in general diﬀerent than the speed of
light, and it is then natural to ask what is the status of the TeVeS paradigm after GW170817.
Using a variety of methods, a number of articles 61,62,63 have tackled this question.
Here we follow a diﬀerent approach and show that while the (generalised) TeVeS theory
with constant cI ’s is ruled out, in agreement with 61,62,63 , a previously unknown class of theories
exists with cI = cI (φ) for which c2T = 1. In particular, starting from (2) and reading oﬀ αT
using (3) leads to
e−4φ̄ − 1 + c13
αT =
(17)
1 − c13
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Hence, for constant cI an unlikely cancellation between φ̄ and c13 must occur if this theory is to
be viable and even this case is further ruled out by Shapiro time delay 60,61 . However, if
c13 (φ) = 1 − e−4φ

(18)

then αT = 0 always, without spoiling the MOND limit given by (13)-(15). Interestingly, including the eﬀects of inhomogeneities as in (8) and imposing (18) leads to the same equation for
hij as in GR, i.e. (9) plus all the neglected terms ∼ ∂ 2 Φh. This has been shown to hold on all
backgrounds 60 and thus with (18) this class of theories is viable, concerning GW observations.
5

Conclusion

We considered the propagation of GW through homogeneous and inhomogeneous FRW universes
and determined which theories survive the severe constraint that αT ∼ 10−15 . Horndeski theories
with non-zero G5 are ruled out baring ﬁnetuning while only G4 = G4 (φ) remains viable. The
KGB theory is not aﬀected by GW observations. The BH class is no longer viable owing to a
combination of factors discussed above. The original and generalised TeVeS theories are ruled
out but a new class of theories exists which remains viable. The viability of other theories have
been checked in 64,65 . Interestingly, all non-GR theories generically predict the propagation of
other types of GW polarisations which would be very important to test with future observations.
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HAMILTONIAN VS STABILITY
IN ALTERNATIVE THEORIES OF GRAVITY
G. ESPOSITO-FARÈSE
Sorbonne Université, CNRS, UMR7095, Institut d’Astrophysique de Paris,
GRεCO, 98bis boulevard Arago, F-75014 Paris, France
When a Hamiltonian density is bounded by below, we know that the lowest-energy state
must be stable. One is often tempted to reverse the theorem and therefore believe that an
unbounded Hamiltonian density always implies an instability. The main purpose of this presentation (which summarizes my work1 with E. Babichev, C. Charmousis and A. Lehébel) is
to pedagogically explain why this is erroneous. Stability is indeed a coordinate-independent
property, whereas the Hamiltonian density does depend on the choice of coordinates. In alternative theories of gravity, like k-essence or Horndeski theories, the correct stability criterion
is a subtler version of the well-known “Weak Energy Condition” of general relativity. As an
illustration, this criterion is applied to an exact Schwarzschild-de Sitter solution of a Horndeski theory, which is found to be stable for a given range of its parameters, contrary to a
claim in the literature.

1

Introduction

It is well-known that any logical implication such as (A ⇒ B) may also be rewritten as its
contrapositive (¬B ⇒ ¬A), but that its inverse (¬A ⇒ ¬B) is generally not true —unless
the initial implication was actually an equivalence. It happens that several recent works in
theoretical physics have used such an erroneous inversion of a standard theorem about stability.
The correct theorem tells us that if a Hamiltonian density is bounded by below, then the lowestenergy state is stable. Indeed, imagine a Hamiltonian having the shape of a U: If the solution
corresponds to its minimum, it is impossible to move away without violating the conservation
of energy. One may be tempted to inverse the statement by claiming that “a Hamiltonian
density which is unbounded from below always imply an instability”. We shall underline why
this is erroneous, although many physicists intuitively believe so, probably guided by their
experience with ghost degrees of freedom. Of course, not all solutions are stable, otherwise
the above standard theorem would not have any interest. In particular, ghosts do lead to
deadly instabilities. But we shall see that stable solutions may sometimes correspond to a
Hamiltonian density which is unbounded from below. Actually, this is rather trivial once it is
understood, but we believe it is important to be underlined, as this changes some conclusions
of recent papers about the stability of speciﬁc solutions. Let us for instance mention a series of
technically excellent works,2,3,4,5 whose calculations are highly non-trivial and correct, but which
unfortunately use the above erroneous “inverse” argument. They compute the Hamiltonian of
perturbations around a given background solution, and impose it to be bounded by below. Of
course, all the stable cases that they report are indeed (perturbatively) stable, because of the
standard theorem recalled above. But they may be discarding other stable cases, which do not
satisfy their requirement of a bounded-by-below Hamiltonian. As an example, the ﬁrst of these
references2 claims that a hairy black-hole solution of a given Horndeski theory is always unstable,
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whereas we shall see in Sec. 3 below that it is stable for a given range of the theory parameters.1
Let us start in Sec. 2 with a discussion of the indirect relation between Hamiltonian and stability.
2
2.1

Stability in presence of several causal cones
Causal cones and Hamiltonian

Although our discussion is quite general, as this will become clear after having understood it,
let us focus for simplicity on perturbative stability around a given background, and also only
on kinetic terms, as this is where subtleties are hidden. In alternative theories of gravity, there
generically exist diﬀerent causal cones for the various propagating degrees of freedom. The
simplest example is k-essence, whose Lagrangian reads L = − 12 f (X), where X ≡ g μν ∂μ ϕ∂ν ϕ
would be the standard kinetic term for a scalar ﬁeld ϕ, and f is a function specifying the theory.
[We choose the mostly-plus signature convention for the metric gμν .] Let us write ϕ = ϕ̄ + χ,
where ϕ̄ denotes the background solution and χ a small perturbation. Then the second-order
expansion of the Lagrangian reads L2 = −G μν ∂μ χ∂ν χ, where6,7,8,9,10,11
G μν = f  (X̄)g μν + 2f  (X̄)∇μ ϕ̄∇ν ϕ̄

(1)

depends on the ﬁrst and second derivatives of function f with respect to its argument X̄, and
plays the role of an eﬀective metric in which the spin-0 degree of freedom χ propagates. When
the background gradient ∇μ ϕ̄ does not vanish, the last term of Eq. 1 implies that null directions
with respect to G μν are not null with respect to g μν and reciprocally. This corresponds to panel
(b) of Fig. 1 when f  < 0, or to panel (c) when f  > 0.
The diﬃculties arise when one performs a boost with a large enough velocity: Panel (b) is
transformed into (a), in which the time axis gets out of the scalar (dashed blue) causal cone,
and panel (c) becomes (d), where the spatial x axis enters the scalar cone, on the contrary.a
This causes the Hamiltonian density
H2 = −G 00 χ̇2 + G ij ∂i χ∂j χ

(2)

not to be bounded by below any longer. Indeed, let us denote as Gμν the inverse of the eﬀective
metric G μν (beware not to confuse it with gμλ gνρ G λρ ). In the (t, x) subspace of Fig. 1, it reads

  xx

G00 G0x
G
−G 0x
=
/D,
(3)
G0x Gxx
−G 0x G 00
!2
where the determinant D ≡ G 00 G xx − G 0x must be strictly negative for this eﬀective metric
to deﬁne a cone (and thereby hyperbolic ﬁeld equations). In the situation of panel (a) of Fig. 1,
the time coordinate is spacelike with respect to the scalar (dashed blue) causal cone, therefore
G00 dx0 dx0 > 0. Because of Eq. 3, this implies G xx < 0. Similarly, in the situation of panel (d),
the spatial x axis is timelike with respect to the scalar causal cone, therefore Gxx dx dx < 0,
which implies G 00 > 0 from Eq. 3. In both cases, we thus ﬁnd that the Hamiltonian density,
Eq. 2, contains a term, either G xx (∂x χ)2 or −G 00 χ̇2 , which can become inﬁnitely negative.
On the other hand, the Hamiltonian density, Eq. 2, is positive in situations corresponding to
panels (b) or (c), because the time axis is timelike and the x axis spacelike with respect to the
scalar causal cone, therefore G xx > 0 and G 00 < 0. This implies that the solution is perturbatively
a
Note that although one characteristic goes backwards in time in panel (d) of Fig. 1, causality is anyway
preserved, as was discussed in detail more than a decade ago.8,9,10,11 If the scalar cone never totally opens, i.e.,
that its exterior exists everywhere, then one may foliate the full spacetime with hypersurfaces which are spacelike
with respect to both G μν and g μν , and it is impossible to inﬂuence one’s past without assuming a non-trivial
topology. The only subtlety with panel (d) is that one is not allowed to use the t = 0 hypersurface as a Cauchy
surface, since it is not spacelike with respect to the scalar causal cone. The data for the scalar perturbation χ are
thus obviously constrained on this t = 0 hypersurface.
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Figure 1 – Possible relative orientations of two causal cones, in a coordinate system such that the grey cone with
solid lines appears at ±45◦ . We do not plot the equivalent conﬁgurations exchanging left and right, and do not
consider the limiting cases where some characteristics coincide. In our discussion of k-essence in Sec. 2.1, we
assume that the grey cone is deﬁned by g μν , while the dashed (blue) one is deﬁned by the eﬀective metric G μν in
which spin-0 degrees of freedom propagate.

stable, because of the standard theorem recalled at the beginning of the Introduction: It cannot
decay toward another state without violating energy conservation. Since panels (a) and (d)
correspond to strictly the same solutions as (b) and (c), merely seen by a moving observer,
they must therefore also describe stable cases, in spite of the unboundedness by below of the
Hamiltonian.
Before explaining the deep reason why such cases are indeed stable, in Sec. 2.2 below, we
may already draw conclusions from our argument above: If there exists a coordinate system in
which the Hamiltonian density is bounded by below, then the standard theorem implies that
the solution is stable —even if it is unbounded by below in other coordinate systems. In terms
of the spacetime diagrams of Fig. 1, stability means thus that all causal cones should have a
common interior (intersection of the grey and blue cones), where a new time axis may be chosen,
and also a common exterior (white region in Fig. 1), where a new spatial x axis may be deﬁned.
As discussed above, panels (a) and (b) are thus equivalent, as well as (c) and (d), and they all
describe stable cases.
The same reasoning shows that all four panels (e)–(h) also correspond to stable solutions:
There always exists a coordinate system (not necessarily obtained by a mere boost) bringing
them to the case of panel (e), where the time axis is timelike with respect to all causal cones,
and the x axis is spacelike, so that the Hamiltonian density, Eq. 2, becomes positive. This
second row of Fig. 1 is interesting for two reasons. First, it illustrates the unusual situation
in which the two metrics g μν and G μν cannot be simultaneously diagonalized. We know that
two quadratic forms can always be simultaneously diagonalized when at least one of them is
positive (or negative) deﬁnite, but here both metrics have a hyperbolic signature. In this second
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row, one of the scalar’s characteristics is within the grey cone, and the other one outside it,
therefore no coordinate transformation can bring them to a symmetric conﬁguration like those
of panels (b), (c), (j) or (k). The second instructive point is about panel (h): The time axis
is spacelike with respect to the scalar causal cone, while the x axis is timelike with respect to
this blue cone. Therefore, the contribution of the scalar degree of freedom to the Hamiltonian
density, Eq. 2, is always negative in this coordinate system. On the other hand, usual matter
ﬁelds minimally coupled to gμν give a positive contribution to the Hamiltonian density, since
the grey causal cone has a standard orientation with respect to the coordinate axes. Panel (h)
corresponds thus to a situation in which the Hamiltonian density is the sum of a negative (scalar)
contribution and a positive (matter) one. One may thus be tempted to naively conclude that
this solution should decay into an inﬁnite number of negative-energy scalar modes, compensated
by an inﬁnite number of positive-energy matter ones. However, there exists another coordinate
system, in which the time axis is chosen in the intersection of the grey and blue cones, and the
x axis in the white region outside both of them, such that the total Hamiltonian (of matter plus
the scalar ﬁeld) is bounded by below. The standard theorem therefore implies that this solution
must be stable, and we shall better understand why in Sec. 2.2.
The last row of Fig. 1, panels (i)–(l), describes the unstable cases. The two metrics can be
simultaneously diagonalized by a coordinate change, transforming panel (i) into (j) and (l) into
(k). But in the (t, x) subspace of this ﬁgure, panels (j) and (k) correspond to opposite signatures
of the two metrics g μν and G μν : One is (−, +) and the second (+, −). Therefore, the scalar
degree of freedom behaves as a ghost in this (t, x) subspace, and the solution will indeed decay
into an inﬁnite amount of negative-energy scalar modes compensated by positive-energy matter
ones. For this last row of Fig. 1, there does not exist any coordinate system in which the total
Hamiltonian density (of matter plus the scalar ﬁeld) is bounded by below.
2.2

Conserved quantities

Let us now explain why some solutions may be stable in spite of their unbounded Hamiltonian
density —including in the worst case of panel (h). The reason is that energy is not the only
conserved quantity. Since Lagrangian L2 (deﬁned above Eq. 1) is a scalar, it is invariant under
time and space translations, therefore there exist four Noether currents
−Tμν ≡

δL2
∂μ χ − δμν L2 ,
δ(∂ν χ)

(4)

where μ speciﬁes which current is considered and ν denotes its components. When integrating
their conservation equation ∂0 Tμ0 + ∂i Tμi = 0 (here written in ﬂat spacetime to simplify) over
a large spatial volume V containing the whole physical system, the spatial derivatives become
vanishing boundary terms, and one 
gets the standard conservation laws for total energy and
momentum, ∂t Pμ = 0, with Pμ ≡ − V Tμ0 d3 x. For μ = 0, the energy density −T00 coincides
with Eq. (2). As shown above, even if one starts from a positive value of −T00 in a coordinate
system corresponding to panels (b), (c) or (e) of Fig. 1, the total energy P0 = (∂xμ /∂x0 )Pμ
may become negative in another coordinate system —corresponding to panels (a), (d), (f),
(g) or (h). But all four quantities Pλ are anyway conserved, in this new coordinate system,
and it happens that there exists a linear combination of them which is bounded by below.
Indeed, P0 = (∂xλ /∂x0 )Pλ gives precisely the positive energy which was computed in the initial
coordinate system of panels (b), (c) or (e). In conclusion, when the Hamiltonian density is not
bounded by below, there may anyway exist a linear combination of the four conserved Noether
currents which is bounded by below, and its existence suﬃces to ensure stability —for the same
reason as in the standard theorem recalled at the beginning of the Introduction. This conserved
and bounded-by-below quantity actually coincides with the Hamiltonian computed in a “good”
coordinate system, such that time is timelike and space spacelike with respect to all causal cones,
consistently with our conclusions of Sec. 2.1.

204

2.3

Stability criterion

The eight stable cases (a)–(h) of Fig. 1 may be translated as conditions on the components of
the eﬀective metric G μν . In the (t, x) subspace of this ﬁgure, and in a coordinate system such
that gμν = diag(−1, 1), one ﬁnds that stability requires
D ≡ G 00 G xx − G 0x
G 00 < G xx

and/or

!2

<0

|G 00 + G xx | < 2|G 0x |

(hyperbolicity),

(5)

(existence of consistent
time and space coordinates).

(6)

This means that the oﬀ-diagonal component G 0x should be large enough. For instance, if
0 < G 00 < G xx , then Eq. 5 implies than G 0x is large enough to ensure the existence of a coordinate system in which time is timelike and space spacelike with respect to all causal cones.
But if 0 < G xx < G 00 , then Eq. 6 implies that |G 0x | must be even larger, namely greater than
the arithmetical mean 12 |G 00 + G xx |, known to be always greater than the geometrical mean
√
G 00 G xx entering Eq. 5. By contrast, the positivity of the Hamiltonian, Eq. 2, would need
G 00 < 0 and G xx > 0, which is much more restrictive than Eqs. 5-6 above, and does not depend at all on G 0x . This shows that some stable solutions may have been wrongly discarded in
the recent literature.2,3,4,5 Actually, some of these references chose to replace the positivity of
the Hamiltonian by the “necessary” condition G 00 G xx < 0. But contrary to the hyperbolicity
condition, Eq. 5, this inequality is obviously coordinate-dependent: As illustrated in Sec. 2.1,
diﬀerent observers may ﬁnd opposite signs for the product G 00 G xx , whereas stability is a physical
statement which should be coordinate-independent.
To simplify, the second line of the above stability conditions, Eq. 6, has been written in a
speciﬁc coordinate system such that gμν = diag(−1, 1). It may of course be generalized to an
arbitrary coordinate system, but it is more useful to express it in a covariant way. We found1
that the necessary and suﬃcient conditions for stability are the following. First, all metrics (here
gμν and Gμν , but there may exist more for other degrees of freedom) should be of hyperbolic
mostly-plus signature. This generalizes Eq. 5 above. Second, there should exist at least one
contravariant vector U μ and one covariant vector uμ (generically not related to each other by
raising or lowering their index with any of the metrics) such that
gμν U μ U ν < 0,
μν

g uμ uν < 0,

Gμν U μ U ν < 0,

...

(7)

G μν uμ uν < 0,

...

(8)

for all metrics (where we recall that Gμν denotes the inverse of G μν ). Equation 7 implies the
existence of a common interior to all causal cones, where a “good” time axis may be chosen,
namely dx0 in the direction of U μ . Equation 8 expresses the existence of a spatial hypersurface
exterior to all causal cones, deﬁned by uμ dxμ = 0, where “good” spatial coordinates may be
chosen. Finally, the positivity of the Hamiltonian density in such a good coordinate system may
be covariantly written as
(9)
Tμν U μ uν ≥ 0,
where Tμν denotes the total energy-momentum tensor for all ﬁelds.
Equations 7–9 actually generalize the “Weak Energy Condition” of general relativity. When
there exists only one metric gμν to which all ﬁelds are minimally coupled, and thereby a single
causal cone for all degrees of freedom, one may of course choose uμ = gμν U ν , and Eq. 9 becomes
the standard condition Tμν U μ U ν ≥ 0 for any timelike vector U μ . Note that even in general
relativity, the single causal cone deﬁned by gμν may be oriented like the dashed blue cones of
Fig. 1. For instance, in the interior of a Schwarzschild black hole, Schwarzschild coordinates
deﬁne the time axis outside the causal cone —similarly to the blue cone of panels (j) or (k).
More generally, any coordinate system is allowed in general relativity, even if the time axis is
outside the causal cone and/or some spatial axes within it. In such cases, it is well-known that
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the Hamiltonian density −T00 is not positive, but that the correct stability criterion involves the
contraction Tμν U μ U ν with a timelike vector U μ (i.e., such that gμν U μ U ν < 0). Our conclusions
above are straightforward generalizations: One should never trust coordinate-dependent reasonings, and the Hamiltonian density does depend on the coordinate system, since it is not a scalar
quantity.
As an example, let us quote the theoretical constraints imposed by the above stability
conditions, Eqs. 5-6 or Eqs. 7–9, on k-essence theories (deﬁned above Eq. 1). One recovers
those which have been derived several times in the literature with various viewpoints.6,7,8,9,10,11
One needs f  (X) > 0 and 2Xf  (X) + f  (X) > 0, whatever the direction of the gradient ∇μ ϕ
(timelike, spacelike or null). This imposes in particular that there exists a common spacelike
exterior to both causal cones (deﬁned by gμν and Gμν ), where one may specify initial data. Note
that there is no constraint on f  (X) alone, and therefore that both infraluminal [panels (a) or
(b) of Fig. 1] and superluminal cases [panels (c) or (d)] are allowed.
3

Stable black hole in a Horndeski theory

A better illustration of the above stability criterion is provided by a simple Horndeski theory,12
deﬁned by the action
 
√
(10)
S=
ζ(R − 2Λbare ) − η (∂μ ϕ)2 + β Gμν ∂μ ϕ∂ν ϕ −g d4 x,
where R is the scalar curvature of the metric gμν (to which all matter ﬁelds are assumed to be
minimally coupled), Gμν is its Einstein tensor (not to be confused with the eﬀective metric G μν
of Eq. 1), Λbare denotes a bare cosmological constant, and ζ, η, β are constant parameters. This
theory admits an exact Schwarzschild-de Sitter solution of the form13
!
dr2
+ r2 dθ2 + sin2 θ dφ2 ,
A(r)
η
2Gm Λeﬀ 2
with Λeﬀ = − ,
−
r ,
A(r) = 1 −
r
3
β


 
1 − A(r)
η + β Λbare
dr , with q 2 =
ζ.
ϕ=q t−
A(r)
ηβ
ds2 = −A(r) dt2 +

(11)
(12)
(13)

Its interesting property is that the observable cosmological constant Λeﬀ , entering the line element ds2 through Eq. 12, is not the bare one of action Eq. 10, but an eﬀective one which
may be small enough to be consistent with observation even if Λbare is huge (for instance the
square of the Planck mass, or even larger). In the present model, Λeﬀ does not even depend
at all on Λbare , but only on the two kinetic terms deﬁning the dynamics of the scalar ﬁeld ϕ
in Eq. 10. This is a particularly nice example of what is called “self-tuning”:b The scalar ﬁeld
automatically adjusts itself so that its energy-momentum tensor Tμν almost perfectly balances
the vacuum energy Λbare gμν entering Einstein’s equations, in order to let a tiny observable one
Λeﬀ gμν .
To analyze the stability of such a solution, we need to extract the eﬀective metrics in which
spin-0 and spin-2 perturbations propagate. The most eﬃcient method would be to ﬁnd a change
of variables diagonalizing their kinetic terms, i.e., what is called the “Einstein frame”. The
procedure is well-known for standard (Jordan-Fierz-Brans-Dicke) scalar-tensor theories or f (R)
theories, and this was also achieved for the quadratic plus cubic Galileon model,15 but we did not
ﬁnd any covariant change of variables separating the degrees of freedom in the present theory.
We have thus studied perturbations by decomposing them on spherical harmonics.2,1
b
It was later shown14 that such a self-tuning can be achieved in basically all Horndeski and beyond-Horndeski
theories, provided the action contains at least two of the six possible terms deﬁning the scalar’s dynamics.
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Figure 2 – Matter (solid grey), graviton (dotted red) and scalar (dashed blue) causal cones in the exact
Schwarzschild-de Sitter solution of Eqs. 11–13, for parameters β = −1 and ζ = Λbare = 2η = 1 in Planck
units. Static Schwarzschild coordinates are used, but the time axis has been rescaled so that the grey cone (deﬁned by gμν ) appears at ±45◦ . The successive panels correspond to situations from close to the black-hole horizon
at the top-left, to close to the cosmological horizon at the bottom-right.

Odd-parity perturbations necessarily correspond to the spin-2 degree of freedom, and we fully
agree with the analytical results previously derived in the literature.2 However, the conclusion
of this reference was that this solution is always unstable, because the product G 00 G rr becomes
positive close enough to the black-hole horizon (see our discussion below Eq. 6). Instead of
writing a heavy analytical expression for this product, let us plot the causal cones in Fig. 2.
The dotted red ones represent the graviton causal cone we are presently discussing. The fact
that G 00 G rr becomes positive is vividly illustrated by the top-left panel: The time axis gets
out of this red cone. However, it is also clear that one may choose another time axis within
this graviton causal cone (which happens to be itself inside the matter causal conec ), and the
perturbation Hamiltonian will become positive in this new coordinate system. Therefore, there
is actually no instability caused by the gravitons. It is also easy to check on Fig. 2 that at any
distance from the black hole, there always exist a common interior and a common exterior to the
matter and graviton causal cones. Actually, note that the graviton cone is also very tilted near
the cosmological horizon (bottom-right panel). Therefore, the same argument as the literature2
about the sign of G 00 G rr would have also concluded that the solution must be unstable. But
this is again a coordinate artifact, caused here by the static Schwarzschild coordinates used
in this ﬁgure. If one used Friedmann-Lemaı̂tre-Robertson-Walker coordinates instead, the red
(graviton) cone would remain thinner than the grey (matter) one, close to the cosmological
horizon, but it would be perfectly centered and the time axis would be inside it.
To prove stability, we also need to study spin-0 perturbations. In order to extract the eﬀective
metric in which they propagate, we focused on the  = 0 (spherically symmetric) even-parity
modes, which can only describe a scalar degree of freedom. We found1 that the scalar cone has
c
See our published articles1 for a modiﬁcation (in the beyond-Horndeski class of theories) of the model of the
present Sec. 3, in which the matter and graviton causal cones exactly coincide everywhere.
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a consistent orientation with the matter and graviton cones (i.e., both a common interior and a
common exterior) if and only if
either η > 0, β < 0

and

or η < 0, β > 0

and

Λbare
η
< − < Λbare ,
3
β
η
Λbare < − < 3Λbare .
β

(14)
(15)

Since Eq. 12 tells us that Λeﬀ = −η/β, these conditions actually prove that self-tuning is impossible in the model of Eq. 10: The observed cosmological constant Λeﬀ can never be negligible
with respect to the bare one Λbare , otherwise the solution is unstable. However, this model and
its solution are experimentally viable if Λbare is assumed to be small enough, like in general relativity, and Fig. 2 illustrates that it is stable when Eq. 14 is satisﬁed. Indeed the scalar (dashed
blue) causal cone remains everywhere consistent with the matter and graviton causal cones. It is
diﬃcult to see what happens near the black-hole horizon, because this scalar causal cone opens
almost totally. This is again an coordinate artifact, because we chose to plot the matter (grey)
cone at ±45◦ . This matter cone actually becomes inﬁnitely thin near the black-hole horizon, in
Schwarzschild coordinates, and our rescaling of the time coordinate in Fig. 2 is thus responsible
for the wide opening of the scalar (blue) cone. But its exterior always exists, and there is thus
always a common exterior to all three causal cones, where one may specify initial data.
4

Conclusions

The main message of this presentation is that a Hamiltonian density which is unbounded from
below does not always imply an instability. Indeed, the 3-momentum is also conserved, and
it may be linearly combined with the energy to give a bounded-by-below quantity —which
actually coincides with the Hamiltonian computed in another coordinate system. The simplest
way to analyze the stability of a solution is to plot the causal cones of all degrees of freedom:
There should exist both a common interior and a common exterior spacelike hypersurface. This
stability criterion may be expressed as a generalization of the Weak Energy Condition of general
relativity, now encompassing the case of several causal cones. Finally, we illustrated this criterion
by showing that an exact Schwarzschild-de Sitter solution of a Horndeski theory is stable for a
given range of its parameters, contrary to a claim in the literature.
References
1. E. Babichev, C. Charmousis, G. Esposito-Farèse and A. Lehébel, Phys. Rev. Lett. 120,
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14. E. Babichev and G. Esposito-Farèse, Phys. Rev. D 95, 024020 (2017).
15. E. Babichev and G. Esposito-Farèse, Phys. Rev. D 87, 044032 (2013).
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Nonlocal generalization of Galilean theories and gravity
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In this talk we propose a wider class of symmetries including the Galilean shift symmetry as
a subclass. We will show how to construct ghost-free nonlocal actions, consisting of inﬁnite
derivative operators, which are invariant under such symmetries, but whose functional form
is not simply given by exponentials of entire functions. Motivated by this, we will consider
the case of a scalar ﬁeld and discuss the pole structure of the propagator which has inﬁnitely
many complex conjugate poles, but satisﬁes the tree-level unitarity. We will also consider
the possibility to construct UV complete Galilean theories by showing how the ultraviolet
behavior of loop integrals can be ameliorated. These new nonlocal models can be seen as
an inﬁnite derivative generalization of Lee-Wick theories and open a new branch of nonlocal
theories.

1

Introduction

Back in the ﬁfties, when the renormalizability of quantum electrodynamics was still not totally
established, physicists were also trying to improve the ultraviolet (UV) behavior of the loop integrals by introducing nonlocal form factors in the Lagrangians. It was observed that integrals
could be made more convergent by using non-polynomial diﬀerential operators, and inﬁnite order derivative actions with such form factors were also studied from a pure mathematical and
axiomatic point of view. However, only in the last three decades inﬁnite derivative models have
aroused much interest and have been widely investigated. Important results have been found especially in the context of string-ﬁeld theory and p-adic string, and for quadratic (in the curvature)
theories of gravity around Minkowski, deSitter (dS) and anti-deSitter (AdS) backgrounds.
In this talk, our aim is to understand if there exist nonlocal actions which exhibit some
special symmetries. In particular, we will ask whether we can enlarge the Galilean symmetry 1 ,
∂μ φ −→ ∂μ φ + bμ , which is typical of theories with some speciﬁc derivative self-interactions
and is often taken as a fundamental guiding principle to construct and constrain the interaction
Lagrangians in both ﬂat and curved backgrounds. A very interesting aspect of higher derivative
theories with Galilean symmetry is that the ﬁeld equations are second order in the derivatives,
thus no instabilities arise. However, we now wish to generalize to actions with derivatives of
inﬁnite order. The content of this talk is completely based on the paper 2 .
2

Enlarging the Galilean symmetry: from local to nonlocal operators

It is often very important to ask what kind of transformations leave a Lagrangian (action) invariant, especially in order to ﬁnd symmetries and conserved quantities. In particular, we are
a

speaker
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interested here in the Galilean shift symmetry in the Minkowski spacetime, deﬁned by the following transformation:
(1)
φ(x) −→ φ(x) + bμ xμ + a,
where {bμ , a} are ﬁve constant parameters which generate the whole Galilean symmetry.
In order to satisfy the Galilean shift symmetry in Eq. (1), we need to construct other nonlocal
operators which are diﬀerent from the ones already known in the literature. Further note that
the following nonlocal operator is also invariant under the Galilean transformation:


∞



 n
1
2
− 2
O1 φ ≡ e−/Ms − 1 φ =
φ.
(2)
n!
Ms
n=1

We now wish to ask the following question - is there any function ψ(x), such that the transformation φ(x) −→ φ(x) + ψ(x), leaves invariant the nonlocal operator
but not the
 in Eq.(2),
2
local one? Or, in other words, can we ﬁnd a function ψ(x) such that e−/Ms − 1 ψ = 0, but
ψ = 0?
Let us ﬁnd a larger class of solutions which are eigenfunctions of the diﬀerential operator
2
e−/Ms with eigenvalue equal to one,


2
2
e−/Ms − 1 ψ(x) = 0 ⇐⇒ e−/Ms ψ(x) = ψ(x),
(3)
and such that ψ(x) = 0. We can write
2

2

e−/Ms = e−/Ms +i2πk ≡ eθ2 ,
where we have now deﬁned
θ2 := −


+ i2πk.
Ms2

We can show that the solutions of the diﬀerential equation θ2 ψ(x) = 0 are given by:

√
√
√
B 
μ
μ
μ
ψk (x) = √ e(1+i) πkMs cμ x − e−(1+i) πkMs cμ x + ae−(1+i) πkMs cμ x ,
k
where c2 ≡ cμ cμ = 1. In the limit k → 0 we obtain:
√
lim ψk (x) = 2(1 + i)B πMs cμ xμ + a ≡ bμ xμ + a,
k→0

(4)
(5)

(6)

(7)

√
which recovers the Galilean shift symmetry in Eqs.(1),
with bμ ≡ 2(1 + i)B πMs cμ , where the

√
μ
integration constant can be also written as B = bμ b /(2(1 + i) πMs ). Hence, we can enlarge
the Galilean shift symmetry, which now becomes a subclass of a wider class described by the
following family of parameters:
(8)
{a, bμ , k} .
Thus, the Galilean transformations correspond to the subfamily {a, bμ , 0} . In other words, the
Galilean shift symmetry turns out to be a subclass (k = 0) of this larger symmetry which is
expressed in terms of the following ﬁeld transformation:
φ(x) −→ φ(x) + ψk (x).
3
3.1

(9)

A nonlocal model with inﬁnite complex conjugate poles
Nonlocal propagator

In this subsection, we will consider the simplest action possessing the symmetry in Eq.(9) and
only work with a kinetic term, as we are mainly interested in computing the propagator. Such a
kinetic action is



M2
2
S1 = − s
(10)
d4 xφ e−/Ms − 1 φ,
2
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which, in the local limit, recovers the Klein-Gordon action for a massless scalar ﬁeld. The bare
propagator is deﬁned as the inverse of the kinetic operator, and in momentum space it is given
by
1
!.
(11)
Π(p) = 2 p2 /M 2
s − 1
Ms e
Note that the pole structure of the propagator is more complicated than the local one; besides
the usual real massless pole at p2 = 0, we now have an inﬁnite number of complex conjugate poles.
Indeed, the denominator in Eq.(11) vanishes for
p2 = i2πMs2 k ⇐⇒ p0 = ±



p2 − i2πMs2 k,

(12)

where k is an integer number: k = 0 corresponds to the only real massless pole, while each value
of k = 0 is associated with two complex poles, whose conjugates are the ones corresponding to the
opposite integer −k. The propagator has no essential singularities at inﬁnity which, in principle
allow us to deﬁne a Wick rotation from Minkowski to Euclidean space and vice-versa.
3.2

Unitarity with inﬁnite complex conjugate poles

The unitarity condition of the S-matrix reads S † S = 1, which, by writing S = 1 + iT, can also be
expressed as 2Im {T } = T † T . Here the last equation represents the so called optical theorem. One
of the implication of the optical theorem is that the imaginary part of any amplitude T can not be
negative. For instance, in the case of a tree-level amplitude with constant three-vertex interaction,
it requires the imaginary part of the propagator to satisfy the inequality: Im {Π(p)} ≥ 0.
We obtain the nonlocal propagator in Eq.(11) expressed in partial decomposition:
Π(p) =

e−p

2 /2M 2
s

p2

+ e−p

2 /2M 2
s

∞


(−1)k

k=1



1
1
+
p2 + i2πMs2 k p2 − i2πMs2 k


.

(13)

Therefore, we have been able to explicitly isolate all the poles of the propagators. The ﬁrst term
corresponds to the real massless pole, p2 = 0, while the second term takes into account of all
the inﬁnite complex conjugate poles, p2 = ±i2πMs2 k with k = 0. It is now easy to compute its
imaginary part:
"
Im {Π(p)} = Im

2

2

e−p /2Ms
p2 − i

#

2

=

2

e−p /2Ms
= πδ (4) (p2 ) > 0,
p4 + 2

(14)

where in the last step we have taken the limit → 0. Thus, the inﬁnite complex poles do not
contribute to the imaginary part of the propagator, and it is due to the fact that they appear in
conjugate pairs. This implies that the propagator in Eqs.(11,13) satisﬁes the tree-level unitarity
condition.
3.3

Ultraviolet behavior

Nonlocal generalizations of Galilean theories can avoid any ghost degrees of freedom, not only
at the tree-level but also when quantum loop corrections are taken into account, due to their
improved UV behavior. As an example, we can consider the following nonlocal model:




2
d4 xφ e−/Ms − 1 φ




/Ms2 − 1
/Ms2 − 1



e
e
3
M
2
−λ s
d4 x e/Ms − 1 φ
∂μ φ
∂ μ φ,
2



S= −

Ms2
2
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(15)

where λ is a dimensionless coupling constant. The corresponding Feynman rules in Euclidean
space are given by the nonlocal propagator Π(k) in Eq.(11) and by the following three-vertex:
 2 2
 2 2
 2 2

V (k1 , k2 , k3 ) = λMs3 e−k1 /Ms − 1 e−k2 /Ms − 1 e−k3 /Ms − 1


(16)
k1 · k 2 k 1 · k 3 k 2 · k3
×
+ 2 2 + 2 2 .
2
2
k1 k2
k1 k3
k2 k3
The presence of the exponentials in both propagator and interaction vertex ameliorates the UV
behavior of the theory not only at the tree-level but also at higher loop orders. From power counting arguments we can easily understand how loop integrals will behave: since both propagator
and vertices are exponentially suppressed at high energy, the UV behavior of the loop integrals is
2
2
generally governed by e(−I−3V )k /Ms , where I is the number of internal propagators and V counts
the number of vertices. However, there can be cases in which one of the three momenta in the
vertex is external and two are integrated as part of the loop, so in this case we get the upper
bound for the superﬁcial degree of divergence which is given by
D = −I − 2V.

(17)

Note that D is always negative, which is a good hint in favor of the ﬁniteness of loop integrals
for the model in Eq.(15).
4

Summary

In this talk we have introduced a new nonlocal model motivated by a symmetry principle. We
have noticed that by working with nonlocal actions it is possible to enlarge the Galilean shift
symmetry. Indeed, we have found a new class of transformations, φ −→ φ + ψk (see Eq.(9)),
under which our nonlocal actions are invariant, and such a wider class includes the Galilean shift
symmetry as a subclass, for k = 0. For a scalar ﬁeld we have constructed some possible actions
which respect such a symmetry, and studied the corresponding ﬁeld equation and propagator. The
pole structure of the propagator turns out to be more complicated; indeed, besides the massless
pole of the local theory, we have also an inﬁnite number of complex conjugate poles which, in
principle, may spoil unitarity. However, we have noticed that all the inﬁnite complex poles do not
contribute to the imaginary part of the propagator, so that unitarity turns out to be preserved
at the tree-level. We have good hints that the optical theorem holds at all orders in perturbation
theory, but further investigations will be subject of future works. Our new nonlocal model can
be seen as an inﬁnite derivative generalization of Lee-Wick theories, as we have propagators with
pairs of conjugate poles which are not ﬁnite in number, but inﬁnite.
In the framework of nonlocal theories, the requirement of using exponentials of entire functions
seemed to be fundamental in order to avoid ghost-modes in higher derivative gravity. Very
interestingly, we have been able to enlarge the class of nonlocal form factors which make the
propagator ghost-free, without restricting ourself to functions f (p) which are equal to exponential
of entire functions.
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Analytic Inﬁnite Derivative (AID) gravity to resolve the Black Hole (BH)
singularities
A.S. KOSHELEV
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Rua Marquês d’Avila e Bolama 6200-001 Covilhã, Portugal
We brieﬂy convey the results of 1 which lead to no singular solutions of a BH type, common
in Einstein’s General Relativity (GR) as long as AID gravity is considered. To simplify the
presentation further citations are omitted and readers are suggested to follow 1 and references
therein.

1

Introduction and Summary

Since Einstein’s work, the theory of GR has been subjected to many experimental tests, and each
one of them have shown an exemplary agreement between the observations and the theoretical
predictions in the infrared (IR) regime, i.e. at large distances and late times. Even the recent
detection of gravitational waves emission due to the merging of binaries have shown an excellent
matching with the theory.
However, despite its great achievements, there are still open questions, which strongly suggest
that GR is incomplete in the ultraviolet (UV) regime, for example cosmological and blackhole
singularities at the classical level persist, and the non-renormalizability at the quantum level is
still a hard problem to tackle. There is also an apparently simpler question that still needs to be
answered - to what extent do we know the gravitational interaction at short distances? Indeed,
the 1/r-fall of the Newtonian potential has been tested only up to distances of the order of 10
micrometers, in torsion balance experiments. In terms of energy, it means that our knowledge
of the gravitational interaction is limited only up to 0.01eV (in Natural Units  = 1 = c). The
extrapolation of Einstein’s gravity all the way up to the Planck scale, Mp ∼ 1019 GeV, in the
abyss of more than 30 order of magnitude, is indeed a mere speculation.
Over the past years, one of the most straightforward attempts to generalize the EinsteinHilbert action was to introduce higher order derivatives through quadratic terms in the curvature, like R2 , Rμν Rμν , Rμνρσ Rμνρσ . It was shown recently that such a quadratic action turns
out to be power-counting renormalizable in 4 dimensions but, unfortunately, it is also happened
to be a non-unitary theory, because of the presence of a spin-2 ghost as a dynamical degree of
freedom. Such a conﬂict between the renormalizability and the unitarity seemed to be impossible to overcome, and was a crucial signal against the possibility to formulate a consistent theory
of quantum gravity at the perturbative level. Of course, the aforementioned result is strongly
based on local gravitational action, but what happens if we were to give up locality?
Recently, it has been noticed that the diatribe between renormalizability and unitarity can be
potentially resolved by considering a non-local action, where non-locality is introduced through
form-factors containing inﬁnite order covariant derivatives. The authors were also able to formulate a ghost-free condition in order to preserve the tree-level unitarity, emphasizing the need
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of inﬁnite covariant derivatives in order to avoid ghost-like degrees of freedom in the physical
massless, transverse and traceless graviton spectrum for Minkowski and (anti-)de Sitter backgrounds. In particular, they have also shown that the presence of inﬁnite covariant derivative
form-factors can also improve the short-distance behavior and solve problems like cosmological
singularities, and singularity of the Newtonian potential. It was argued that the presence of
inﬁnite order derivatives can resolve the singularity for astrophysical collapsing objects due to
the non-local smearing of the space-time and of the weakening of the gravitational interaction at
short distances. The dynamical avoidance of blackhole singularity (and an absence of a trapped
surface) has been studied by Frolov and co-authors, and Frolov has also conjectured the possibility of a mass-gap in the context of ghost-free inﬁnite derivative gravity. Indeed, we have been
able to show that at the linear level, the Kretschmann invariant is non-singular and the metric
in the non-local regime asymptotes to a conformally-ﬂat in the static background.
Recently, a non-static, Kerr-type solution has also been constructed, but without a ring
singularity in the ghost-free inﬁnite derivative gravity. Furthermore, resolution of curvature
singularity in membranes have also been studied. At a quantum level inﬁnite derivative formfactors can ameliorate the non-local behavior of the theory.
Given all these exciting results in this ﬁeld of research, there have been attempts to address
the full non-linear, non-local ﬁeld equations for the ghost-free inﬁnite derivative theory of gravity.
Only this year two very interesting results have been obtained. It has been argued that the metric
solution like Schwarzschild is not a vacuum solution for the inﬁnite derivative gravity, and that
the Kasner type anisotropic metric has been shown to be not a solution for the full vacuum ﬁeld
equations of the inﬁnite derivative gravity.
It is worth mentioning here that, strictly speaking, the Schwarzschild metric solves Einstein’s
equations in the vacuum everywhere except at the origin r = 0, where one has to impose a
boundary condition by introducing a Dirac delta source, which is governed by the mass of the
blackhole. The Birkhoﬀ’s theorem guarantees that a unique static and spherically symmetric
metric solution can be obtained in this case.
To bring in details, the most general quadratic action allowed by general covariance, parityinvariant and torsion-free, was constructed around maximally symmetric space-times and it is
given by
S = SEH +Sq
√
1
=
d4 x −g [R + αc (RF1 (s )R + Rμν F2 (s )Rμν + Cμνρσ F3 (s )C μνρσ )] ,
16πG

(1)

where SEH is the Einstein-Hilbert action, and Sq takes into account of all the quadratic terms in
the curvature which would play a crucial role in the non-local regime; s ≡ /Ms2 , where  =
gμν ∇μ ∇ν is the d’Alambertian operator, and we adopt the mostly positive metric convention
(−, +, +, +). G = 1/Mp2 is Newton’s constant, while the coupling constant αc ∼ 1/Ms2 is
dimensionfull and it is related to the parameter Ms , which represents the scale of non-locality.
The gravitational interactions become non-local in the region r ≤ 1/Ms , and for momenta;
pμ pμ ≥ Ms2 . Indeed in the IR, we recover the Einstein-Hilbert action, for /Ms → 0.
The gravitational form-factors Fi s are reminiscence to any massless theory which has derivative interaction, and they are analytic function of s , which can be recast in terms of an inﬁnite
series:
∞

fi,n ns .
(2)
Fi (s ) =
n=0

By analyzing the perturbative spectrum of the action in Eq.(1) around maximally symmetric
backgrounds, it turns out that in order to avoid tachyonic-like instabilities and ghost-like degrees
of freedom, and thus to preserve the tree-level unitarity, one has to demand the form-factors
Fi (s ) to be expressed in terms of exponential of an entire function. This is due to the fact that
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exponential of an entire function does not have any zeroes in the ﬁnite complex plane, therefore
no new poles arise in the graviton propagator.
To give a hint why inﬁnitely many derivatives are way diﬀerent from any ﬁnite number of
derivatives in an equation, especially with a δ-source, let us employ the Fourier transform to
yield:


x2
1
1
1
2
2
2
eα∂x δ(x) = √ eα∂x dkeikx = √
dke−αk eikx = √ e− 4α ,
(3)
2π
2π
2α
which is manifestly a regular function with a non-point support.
We see that the crucial feature of non-locality is given by the fact that inﬁnite derivatives
smear out a point-like delta source, implying in the sequel that the Schwarzchild metric cannot
be a solution for the inﬁnite derivative gravity.
We will make a simple but potent argument to show when the term Sq is relevant and
dominates compared to the Einstein-Hilbert contribution, SEH . Since, we are dealing with
a static geometry, let us introduce a characteristic length scale L, so that one has dx ∼ L
and ∂x ∼ 1/L; in the same way all curvature tensors will scale as R ∼ 1/L2 . Thus, the two
contributions in Eq.(1) will scale as
SEH ∼ Mp2



√
d4 x −gR ∼ Mp2 L2 ,

Sq ∼ Mp2



Mp2
√
d4 x −g αc [RF1 (s )R + · · ·] ∼ 2 . (4)
Ms

Note that the quadratic curvature part of the action is scale invariant, and the only characteristic
length scale is determined by 1/Ms , where Ms  Mp . The action in the non-local regime
virtually has no scales, which in a way suggests that any physical solution in this regime should
be also scale invariant. The full gravitational action will be roughly given by:
S ∼ Mp2 L2 +



Mp2
1
2 2
=
M
L
1
+
.
p
Ms2
Ms2 L2

(5)

Note that for characteristic scales larger than the scale of non-locality, L  1/Ms , the term
Sq is negligible, i.e. we are in the IR regime where the Einstein-Hilbert term dominates in the
gravitational action, which indeed preserves all the good properties of GR in the IR. While in
the limit L  1/Ms , the inﬁnite derivative quadratic curvature term is now no longer negligible,
and dominates the full action, Sq  SEH .
In the Einstein-Hilbert action the vacuum solution yields a Schwarzschild-like geometry
with a Dirac delta source distribution at r = 0, with a Schwarzschild horizon at rsch = 2Gm,
where m is the source mass of the blackhole. For r > 2Gm, the metric potential is 2|φ(r)| =
2Gm/r < 1, and treated as a perturbative solution, while for r < 2Gm, the metric potential
increases and blows up at r = 0, where the Kretschmann invariant also shows a singular behavior.
Deﬁnitely, the gravitational potential gets modiﬁed and becomes bigger than one for r < 2GM ,
in spite of the fact that the curvature remains tiny everywhere near the horizon, for astrophysical
blackholes. In the Schwarzschild metric, indeed the horizon marks the demarcation between
perturbative and non-perturbative aspects. So far there are no experimental evidences for the
presence or the absence of an event horizon in astrophysical blackholes; the LIGO-VIRGO data
cannot conclusively say the presence of an event horizon yet.
Given all these facts, we would have to determine what should be the value of L at which
we would expect non-local interactions to dominate, i.e. Sq  SEH ? From a physical point of
view, if we demand that the relevant contribution due to Sq becomes dominant at length scales
of the order of the Schwarzschild radius, i.e. L ∼ 2Gm, then the relation in Eq.(5) becomes
4m2
S∼
Mp2



Mp4
1+
4Ms2 m2

215


,

(6)

therefore, when Sq dominates over the Einstein-Hilbert term, then it yields the following relation
2mMs < Mp2 ⇐⇒ rsch <

2
.
Ms

(7)

Physically, it means that at a characteristic scale L ∼ rsch the Sq part of the action in Eq.(1)
plays a crucial role only if the non-local region engulfs the Schwarzschild radius, i.e.
rN L ∼ 2/Ms > rsch .

(8)

This is indeed an interesting length scale, because rN L ∼ 2/Ms has appeared before purely from
the linear considerations. Previously, it was shown that for r > rN L ∼ 2/Ms , the gravitational
metric potential would follow strictly GR’s predictions, i.e. 1/r-fall of the Newtonian potential,
see this discussion below. Note that, in fact we can take m → ∞ and Ms → 0, and we would still
satisfy the above bound Eq.(7). This means that we can consider supermassive astrophysical
blackholes with billion times solar mass, i.e. mass m > 106 × 1033 ∼ 1039 grams, and we can
still be bounded by Eq.(7) as long as Ms < 10−8 eV. Is it possible to realize such a small Ms ?
Is this scale Ms a ﬁxed number? The answer is no! This depends on the physical system and
the interactions. In the case of blackholes, which can be seen as a bound-state made up √
of N
gravitons, the fundamental scale of non-locality can shift towards the IR, by Ms → Ms / N ..
Indeed, if the photon is probing this region with momentum greater than 10−8 eV, the photon
interaction with the astrophysical object has to be dealt in the framework of non-local quantum
ﬁeld theory. The photon does not see a local graviton, and a conventional space-time. The details
ought to be worked out and we leave some of these calculations for future studies. Furthermore,
the above condition Eq.(7) also ensures that the energy density of the non-local, non-singular
compact system with rN L ∼ 2/Ms is always bounded below the Planckian energy density:
ρ ∼ mMs3 < Ms2 Mp2 < Mp4 ,

(9)

which is violated in Einstein’s GR at r = 0, as compared to inﬁnite derivative gravity, where
locality is lost within rN L ∼ 2/Ms > rsch .
Indeed, the above analysis does not assume any linearity of the action, it merely demands
that at scales of the order of the Schwarzschild radius, i.e. L ∼ rsch = 2Gm, the inﬁnite derivative part of the gravitational action will only dominate over the Einstein-Hilbert contribution,
provided that the scale of non-locality is larger than that of the Schwarzschild radius, irrespective
of the mass, m, of the source. Indeed, this is a non-perturbative statement, which we would
expect to hold true in all regimes, both linear and non-linear. Moreover, within this region the
energy density of the system is always bounded below the Planckian energy density. This is
indeed one of the most desirable physical expectation in 4 dimensions that we can never ever
exceed the Planckian energy density in any kind of physical experiment, including the death of
any star!
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Quasilocal Smarr relation in an asymptotically ﬂat spacetimes
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Smarr relation is extended by using Euler’s theorem to a quasilocal frame, which is associated with Tolman temperature, for n-dimensional spherical symmetric and asymptotically
ﬂat spacetimes. To utilize the Euler’s theorem for quasilocal black hole thermodynamics, the
quasilocal energy and boundary surface pressure are computed from the Brown-York method,
and the entropy in a quasilocal frame is obtained by deﬁning the quasilocal free energy via
Euclidean formulation. In which, the quasilocal entropy is resulted the same as the BekensteinHawking entropy. We also examine our quasilocal Smarr relation with n-dimensional charged
black hole spacetimes.

1

Introduction

Smarr relation 1 is initially found to calculate the gravitational energy for a rotating black
hole. In the study, black holes’ mass is simply expressed in the bilinear form of the black
hole variables by applying Euler’s theorem. Later, imposing the concept of the temperature
and entropy to black holes 2,3,4 , the variational form of the Smarr relation is interpreted as the
thermodynamic ﬁrst law of black hole in comparison with the ﬁrst law of the thermodynamics.
Thus to completely and properly characterize the thermodynamic properties of black holes it
is important to check the Smarr relation of the system and its variational form, which is the
ﬁrst law of the black hole thermodynamics. Furthermore to describe the black holes in a ﬁnite
domain the Tolman temperature and the quasilocal formula should be used. The ﬁrst law of
black hole thermodynamics in a quasilocal frame has been studied, but its Smarr relation is not
explored yet. In this paper, we aim to ﬁnd Smarr relation in a quasilocal frame.
2
2.1

Quasilocal Formulations
Quasilocal quantities

The Hawking temperature is deﬁned with the timelike Killing vector ﬁeld which has unit norm
at inﬁnity. In an asymptotically ﬂat spacetimes, this means that the Hawking temperature is

217

the one measured by an observer located at inﬁnity. Thus if an observer is placed at the ﬁnite
domain diﬀerent temperature will be measured. This is known as Tolman temperature and
deﬁned as
1
1 κ
THawking =
(1)
TTolman =
N (R)
N (R) 2π
where κ is the surface gravity and N (R) is a red-shift factor. To associate this local temperature with other thermodynamic variables, quasilocal thermodynamic quantities should be
deﬁned accordingly such as quasilocal energy, quasilocal electric potential and so on. To compute the quasilocal variables, we here use Brown and York’s 5 formula along with Mann-Marolf
counterterm 6 as follows
Iremormailzed = IEH + IGH + IMM-counterterm .

(2)

The renormalised gravity action yields the boundary stress energy-momentum tensor as
τ ab = √

2 δIcl
2
= (π ab − π̂ ab )
κ
−h δhab

(3)

where Icl is the on-shell action of Iremormailzed . πab = Kab − Khab and π̂ab = K̂ab − K̂hab , where
K̂ is the solution of the MM-counterterm. This produces a quasilocal energy density , proper
momentum surface density jA and boundary stress sAB
≡ ua ub τ ab ,

jA ≡ −σAa ub τ ab ,

sAB ≡ σaA σbB τ ab .

(4)

where ua is a timelike normal vector ﬁeld, σAB is an induced metric on the hypersurface B. In
n-dimensional spacetime, the quasilocal energy and the surface pressure are deﬁned by

√
1
E=
dn−2 x σε,
P =
(5)
τab σ ab
(n − 2)
B
where σ ab is the pull-back of σ AB .
For the charged case 7 , the electric potential measured by an observer with a four velocity
uμobs is given by
$r h
$
1
Aobs = Aμ uμobs =
(6)
Φ(r)$$
N (R)
R
where N (R) is the lapse function and A is the electric potential measured by the observer at
inﬁnity
A = (Φ(r), 0, 0, · · · , 0).
(7)
The total electric charge Q which is conﬁned inside of an event horizon is deﬁned as

Q = ∗F

(8)

where F = dA. The total charge is independent of r at the end, but the electric potential
changes depending on the position of observers.
Now we argue about black hole entropy in a quasilocal frame by using the Euclidean formulation. Black hole thermodynamics can be understood by a path integral method in quantum
ﬁeld theory at ﬁnite temperature where Euclidean action is used by doing a Wick rotation
τ → it from the Lorentzian one. Taking the saddle point approximation, the classical Euclidean
solutions of the Einstein equations dominate the path integral. Then the free energy is written
as
F = −T log Z ∼ T IE,(rh ,∞) .
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(9)

Since we are interested in a quasilocal frame with a ﬁnite domain of r = R, we deﬁne a quasilocal
free energy as
FR ≡ TR IE,(rh ,R) .

(10)

of R,
Here the Euclidean action IE is integrated from the black hole horizon
 to a ﬁnite distance

μ
ξμ(t) = −gtt (R) =
and accordingly the Euclidean time integration is also adjusted by −ξ(t)
N (R), which is identiﬁed with the Tolman temperature. For a charged black hole case the free
energy is yielded as
FR ≡ E − ΦR Q − TR S.

(11)

Notice that in a quasilocal frame a new term P dA was introduced in the ﬁrst law of thermodynamics, but is not present in the free energy expression. From (11) the entropy in a quasilocal
frame can be obtained by
FR − (E − ΦR Q)
.
(12)
S=−
TR
We found that (12) is just the same as the Bekenstein-Hawking entropy in our examples.
2.2

Quasilocal Smarr relation

Eulers theorem on homogeneous functions is used to obtain the Smarr relation. Eulers theorem
states that if a function f (x, y, z) obeys the scaling relation
f (αp x, αq y, αk z) = αr f (x, y, z),


then it satisﬁes
rf (x, y, z) = p

∂f
∂x




x+q

∂f
∂y




y+k

(13)
∂f
∂z


z.

(14)

Bringing this theorem into charged black hole systems in a quasilocal frame, the quasilocal
variables have scaling dimensions such as
E ∝ [L]n−3 ,

S ∝ [L]n−2 ,

A ∝ [L]n−2 ,

Q ∝ [L]n−3 ,

(15)

where A = ωn−2 Rn−2 is a quasilocal surface. Then Eulerian theorem yields the relation as
follows






∂E
∂E
∂E
(n − 3)E =(n − 2)
S + (n − 3)
Q − (n − 2)
A
(16)
∂S
∂Q
∂A
(17)
=(n − 2)TR S + (n − 3)ΦR Q − (n − 2)P A
which is the n-dimensional quasilocal Smarr relation.
3

Thermodynamics in a Quasilocal Frame

Let us consider a higher dimensional charged black hole with the metric ansatz
ds2 = −N (r)2 dt2 + f (r)2 dr2 + r2 dΩn−2 .

(18)

Solving the Einstein equation, we obtain metric functions and the electric potential
N (r) =

1
=
f (r)

1−

μ
rn−3

+

q2

r

,
2(n−3)
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Φ(r) = ±



q
1 n−2
q
−
8π n − 3 rn−3 rhn−3

(19)

where the regularity condition is imposed at the black hole horizon for the electric potential.
Tolman temperature at r = R and the total electric charge are directly computed as
2(n−3)

TR =

− q2
1 (n − 3) rh
,
2(n−3)
N (R) 4πrh
r
h

Q=±

(n − 2)(n − 3)
qωn−2 .
8π

(20)

To construct the renormalized gravity action, the Mann-Marolf counterterm is used and
their solutions are taken up to the ﬁrst sub-leading order of r. Then the boundary stress
energy-momentum tensor, the energy density and surface pressure are computed along with the
quasilocal electric potential at r = R. These are written as






μ
(n − 3)
(n − 2)
1
1−
P =
−
1
(21)
E=
ωn−2 Rn−3 1 − N (R) ,
8π
8πR N (R)
2Rn−3


q
1 n−2
1
q
ΦR = ±
.
(22)
−
N (R) 8π n − 3 rhn−3 Rn−3
n−2
When taking R to inﬁnity we obtain E ≈ (n−2)ω
μ which agrees with one in the previous
16π
result 8 . The quasilocal free energy from (10) is

 2





1
q
ωn−2
q2
2q 2
(n − 3)
n−3
FR =
−
μ
−
−
+
(n
−
2)R
1
−
N
(R)
(23)
8π N (R) Rn−3 rhn−3
2N (R)
Rn−3

and the entropy (12) is computed as
FR − (E − ΦR Q)
= ωn−2 rhn−2 .
(24)
TR
These thermodynamic variables exactly satisﬁes the ﬁrst law of thermodynamics and the Smarr
relation in (17)
S=−

dE = TR dS − P dA + ΦR Q,
4

E=

n−2
n−2
TR S −
P A + ΦR Q.
n−3
n−3

(25)

Summary

Quasilocal Smarr relation is found in n-dimensional asymptotically ﬂat spacetimes by using
Euler’s theorem. In order to do so, Brwon-York’s quasilocal formalism with the Mann-Marolf
counterterm is used to calculate the quasilocal energy, and quasilocal free energy is deﬁned by
the Euclidean formulation to obtain a quasilocal entropy. Our quasilocal Smarr relation was
tested with the higher dimensional charged black hole solution.
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SEARCHING FOR NEW PHYSICS WITH PRECISION LOW
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Major unsolved problems in physics include the nature of Dark Matter, Dark Energy and
the uniﬁcation of Quantum Mechanics with General Relativity to determine a uniﬁed theory
of Quantum Gravity. At the University of Western Australia we are undertaking a series
of low temperature precision experiments to search for new physics that could shed light on
these important problems. These experiments include measurements with photons, phonons
and spins as well as hybridised quasi-particles. In this article the research program and
experimental result to date are summarised.

1

Some Tools for Precision Measurements

At the University of Western Australia, the Frequency and Quantum Metrology research group
within the Department of Physics has a rich history of developing precision tools for both fundamental physics and industrial applications. This includes the development of high-Q resonant
photonic cavities based on whispering gallery modes,1 layered Bragg structures,2–6 low loss
crystals7 and re-entrant cavities.8–10 These types of cavities have been used in a range of applications, including highly stable low noise classical11–16 and atomic17, 18 oscillators, low noise
readout and measurement systems,19–21 high sensitivity displacement sensors,22, 23 high precision
electron spin resonance spectroscopy,24, 25 high precision precision measurement of material properties26–28 and high-Q hybrid quantum systems strongly coupled to form quasi-particles.29–32
Over the years we have applied these precision measurement tools and techniques to testing
core aspects of fundamental physics, such as searches for Lorentz invariance violations in the
photon, phonon and gravity sectors,33–40 variations in fundamental constants41–43 and searching for ultra-light dark matter (ULDM) and weakly interacting sub-eV particle (WISP) dark
matter.44–52 We have also studied modiﬁed Maxwell’s equations and as a result have developed
new experiments to test for Lorentz invariance violations,34 dark matter axions44–48, 53 and hidden sector photons.49–52 We continue to follow this tradition and recently gained funding to
apply our expertise to new directions in fundamental physics with particular focus on detecting
ULDMs and axions.
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2

Searching for Axion Dark Matter with Precision Measurement

In general, the physics community is searching for two types of dark matter, Weakly Interacting Massive Particles (WIMPs) and the low mass particles. The former are typically large
mass or high energy (order of 100 GeV), which requires large-scale well-funded mega-projects.
However, recent null results from direct detection experiments including LUX and SuperCDMS,
along with the failure to produce evidence of supersymmetry in the Large Hadron Collider have
cast doubts on the simplest WIMP hypothesis.54, 55 In contrast, WISP experiments search for
lighter mass particles of 1eV or lower, allowing more ”table-top” type low-energy high-precision
experiments. These factors have seen a renaissance in experiments to search for axions, ALPs
and ULDMs in the laboratory. Experiments are gaining momentum around the world with
recent funded proposals searching for interactions with Standard Model particles. For example,
current funded experimental programs include; ADMX (1 − 10μeV photon interaction),56, 57
ADMX-HF58 (10 − 40μeV photon interaction), ARIADNE (1μeV − 1meV nuclear spin interaction),59 ABRACADABRA (10−14 − 10−6 eV magnetometer),60 CASPRr Electric, CASPEr
Wind (10−9 − 1μeV via nuclear spin interactions),61 QUAX62 (200μeV electron spin interaction), CULTASK (20μeV photon interactions),63 MADMAX(40μeV −400μeV )64 and ﬁnally our
experiment at UWA, the Oscillating Resonant Group AxioN, ORGAN(60μeV − 210μeV ), which
recently completed a path ﬁnding run46 and has been funded with a new dilution refrigerator
and 14 T magnet. It has also been suggested that successful detection could lead to a whole
new era of ”axion astronomy”,65 with further suggestions of varied axion signals shapes from
a class of galaxies encompassing the Milky Way.66 Furthermore a recent proposal highlights
that axion sensitivity may be enhanced through a network of detectors positioned around the
world.67 This network of detectors would detect streaming dark matter axions, whose ﬂux might
get temporarily enormously enhanced due to gravitational lensing. This may occur if the Sun,
Moon or some planet is found along the direction of a DM stream propagating towards the
Earth location.66 The UWA program is the only such eﬀort in the Southern Hemisphere and is
uniquely positioned to take full advantage of its location.
2.1

Photon-Cavities

The current most common way to search for galactic halo dark matter axions is the Sikivie haloscope technique68 pioneered by ADMX.56, 57 In a typical detector, the particles interact with the
DC magnetic ﬁeld, or virtual photons, to produce real photons whose frequency corresponds to
the mass of the axions. This scheme employs one or several tuneable microwave cavities, serving
as resonant antennas, with the output coupled to the lowest noise ampliﬁers so generated photons may be detected as sensitively as possible. Along these lines, we are currently constructing
ORGAN at UWA.46 The goal of ORGAN is to search for the range of masses proposed by the
SMASH model.69 The experiment will operate in a new dedicated BlueFors-XLD1000 dilution
refrigerator with a base temperature of 7mK and a 14T superconducting solenoid. Both have
been ordered and will arrive in October 2019. Cavity research and development builds on our
work on tunable super-mode dielectric resonators.44 These resonators can be designed to have
scan rates improved by 1 to 2 orders of magnitude over traditionally tuned haloscope resonators.
Another alternative is to utilise RF, microwave or optical ﬁelds instead of static ones. Indeed,
the Primakoﬀ process works equally well with real photons instead of virtual ones.70 Prior work
has considered a single pumped cavity as a source of real photons, which interact with axions
to generate a small signal in the orthogonal polarized mode. Our approach is totally new, we
consider pumping both polarizations (AC scheme). Despite the similarity between the DC and
AC detection schemes, they belong to a diﬀerent class of detectors. Since virtual photons or
static ﬁelds carry no phase, the Sikivie detectors belong to the class of phase insensitive systems.
On the other hand, the AC scheme considered here relies on pumping signals carrying relative
phase as well as separate phases relative to the axion signal. Thus, the detected signal as well as
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the overall result would have a footprint of these phases. This fact draws analogies with existing
ampliﬁes that can be grouped into DC (phase insensitive) ampliﬁers, where energy is drawn
from static power supply, and parametric (phase sensitive) ampliﬁers, where energy comes from
oscillating ﬁelds. The second type gives more freedom allowing improved ampliﬁcation/detection
schemes based on quadrature squeezing. Thus, we have expanded investigations into a novel
class of axion detectors employing the phase sensitive approach.71
We have studied axion electrodynamics for this case and made the following discoveries.
The two-mode axion electrodynamics predicts interaction with axions of two diﬀerent masses:
1) A high-mass axion, where the mass is down-converted to two photons of lower energy and
the sum frequency, ω2 + ω1 , is equal to the axion mass. 2) A low-mass axion, where the mass is
up-converted to two photons of higher energy and the diﬀerence frequency, ω2 − ω1 , is equal to
the axion mass. This means this new technique can scan two mass ranges at once, in completely
diﬀerent mass ranges to traditional haloscope experiments. In the advent of detection, one
needs to determine if the axion comes from the higher or lower mass range, but this would be
almost trivial to verify. A simple version of this experiment is a cylindrical cavity excited with
a TE and TM mode simultaneously, with a tuning plunger changing the length of the cavity.
The frequency of the TE mode will tune but the TM mode would not allowing both sum and
diﬀerence frequencies to be tuned. Two high power oscillators can be conﬁgured and a sensitive
experiment can be set up by using cross correlation to measure the correlated phase or amplitude
signals in both oscillators. Perturbations in the oscillators phase, amplitude and frequency will
occur if an axion exists at either the sum or diﬀerence frequencies.
By implementing modiﬁed axion electrodynamics53 we have also investigated using the induced electric ﬁeld as a broadband low mass detector for axions.72 For such an experiment an
electric sensor such as a capacitor with the plates aligned perpendicular to an applied Bz ﬁeld
from a solenoid connected to a low noise ampliﬁer cooled to low temperatures that becomes a
sensitive detector. Due to the Primakoﬀ eﬀect the mass of the axion will generate an oscillating
electric ﬁeld in the capacitor at the equivalent frequency, and the voltage across it will induce
a current in the SQUID ampliﬁer readout. We assume a broadband capacitive measurement
from 1kHz to 1M Hz (4 × 10−12 to 4 × 10−9 eV), only limited by SQUID in terms of mass
range. For these calculations we make the following assumptions: 1) Axions comprise the dark
matter halo (0.45GeV /cm3 ). 2) Axion eﬀective quality factor is 106 (generally accepted due to
Doppler shifts induced by the Earth’s
motion through the galaxy). 3) The SQUID rms current
√
ﬂuctuation noise ﬂoor is 0.5pA/ Hz. The diameter of the capacitor is order 10cm (size of the
magnet bore). Preliminary results constrain gaγγ >∼ 2.35 × 10−12 GeV −1 in the mass range of
2.08 × 10−11 to 2.2 × 10−11 eV, and demonstrate potential sensitivity to axion-like dark matter
with masses in the range of 10−12 to 10−8 eV.72
2.2

Magnon-Photon Polaritons

Searching for axions through coupling with electron spins was ﬁrst proposed in 1985 by Kraus
et al.73 They showed that DFSZ axions would interact with aligned electrons and act as a
catalyst for axion-photon conversion, unlike KSVZ axions, which are insensitive to spin interactions. This led to proposed schemes using magnons,74 which have a higher density of oscillating
electron spins than any other system, 1028 /m3 . Interactions with axions change the eﬀective
magnetization and can be treated as an eﬀective magnetic ﬁeld oscillating at a frequency related
to the mass of the axion. This allows an easily tuneable system to be engineered to scan diﬀerent
values of axion mass, as the bulk ferromagnetic resonance, or Kittle mode in a magnetic sphere
may be easily tuned by a DC magnetic ﬁeld. Recently this experiment was revived, with a
current proposal and ﬁrst measurement, which utilises more modern technology.62, 75 Because it
is possible that axions interact with spins rather than photons it is imperative that we develop
experiments to test both interactions, which will also help determine the correct axion model.
At UWA we have signiﬁcant experience working with ferri/ferromagnetic systems at low tem-
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peratures29–31 as it is possible to engineer a huge dispersive regime over tens of GHz with the
UWA design29–32 avoiding mechanical tuning of the resonant frequency, required for the photon
haloscope experiments. This is achieved through ultra-strong coupling between the photon and
the magnon to create a cavity-magnon polariton, recently we have engineered such a system
to enhance the bandwidth of a ferromagnetic haloscope,76 setting ﬁrst laboratory limits on the
axion-electron coupling strength of gaγγ > 3.7 × 10−9 in the range 33.79μeV< ma < 33.94μeV
with 95% conﬁdence.
3
3.1

Searching For Lorentz Invariance Violations
Photon-Cavities

We have built continuously operating cryogenic sapphire oscillators at UWA15, 77 with frequency
stability of parts in 1016 , and are based on very high-Q whispering gallery modes propogating
in a low loss cylindrical sapphire crystal. Two co-rotating systems with the resonators set in
an orthogonal way, have put the best limits on some photon sector coeﬃcients.35 Data from
the experiment was analysed for Lorentz invariance violations (LIV) with a sensitivity > 100
times than previous results. This work is unequivocally the most sensitive lab test of LIV of the
photon ever undertaken at parts in 1018 for even parity coeﬃcients, parts in 1014 for odd parity
coeﬃcients, and parts in 1010 for the scalar coeﬃcient.35 We have also put new limits on higher
order LIV photon sector coeﬃcients from an asymmetric optical ring resonator experiment.36
Research at UWA continues into improving cryogenic sapphire oscillator technology. We
identiﬁed current limitation due to power sensitivities and we have identiﬁed ways to further
improve these oscillators.77 It is our goal in this research program to obtain a further signiﬁcant
improvement, which would beneﬁt clock technology and future tests on fundamental physics.
3.2

Phonon-Cavities

Quartz Bulk Acoustic Wave (BAW) resonators have a higher Q · f product than any other
acoustic system currently available.78–81 Thus, we have previously implemented such oscillators
for a high precision test of Lorentz Invariance.37 The ﬁrst experiment utilised oscillators inferior
to the best available, and we have began a second generation of Lorentz Invariance experiment
based on the best available oscillators with technological improvements in the rotation set up.82
In this experiment, room temperature oscillators with state-of-the-art phase noise are continuously compared on a platform that rotates at a rate of order of a cycle per second. Improvements
in noise measurement techniques, data acquisition, and data processing have been made and are
detailed in.82 Preliminary results of the second generation of such tests indicate that standard
model extension coeﬃcients in the matter sector can be measured at a precision of order 10−16
GeV after taking a year’s worth of data. This is equivalent to an improvement of two orders of
magnitude over the prior acoustic phonon sector experiment.37 Currently the experiment has
been running for nearly a year, and soon in the future we will put limits on SME coeﬃcients in
the non-minimal and higher dimensional matter sector.
4

Macroscopic Acoustic Oscillators to Test Fundamental Physics

Rather than oscillators as discussed previously, macroscopic acoustic oscillators with a low noise
readout also make good test beds for many fundamental physics tests. The original high precision
measurement of this type was the resonant-mass gravitational wave detector.83 Since this time
the quantum information discipline has further pushed this technology and there have been
many other ideas and systems proposed. Such systems can now operate at the quantum limit
and surpass this limit in sensitivity. In particular we have built such experiments based on
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high-Q modes in sapphire84 and quartz79 and we are using such set ups to also test quantum
gravity.85
4.1

Search for High Frequency Gravity Waves

For this experiment we harness phonons by implementing phonon-trapping BAW resonator
technology.86 Extremely sensitive experiments are possible due to the extremely high Q-factors
at cryogenic temperatures, Q ≈ 1010 , for frequencies ranging from 5 MHz to nearly a GHz, which
is beyond the capability of any other technology. We have shown that a new highly sensitive
GW search is possible over this frequency range, where no prior search has been undertaken
before. The experiment consists of a BAW resonator coupled to a SQUID ampliﬁer, with two
independent cryogen-free cooled experiments initially at 4K.79 Two independent systems are
needed to look for the signal correlations necessary to conﬁrm the existence of GWs, in a similar
way that the two LIGO detectors operate. Furthermore, we propose in the future to have two
BAW resonators oriented orthogonally in each experiment, so we can reject spurious signals
originating from within each cryogen free system, this will reduce the background and improve
detection conﬁdence.
This is a low cost experiment, with high potential gain and no risk. A ﬁrst-detection would
be of major scientiﬁc importance and a null result will still attract large interest, as there are a
number of theoretical predictions for astrophysical and cosmological objects at these frequencies,
which this experiment can either verify or √
rule out.86 The aim is to do the ﬁrst search in a 4
K environment with sensitivity of 10 − 21/ Hz per mode (in the future a more sensitive mK
experiment is possible).
4.2

Search for Scalar Dark matter

The same set up to search for GWs is also sensitive to scalar dark mater, as shown by Arvanitaki
et al, ”Sound of Dark Matter: Searching for Light Scalars with Resonant-Mass Detectors”.87
Scalar ﬁelds called moduli determine the ﬁne-structure constant and electron mass in string
theory. They show that our quartz GW experiment can put limits dark matter if it takes on
the form of such a light modulus, and will oscillates with a frequency equal to its mass and
amplitude determined by the local dark-matter density. This translates into an oscillation of
the size of a solid that can be observed by resonant-mass GW antennas, and hence the phonon
modes in quartz BAW resonators. The data analysis required to put limits on such oscillations,
is very similar to searching for a coherent source of GWs.
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Ph. Laurent, P. Rosenbusch, D. Rovera, and G. Santarelli. Testing local position and
fundamental constant invariance due to periodic gravitational and boost using long-term
comparison of the syrte atomic fountains and h-masers. Phys. Rev. D, 87:122004, Jun
2013.
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A stronger early-universe magnetic ﬁeld yields a greater likelihood of production of about
1
20 new domains of size H
, with H the early-universe Hubble constant, per Planck time
interval in evolution. This leads to statements as to the value of α in a gravitational potential
−α
proportional to r .

1

Introduction

We ﬁrst recall that the scale factor is aﬀected by the NLED paradigm which in fact also is
linked to the idea of ‘self-reproduction’,1 which is a diﬀerent way to outline how this aﬀects the
evolution of density in the early universe leading to an equation for setting the value of α in
a gravitational potential proportional to r−α . This α has real and complex values, unlike the
Newtonian real value. That is, the problem of the α in a gravitational potential proportional to
r−α .
To review this, we can use the following treatment of the Klein Gordon equation,1 which we
write as
ϕ̈k + 3H ϕ̇k +

k2
ϕk = 0,
a2

ϕk ≈

Hτ
√
2k

1+

1
ikτ

!

e−ikτ ,

−Ht

and τ = − e H

(1)

Here, k is the value of wave number, and H is assumed, in the early universe, to be a
constant. The net result is that k = 2π
λ , with λ proportional to the ‘width’ of a would-be
preuniverse ‘bubble’ in place of a singularity,1 and also that one would have, for a constant H,
at this time
H=

8πG
κ
· ρ − 2,
3
a

(2)

where ρ = energy density and κ = curvature. Further,1
H≈

8πG
·
3

V (ϕ) −

Chaotic inﬂation uses that V (ϕ) ≈

ϕ̇2
ϕ̇2
⇔
=
2
2

k2
a2




3
κ
· 2 + V (ϕ) − ρ,
8πG a

· ϕ2 , the time derivative is
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d
dτ ,

(3)

and varphi = ϕk and,

if so,
k2
16
3 κ
ϕ̇2
+ ϕ2 − c1 B 4 ≈ ΔE
(4)
=
2
8πG a2 a2 k
3
The last line of Eq. 4 states that, if we apply it to the Pre-Planckian-to-Planckian regime,
there will be a change in the energy, We then will call this shift in energy, as equivalent to a
change in kinetic energy.
$ &
% $
$

$
$
3 κ
k 2 2 16
c2 $$
$
4$
ψ ≈ ψ $r · ∇ VPE ≈ α $ ψ ,
ψ $$ΔE ≈
(5)
+
ϕ
−
B
c
1
k
$
2
2
8πG a
a
3
r
In pre-Planckian-to-Planckian space time, we will approximate, in the instant before time is
initialized, formally, the mean-value theorem with the results that we obtain
3 κ
k2
16
α
α
α
16
3 κ
k2
+ 2 ϕ2k − c1 B 4 ≈ − α ≡ − α ⇔ α ≈ c1 B 4 −
− 2 ϕ2k .
2
2
8πG a
a
3
r
l
l
3
8πG a
a

(6)

Here, the magnetic ﬁeld would be determined in part by the value of B. The scale factor α
is given. ϕk is given by Eq. 6. This shows in part that α is no longer strictly real valued, but is
strongly inﬂuence by the input from ϕk , which has real and imaginary components. What we
should endeavour for through judicious application of Eq. 6 is to remove dependence upon the
smallness of the third mass, and to examine if this can still, with a nontrivial third mass, recover
still much of the stability analysis. Later, at an appropriate time this question in terms of a
serious application of the value of Eq. 6 will be pursued, Secondly, Valtonen and Karttunen 2 , in
the section give on page 154, entitled 6.4 Orbital changes in encounters with planets, which is a
restricted three-body problem, is frequently used as the interaction of say comets (comparatively
small mass) with a planet, circulating the Sun: two massive bodies and a third small body. This
usually gives parameters for a hyperbolic orbit for a comet. This is meant to be in tandem with
results as far as self-reproduction of structure given 3 .
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On-shell methods have revitalized interest in scattering amplitudes which have, in turn, shed
some much needed light on the structure of quantum ﬁeld theories. These developments have
been warmly embraced by the particle physics community. Less so in the astrophyical and
cosmological contexts. As part of an eﬀort to address this imbalance, we illustrate these
methods by revisiting two classic problems in gravity: gravitational light-bending and the
vDVZ discontinuity of massive gravity.

1

Introduction

The detection of gravitational waves by LIGO in 2017 has stimulated renewed interest in the
calculation of observables in gravitational theories. However, in perturbative gravity this can be a
cumbersome endeavour. Treating GR as a QFT can help, since classical aspects of gravity can be
extracted directly from the scattering amplitudes in the  −→ 0 limit. However, the traditional
computational device - Feynman diagrams - comes with much tedious baggage; namely that we
demand gauge freedom and locality be manifest at every intermediate step. This doesn’t help
where gravity is concerned. For example, the (oﬀ-shell) GR three-point alone is infamously 171
terms long. In the last two decades, on-shell methods have revolutionised the computation of
scattering amplitudes. Key to this program is the idea that the S-matrix ought to be computable
using only physical information gained from asymptotic states. This same principle – and onshell methods – can be applied to gravitational phenomena, introducing incredible simplicity
and yielding some remarkable new results.

2

On-Shell Methods and BCFW Recursion

Tree-level scattering amplitudes can be almost completely determined from their analytic properties, Poincaré invariance, dimensional analysis and a little complex analysis. Indeed, locality
dictates that these amplitudes have simple poles in p2 . By complexifying the external momenta
we can use Cauchy’s theorem to build up n-point amplitudes from one basic building block:
the on-shell three-point amplitude. This, in turn, is ﬁxed entirely by dimensional analysis (in
4D, three-points are required to have mass dimension 1) and the knowledge of how amplitudes
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should transform under the little group. BCFW recursion hinges on the fact that tree amplitudes are singular on-shell and behave as ∼ 1/P̂ 2 . Shifting the external momenta into the
complex plane Pi −→ Pi + zηi produces a simple pole in z. The amplitude, A(z) is now rational
functions of z which submits to Cauchy’s theorem. Knowing only the poles and residues we can

1
write, An = i
AL (zib ) 2 AR (zib ). Amazingly, we can build any tree level amplitude from
Pib
zib h
on-shell 3-point + poles! In pictures,
=

1/z

We can use symmetry to ﬁx three-points uniquely, using our knowledge of the little group:
pμi −→ Lμν pνi = pμi . Using little group adapted variables (i.e. noting that SO(1, 3)  SL(2, C)),
we note that amplitudes transform under U (1) and SU (2) respectively. Together with dimensional analysis, these results allow for the unique (up to a coupling constant) construction of
on-shell three-point amplitudes for any spin. Remarkably, this means that n-point tree-level
amplitudes involving massless particles of spin s ≤ 2 can be built entirely without the baggage
of a Lagrangian, ﬁeld redeﬁnitions or gauge symmetry (modulo some technicalities).
3

Gravitational Light-bending

A key prediction of GR is the classical deﬂection of light due to a massive body, like a star or
black hole. As a scattering problem, we can think of this simply as the deﬂection of a massless
particle by a massive one, mediated by a graviton.

=

+

+

···

Computing these via the usual Feynman diagram method is possible, but using the BCFW
recursion relations one can choose the complex shifts in such a way that the all the information
of the interaction is contained in the diagram with the scalar propagator 1 . This makes the
computation of the amplitude trivial as we only need the on-shell three points M3 [10 , 2−1 , P 0 ],
M3 [30 , 4−1 , P 0 ] and the scalar propagator. Constructing the relevant three-points using symmetry arguments and BCFW, we ﬁnd that the amplitude is given by
−2
A4 [1+1 , 2−1 , 3, 4] = A[1+ , 2̂− , P̂12
]

1
κ2 2| p4 |1]2
+2
A[−P̂12
, 3̂, 4] =
.
2
2
4
P12
P12

To compare this with the classical result, we need to take the appropriate limits of the amplitude, speciﬁcally the limit that gives the small angle approximation, in this case mφ  Eγ and
small momentum transfer t. Computing the cross-section then leads directly to the scattering
angle predicted by GR. One might ask what would happen if we were to replace the photon by
a graviton, probing how a gravitational wave might be deﬂected by a massive body. The equivalence principle demands that the bending angle ought to be the same in both cases, and yet the
amplitudes are very diﬀerent oﬀ-shell, diﬀering by 100’s of terms due to the complicated graviton
three-point function. Thankfully, it is barely any more complicated when using on-shell methods
2 1|p4 |2]4
1
and BCFW and we ﬁnd A[1+2 , 2−2 , 3, 4] = iκ
2
16
(p2 ·p3 )(p2 ·p4 ) . This is obviously a diﬀerP12
ent amplitude, but it too leads to the correct bending angle. This is because of$ the observations
$
that |A[1+2 , 2−2 , 3, 4]|2 = |A[1+1 , 2−1 , 3, 4]|2 f (s12 , s13 , s14 )2 and f (s12 , s13 , s14 )$$
 1.
t<1,mφ
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Eγ

4

The vDVZ Discontinuity Revisited

The vDVZ discontinuity manifests itself as an intriguing puzzle: classical gravity with a nonzero massive graviton does not yield the results of GR in the massless limit. Typically, this is
seen in the ﬁeld theory itself, and can be made apparent either at the level of the Lagrangian
or by computing the propagator. Observationally, this results in the light-bending angle being
rescaled by a factor of 3/4 – an extremely unwelcome addition. Can we see this purely on-shell ?
Indeed we can 2 . Compare the following amplitudes

versus

Since now we are dealing with amplitudes of massive particles, they need to have indices that
IJKL M
3,IJKL
all scalar = M3
, with
correspond to their SU (2) transformation properties. Hence, M4,t
t
IJKL
entirely ﬁxed by SU (2) and dimensional analysis. Taking
the
Newtonian
limit
of
M3


all
M4,t

scalar

we ﬁnd the potential in momentum space TfCOM
(0) =
i

not the correct Newtonian limit, so we rescale G −→ G̃ =
the photon case yields

photon−scalar
M4,t
=

3
4G

4
3

4πGm2φ
q 2

. This is however

and all seems well. Computing

$
M3IJKL M 3,IJKL
photon−scalar $$
.
= M4,t
$
t
mg =0

Including the massive graviton changes nothing in the case of photons! However, deriving the
light bending angle as before, we ﬁnd that θmg −→0 = 34 θmg =0 , manifesting the vDVZ discontinuity.

5

A Spin 3/2 Discontinuity

It is natural to wonder whether this discontinuity persists under a supersymmetry transformaion:
does a similar discontinuity exist for the massive gravitino in N = 1 SUGRA? We can again
consider comparing two diagrams, now considering the interaction of light with fermionic matter.
The two amplitudes we must compare are

versus

In both cases we keep the external fermions massive, but the scalars and photons massless. In
the graviton case, we found that the discontinuity arose due to the non-vanishing contribution
from the dilaton. In the case of the gravitino, comparing the amplitudes above, we ﬁnd a similar
result: the amplitudes involving scalars not equal in the massless limit of the Rarita-Schwinger
ﬁeld, while the amplitude involving photons is equal. This time, the discontinuity arises from
the goldstino-mode of the Rarita-Schwinger ﬁeld, i.e. the spin-1/2 mode of the gravitino. We
will explore this result in more detail in a forthcoming paper.
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The DAMNED experiment: DArk Matter from Non Equal Delays
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”DArk Matter from Non Equal Delays” (DAMNED) is a new experiment hunting for dark
matter (DM) running at Observatoire de Paris. This three arm Mach-Zender interferometer
allows us to compare an ultra-stable cavity to itself in the past through the delay created
by a multi kilometer long optical ﬁber. A massive scalar dark matter ﬁeld would be seen on
the experiment beat and we aim to constrain a new combination of the scalar ﬁeld coupling
constants.

1

Introduction

Many gravitational evidences require to introduce Dark Matter (DM) in our understanding of the
universe. DM is supposed to compose 84% of matter but its nature remains unknown. While there
has been many searches 1,2 , in the DAMNED experiment, we will focus on a massive ultralight
scalar ﬁeld theory. Such a scalar ﬁeld ϕ is associated with a mass mϕ and in presence of DM,
we expect it to be oscillating in time (see 3,4,5 , for further details). It follows an oscillation of any
fundamental constant X around the usual value X0 with a scalar ﬁeld induced oscillation thanks
to a coupling constant dX :



√
mφ c 2
8πGρDM
(1)
X (t) = X0 (1 + dX cos (ωm t)) = X0 1 + dX
cos
t
ωm c
h̄
where G is the gravitational constant, ρDM is the known DM local energy density in our galaxy
and c is the light velocity. The ﬁve fundamental constants {α,me ,mu ,mq ,ΛQCD } are linked to
ﬁve dimensionless coeﬃcients {de ,dme ,dmu ,dmd ,dg } that represent the coupling between the scalar
and standard model ﬁelds. Theses parameters are already well constrained 6 by many diﬀerents
experiments and we expect to constrain a new combination of the coupling coeﬃcients.
2

Experimental setup

The experimental setup is a three arms Mach Zender interferometer. A PoundDreverHall method
applied on the beam, travelling through an ultra-stable cavity, enables us to use a stabilized 1542nm
laser source. The beam is unevenly distributed between the three arms. Most of the power is going
through the long delay line that consists on a 50km ﬁber loop with a refractive index n = 1.5. To
perform a self-heterodyne detection, the laser frequency is shifted with the acousto-optic modulator
(AOM) located in the ﬁrst arm (where νAOM = 37MHz). Finally, the last arm is a one meter ﬁber
used as the setup reference. The beat between the AOM and the ﬁber loop arms will gives us the
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frequency diﬀerence in which we expect to see the oscillating DM ﬁeld, our setup signal. The beat
between the AOM and the short arm can be considered as the systematic eﬀect in the setup, as
the arm length is not suﬃcient to be aﬀected by DM, our setup reference.
2.1

Theoretical model

Since all matter is sensitive to the DM scalar ﬁeld 10 , we have to take into account the ﬁber delay
T (t) variation during the signal propagation and the cavity output pulsation oscilation. Then the
desynchronisation ΔΦ between the delayed and non delayed signals can be expressed as :






ΔΦ(t) = Φ0 1 + δΦ sin ωm t − ωm



T0
T0
sinc ωm
2
2



(2)

where Φ0 = ω0 T0 and δΦ is the DM signal we wish to detect. If dark matter interacts with
our setup, the power spectral density of the desynchronisation shoud reveal a peak at the ωm /2π
frequency.
2.2

Preliminary results

Preliminary results of the DAMNED experiment can
be seen in ﬁgure 1 where the power spectral density
(PSD) of the desynchronisations are shown. The
power spectral density delineate three frequency intervals. Below 10kHz, the PSD is limited by the
acoustic and thermal noises of the ﬁber links. Above
100kHz, the PSD is limited by the short term stability of the laser and cavity combination 11 . Between
10kHz and 100kHz, the PSD is only limited by the
shot noise of the photodiode.
Restricting the analysis to the [10kHz,100kHz]
interval, we can not see any peak where the signal
line is above the reference line, i.e. there is no evidence for dark matter with this experiment.
3

Figure 1 – Preliminary results.

Prospects and Conclusion

Due to some acoustic resonant eﬀect in the cavity, we can not safely put constraints on the coupling
constants for now but the DAMNED experiment will create a new combination that could be
useful to decorrelate the DM coupling parameters. There is room for improvement in our current
setup. Many parameters could increase the setup sensitivity to DM signal, such as the experiment
duration, the output signal power or the ﬁber length. This is the current work in progress.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

The XENON Collaboration, Phys. Rev. Lett. 119, 181301 (2017).
T. Damour et al., Phys. Rev. Lett. 64, 123 (1990).
A. Hees et al., Phys. Rev. Lett. 117, 061301 (2016)
T. Damour and J. F. Donoghue, Phys. Rev. D 82, 084033 (2010).
T. Damour and J. F. Donoghue, Classical Quantum Gravity 27, 202001 (2010).
A. Hees et al, Phys. Rev. D 98, 060441 (2018)
K. Van Tilburg et al., Phys. Rev. Lett. 115, 011802 (2015).
S. Schlamminger et al., Phys. Rev. Lett. 100, 041101 (2008).
G. L. Smith et al., Phys. Rev. D 61, 022001 (1999).
C. Braxmaier et al., Phys. Rev. D64, 042001 (2001).
Xie et al., Optics Letters Vol. 42, Issue 7, pp. 1217-1220 (2017).

242

DENSE QCD(-LIKE) MATTER IN STRONG MAGNETIC FIELDS
HELENA KOLEŠOVÁ
Department of Mathematics and Physics, University of Stavanger
Kjølv Egeland building, 4021 Stavanger, Norway
As recently shown, the ground state of dense QCD matter in a strong magnetic ﬁeld is an
inhomogeneous condensate of neutral pions which was named Chiral Soliton Lattice (CSL)
phase in analogy with a state present for chiral magnets. We continue this work by showing
that similar phase is present for a class of QCD-like theories which are accessible to standard
lattice Monte-Carlo simulations unlike the QCD itself which suﬀers from the notorious sign
problem if non-zero baryon chemical potential is considered. On the occasion of the Gravitation session of the Moriond conference we also comment on the possible relevance of the CSL
phase for neutron stars and gravitational wave observations.

1
1.1

Chiral Soliton Lattice Phase
QCD

Dense QCD matter was recently studied 1,2 by means of the chiral perturbation theory with
two light ﬂavours when large constant background magnetic ﬁeld is present. In such a setting
the charged pions attain large eﬀective masses and only the neutral pion remains relevant as a
low-energy degree of freedom. Due to the chiral anomaly, the neutral pion ﬁeld couples to the
magnetic ﬁeld and baryon chemical potential. The corresponding negative contribution to the
Hamiltonian density makes the conﬁgurations with non-zero gradient of the neutral pion ﬁeld
energetically preferable if the magnetic ﬁeld H and baryon chemical potential μ reach the values
as large as 2
μH ≥ 16πmπ fπ2
(1)
(here mπ and fπ are pion mass and decay constant, respectively). Interestingly, the ground state
conﬁguration then carries non-zero baryon number density nB proportional to the gradient of
the pion ﬁeld and it can be shown 2 that for baryon chemical potential within the reach of chiral
perturbation theory, nB reaches few-times nuclear saturation density, i.e., the values relevant
for the cores of neutron stars.
1.2

QCD-like theories

Unfortunately, QCD with non-zero baryon chemical potential can not be approached by standard
lattice Monte-Carlo methods due to the presence of the so-called sign problem, i.e., due to the
non-positivity of the Dirac determinant. On the other hand, it is known that for theories
with quarks in real or pseudo-real representations of the gauge group (an example of such a
theory is the so-called two-color QCD based on SU (2) gauge group with quarks in fundamental
representation) the Dirac determinant is positive even for non-zero baryon chemical potential.
This remains to be true also if strong magnetic ﬁelds are considered provided the charges of the
u- and d-quarks satisfy 3 qu = −qd .
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This class of QCD-like theories was studied 3 using eﬀective ﬁeld theory methods. In general,
the coset spaces SU (4)/SO(4) and SU (4)/Sp(4) corresponding to 9 and 5 pseudo-Goldstone
bosons have to be considered in the real and pseudo-real case, respectively; however, in strong
magnetic ﬁelds, only three neutral pseudo-Goldstone bosons remain light in both cases, namely,
the neutral pion and a neutral diquark-antidiquark pair. The real and pseudo-real theories can
be, hence, studied at once.
The Lagrangian including the Wess-Zumino-Witten term capturing the eﬀect of the chiral
anomaly was derived 4,3 , and the analysis of the corresponding Hamiltonian density suggested
that two non-trivial ground states appear. First, for μ > mπ and low magnetic ﬁelds a BoseEinstein condensate of diquarks appears. Second, above certain critical magnetic ﬁeld satisfying
Hcr ≥

8π 2 fπ2
d

(2)

(for quarks transforming in a d-dimensional representation of the color gauge group) the ground
state is a CSL-like condensate of neutral pions. Let us note that for small d (e.g., as in case
of two-color QCD), this magnetic ﬁeld may be rather large and corrections to fπ due to the
presence of magnetic ﬁeld have to be considered. In this case, our study would have to be
complemented by an input (possibly by lattice simulations) on the dependence of fπ on the
magnetic ﬁeld in order to see if the magnetic ﬁelds satisfying Eq. 2 can be reached.
2

Conclusions and outlook: Relevance for the neutron stars and GW observations

A new phase of dense QCD matter present in strong magnetic ﬁelds was described and it was
argued that similar phase can be seen also in a class of QCD-like theories which are accessible to
lattice simulations. Could, however, the CSL phase be observed in nature? As mentioned above,
the baryon densities relevant for neutron stars can be reached with moderate chemical potentials,
however, Eq. 1 implies that the magnetic ﬁeld ∼ 1019 G (for μ ∼ 900 MeV) is necessary. It was
suggested 5 that such magnetic ﬁelds could be reached in the cores of magnetars; on the other
hand, numerical studies solving the full Einstein-Maxwell equations show that for magnetic ﬁelds
∼ 1018 G the neutron star is getting a toroidal shape and static conﬁgurations do not exist any
more 6 . On the other hand, e.g., the toroidal component of the magnetic ﬁeld is not taken into
account in this kind of works or perhaps considering diﬀerent equations of state (EoS) might
change the results.
The EoS for the CSL phase can be easily derived using existing results 2 and our preliminary
investigations show that this EoS is rather stiﬀ. However, a detailed analysis of a realistic setting
(and the question if such a setting exists at all) will be a subject of further work.
As for the possible GW observations, we do not expect to ﬁnd the signatures of the CSL
phase in mergers of neutron stars since magnetars are found to be isolated starts. On the other
hand, also the neutron stars which do not have a binary companion could be studied by GW
experiments, in particular, due to the possible continuous GW signals 7 .
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Thin wall negative mass bubbles in de Sitter space-time.
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1

We consider a thin wall bubble in asymptotically de Sitter space-time. The exterior metric
corresponds to the exact negative mass Schwarzschild-de Sitter space-time while the interior
is determined by imposing that the potential for the radius of the bubble admits a stable
minimum. The interior metric requires the addition of additional energy-momentum. We
show the existence of stable thin wall negative mass bubbles in de Sitter space-time where the
required energy-momentum satisﬁes the dominant energy condition everywhere.

1

Mass in de Sitter space-time

The notion of mass in asymptotically de Sitter space-time is not as clear cut as in asymptotically
ﬂat space-times, where the ADM ? deﬁnition of the mass can be used. Asymptotically de Sitter
space-times are not asymptotically ﬂat and hence they do not have a limiting region where the
space-time is arbitrarily close to ﬂat to be able to use the ADM notion of mass. However, the
Schwarzschild-de Sitter space-time admits a time like Killing vector and the associated conserved
quantity can be interpreted as the mass. The sign of the mass is irrelevant is this analysis, both
positive and negative mass Schwarzschild-de Sitter space-times admit the conserved time like
Killing vector. Hence the notion of mass must be attributed to a local disturbance in the
background of asymptotically de Sitter space-time. A local over-density corresponds to positive
mass while a local under-density corresponds to negative mass. Thus eﬀectively, all mass in
asymptotically de Sitter space-time is simply relative mass. Our own research into negative mass
conﬁgurations which satisfy the dominant energy condition is available in these papers ?,? .
2

Thin wall bubbles

We consider the conﬁguration in Schwarzschild coordinates of a negative mass Schwarzschild-de
Sitter space-time for r > a
ds2 =


1−

2(−M + Λr3 /6)
r



−1

2(−M + Λr3 /6)
dt2 − 1 −
dr2 − r2 dΩ2 ,
r

PACS numbers: 73.40.Gk,75.45.+j,75.50.Ee,75.50.Gg,75.50.Xx,75.75.Jn
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(1)

a thin wall at r = a with stress-energy tensor of the form
Sâb̂ = diag. (σ, −ϑ, −ϑ),

(2)

and an interior metric of the form for r < a




2m− (r)
2m− (r) −1 2
ds2 = 1 −
dt2 − 1 −
dr − r2 dΩ2 .
r
r

(3)

The Israel junction conditions, which guarantee the conservation of energy-momentum across
the thin wall give the equation for energy conservation
1/2 
1/2

2M
Λa2
2m− (a)
− 1+
= 4πσa
(4)
+ ȧ2
−
+ ȧ2
1−
a
a
3
and another containing ϑ pertaining to conservation of momentum. Eqn.(4) can be written in
the form
ȧ2
+ V (a) = 0.
(5)
2
i.e. a dynamical equation for a with
⎛
⎞
2
Λa3


m
(a)
+
M
−
2
−
6
(a)
−
M
)
(m
Λa
⎜
⎟
−
V (a) = − 12 ⎝
(6)
− 1+
+
+ 4π 2 σ 2 a2 ⎠ .
16π 2 σ 2 a4
a
6
We choose the interior mass function m− (r) so that the potential Eqn.(6) has a stable minimum
at r = a, V (a) = 0, V  (a) = 0, V  (a) > 0. Furthermore we insists that the dominant energy
conditionis satisﬁed, this requires that
!
d
m− (r)r2 ≥ 0
(7)
dr
and


d m− (r)
≤0
(8)
dr
r2
and these conditions are automatically satisﬁed in the exterior.
3

Stable, thin wall negative mass solution

It is easy to numerical ﬁnd an interior mass distribution to give rise to a stable, negative mass
solution for the thin wall bubble. We present the results graphically, we ﬁnd the results shown
in Fig.(1).
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Figure 1 – (color online) The dominant energy conditions and the interior mass m− (r). All parameters rescaled
so that the bubble wall is at r = a = 1.

We see that the ﬁrst dominant energy condition Eqn.(7) denoted dec1 in the ﬁgure is positive
while the second dominant energy condition Eqn.(8) denoted dec2 in the ﬁgure is negative as is
required. Furthermore the mass function, denoted m-, is positive, which is actually a consequence
of the two dominant energy conditions. The potential admits a stable minimum at a = 1, but
this will be reported elsewhere.
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