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Jacques Dumarchez

and

Jean Trân Thanh Vân



The 56th Rencontres de Moriond

2022 Gravitation

was organized by
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• Tim Sumner (Imperial College London)

• Jean-Yves Vinet (Observatoire de la Côte d’Azur,Nice)
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2022 RENCONTRES DE MORIOND

The 56th 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 in-
teractions. 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 biol-
ogists 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 56th Rencontres de Moriond in 2022 comprised five physics sessions:

• January 23 - 30: “Cosmology”

• January 30 - February 6: “Gravitation”

• March 12 - 19: “Electroweak Interactions and Unified Theories”

• March 19 - 26: “QCD and High Energy Hadronic Interactions”

• March 19 - 26: “Very High Energy Phenomena in the Universe”
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Gravitational Waves





Gravitational wave observations from the third LIGO-Virgo observing run

S. Fairhurst on behalf of the LIGO, Virgo and KAGRA Collaborations
Gravity Exploration Institute, School of Physics and Astronomy, Cardiff University,

Cardiff, CF24 3AA, United Kingdom

Advanced LIGO and Virgo undertook three observing runs between 2015 and 2020. During
that time, a total of 90 candidate gravitational wave signals, originating from black hole and
neutron star mergers, were observed. We summarize the properties of the signals observed in
the third observing run, highlighting several of the exceptional systems. These observations
have been used to infer the population of black hole and neutron star binaries in the universe.
The population contains three clearly-identified sub-populations which are associated with
binary neutron star, black hole–neutron star and binary black hole mergers.

1 Introduction

The first observation of gravitational waves from a binary black hole (BBH) merger occurred in
September 2015 1, shortly after the beginning of the first Advanced LIGO (aLIGO) observing
run2. This was followed by additional BBH merger observations3,4 and, during the joint aLIGO–
Advanced Virgo (AdVirgo)5 second observing run (O2), the observation of a gravitational waves
from a binary neutron star (BNS) merger6, accompanied by a broad spectrum of electromagnetic
transients associated to the event 7,8. The third observing run (O3) took place from April 2019
to March 2020 and, following O3, ninety gravitational wave events, all with a probability of
astrophysical origin greater than 50%, have been presented in the third third Gravitational
Wave Transient Catalog (GWTC-3) 9,10,11. In addition, O3 saw the first observation of neutron
star–black hole binary (NSBH) mergers 12.

Using the observed set of binary merger events, it is possible to infer the astrophysical popu-
lation of neutron star (NS) and black hole (BH) binaries. This requires a careful consideration of
observational selection effects, most notably the fact that gravitational waves from more massive
binaries can be detected to a much greater distance than those from low mass binaries. Now
that we have observed BBH, NSBH and BNS, it is possible to infer the population of binary
mergers with component masses from 1 to 100M⊙. A detailed analysis of the inferred binary
population has been presented in 13,14. The observed gravitational wave events can also be used
to constrain cosmological models 15, perform precision tests of general relativity 16 and look for
evidence of lensing in gravitational wave signals 17.

2 Gravitational wave observations in O3

The sensitivities of the aLIGO and AdVirgo observatories improved significantly between the
O2 (2017-18) 4 and O3 (2019-20) 9,11. A canonical measure of the instrument sensitivity is the
sky-averaged sensitivity to a BNS merger. During the second half of O3, the average detector
sensitivities were 115 Mpc and 133 Mpc for LIGO Hanford and Livingston respectively and 51
Mpc for Virgo. This represents a significant improvement from O2 where the sensitivities were

3



2 4 7 10 20 40 70 100 200 400

M/M�

0.0

0.2

0.4

0.6

0.8

1.0

q

m
1

=
3M
�

m2 = 3M�

2 4 7 10 20 40 70 100 200 400

Total mass M [M�]

0.02

0.03

0.05

0.08

0.12

0.20

0.30

0.45

0.65

1.00

M
as

s
ra

ti
o
q

m
1

=
3M
�

m
2 =

3M
�

Figure 1 – Credible region contours for all candidate events in the plane of total mass M and mass ratio q. Each
contour represents the 90% credible region for a different event. The top panel shows events observed in O3a and
presented in GWTC-2 9, the bottom panel shows events observed in O3b and presented in GWTC-3 11. The
figures highlight several notable candidate events. The dashed lines delineate regions where the primary/secondary
can have a mass below 3M⊙. For the region above the m2 = 3M⊙ line, both objects in the binary have masses
above 3M⊙. Figures reproduced from 9 and 11 respectively.

80 and 90 Mpc for the LIGO instruments and 25 Mpc for Virgo. In the nearby universe, the rate
of observed sources is approximately proportional to the volume surveyed. Thus, the improved
sensitivity in O3 led to an increase of around a factor of four in the rate of observations.

The gravitational wave events associated with binary mergers are identified in the data using
both matched filtering algorithms 18,19,20,21 as well as more generic searches for transients in the
detector network 22. The matched filtering searches use the known waveform morphology23,24 to
perform a matched filter of the data against a template bank of waveforms which densely cover
the mass and spin parameter space 25. These sophisticated analyses use various methods, most
notably the observation of a consistent signal in more than one detector, to distinguish signals
from non-stationary noise transients in the detectors. Even then, short-duration glitches are the
limiting source of noise for identification of transient signals. The searches operate both in low-
latency to produce public alerts of gravitational wave observations, and also in an offline mode,
making use of final data quality and calibration information, to produce a final set of events.
The analyses estimate the rate of background events due to noise and use this to estimate a False
Alarm Rate (FAR) for candidate events. By incorporating a model for the density of sources
in the universe, this can be used to infer the probability that a given source is of astrophysical
origin, pastro

26. For every observed event, detailed parameter estimation routines are used to
infer the source parameters 27,28. These inferences, as well as the gravitational wave searches,
rely upon accurate models of the gravitational waveform emitted during the inspiral and merger
of the systems 23,24.
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The analysis of O3 was split into two halves, O3a which ran from April to October 2019 and
O3b from November 2019 to March 2020. All events in O3a with a FAR > 2yr−1 are presented
in GWTC-2 9, and events with pastro above 0.5 in O3 are presented in GWTC-2.1 (O3a) 10

and GWTC-3 11 (O3b). The properties of the binary mergers from GWTC-2 and GWTC-3 are
shown in Figure 1. The figure shows the total mass M and mass ratio q of each binary, defined
as

M = m1 +m2 and q = m2/m1, (1)

where m1 and m2 are the component masses and, by definition, m1 ≥ m2. The majority of
events are observed with total mass between 30 and 100M⊙ and mass ratios between 1 and 0.3
(i.e. equal mass up to a mass ratio of ∼ 1 : 3). However, there are certain events which are clear
outliers from the population. In GWTC-2, these include GW190425 29, the only BNS merger
observed in O3, GW190412 30 and GW190814 31 which both have mass-ratios constrained to
lie away from unity, and GW190521 32 which is the highest mass event. In GWTC-3, there
are additional events with unequal masses, notably the NSBH mergers GW200105 162426 and
GW200115 042309 (which we henceforth shorten to GW200105 and GW200115) for which one
component has a mass above 3M⊙ with the other below. In the following sub-sections, we
discuss several of these exceptional events in more detail.

2.1 GW190412: Observation of an unequal mass binary

GW190412 30 was the first observation of gravitational waves from a BBH signal with unequiv-
ocally unequal masses. For all preceding observations, the mass ratio was consistent with unity.
The inferred mass ratio for GW190412 is shown in figure 2. In the gravitational waveform, the
mass ratio is partially degenerate with the aligned spin of the BHs. Thus, the inferred mass
ratio is correlated with the effective spin

χeff =
(m1χ⃗1 +m2χ⃗2) · L̂N

m1 +m2
, (2)

where χ⃗i are the dimensionless component spins and L̂N lies in the direction of the orbital
angular momentum. The parameter recovery was performed with two different waveform models
(Phenom 23 and EOBNR 24), and both provide strong support for unequal masses, with the
inferred value of q = 0.28+0.12

−0.07.

GW190412 is also the first signal for which there is strong evidence for gravitational radiation
beyond the leading quadrupolar order in the observed signal. The gravitational wave signal
emitted by a binary coalescence can be decomposed into a series of spin-weighted spherical
harmonics. For binary merger signals, the leading emission is in the (2, 2) harmonic. The
relative significance of the sub-leading harmonics is larger for more unequal mass systems. For
GW190412, there is clear evidence of power in the (3, 3) harmonic. The observation of a
second harmonic in the system plays a role in establishing that the binary is unequal mass and
also enables a more accurate measurement of the orientation of the system — as the relative
amplitude of the harmonics depends upon the binary orientation — and, consequently, also the
distance. This is shown in Figure 2.

2.2 GW190814: the Coalescence of a 23 Solar Mass Black Hole with a 2.6 Solar Mass Compact
Object

GW190814 31 was observed to be a highly unequal mass binary, with significant power in the
subdominant (3, 3) gravitational wave multipole. The mass ratio of the binary was measured as
q = 0.112+0.008

−0.009, with the mass of the primary m1 = 23.2+1.1
−1.1M⊙ and the mass of the secondary

m2 = 2.59+0.08
−0.09M⊙, as shown in figure 3. There is no evidence of measurable tidal effects in the

signal, and no electromagnetic counterpart to the gravitational waves has been identified. The

5



Figure 2 – The properties of GW190412. Left : The posterior distribution for the mass ratio q and effective
spin χeff of GW190412 showing the two-dimensional marginalized distribution as well as the one-dimensional
marginalized distribution of each parameter along the axes for two different signal models that each include the
effects of precessing spins and higher multipoles. Right : The posterior distribution for the luminosity distance,
DL, and inclination, θJN (angle between the line-of-sight and total angular momentum), of GW190412. The
inclusion of higher multipoles into the signal model has a significant impact on constraining the inclination and
distance. The two-dimensional area and horizontal and vertical lines along the axes indicate the 90% credible
regions. Figures reproduced from 30.

secondary mass exceeds the most massive known NS, and is more massive than estimates of the
maximum NS mass obtained from studies of the remnant of GW170817. Thus, GW190814 is
unlikely to originate in an NSBH coalescence, although improved knowledge of the NS Equation
of State or further observations of the astrophysical population of compact objects could alter
this assessment. Interestingly, the low significance (pastro = 0.54) event GW200210 092254, as
shown in the bottom panel in figure 1, has similar properties to GW190814, with a secondary
mass of m2 = 2.83+0.47

−0.42M⊙.

The spin of the primary of GW190814 is bound to be χ1 ≤ 0.07 (shown in figure 3), which
is the strongest spin constraint on a BH from a gravitational wave observation through O3.
Component spins perpendicular to the orbital plane lead to precession of the orbit, and this
effect is more pronounced for unequal mass systems. Thus, the conclusive measurement of little
to no spin precession in this binary enables a tight bound on the in-plane spin components.

2.3 GW200105 and GW200115: Neutron Star Black Hole binaries

GW200105 and GW200115 are two NSBH mergers observed during O3, and represent the first
observational evidence for the formation of NSBH systems. The masses of the components are
shown in figure 4, and the primary masses, 8.9+1.2

−1.5M⊙ and 5.7+1.8
−2.1M⊙ lie within the BH mass

range, while the secondary masses of 1.9+0.3
−0.2M⊙ and 1.5+0.7

−0.3M⊙ lie below the maximal NS mass
with ∼ 90% probability. However, there is no direct evidence that the secondaries are NSs: there
are no measurable tidal effects in the gravitational wave signals nor are there electromagnetic
counterparts. The absence of observable tides and EM counterparts is expected, given the signal
to noise ratio of the observations, the distance to the mergers and limits on the ejecta mass of
mej < 10−6M⊙.

The event GW191219 163120, shown in the bottom panel of figure 1, is consistent with
originating from a NSBH, with m2 = 1.17+0.07

−0.06M⊙. We note, however, that although pastro =
0.82, there may be large, model dependent systematic uncertainties in this estimate 11.
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Figure 3 – The properties of GW190814. Left : The posterior distribution of the primary and secondary source
masses for two waveform models that include precession and higher multipoles, and their combination. The con-
tours, and colored horizontal and vertical lines, show the 90% credible intervals. The one dimensional distribution
for m2 compares the posterior distribution to predictions for the maximum NS mass, Mmax from the spectral
equation of state analysis of GW170817 and the empirical distribution from the population model of Farr &
Chatziioannou (2020) 33. The gray dashed line and shading represent the measured mass of the heaviest pulsar in
the Galaxy (median and 68% confidence interval) 34. The solid gray band at 2.3M⊙ is the upper bound on Mmax

from studies of GW170817’s merger remnant. Right : Two-dimensional posterior probability for the tilt-angle and
spin magnitude for the primary object (left) and secondary object (right) based on the combined samples. The
tilt angles are 0◦ for spins aligned and 180◦ for spins anti-aligned with the orbital angular momentum. The tiles
are constructed linearly in spin magnitude and the cosine of the tilt angles such that each tile contains identical
prior probability. The color indicates the posterior probability per pixel. Figures reproduced from 31.

Figure 4 – Properties of GW200105 and
GW200115. The posterior distribution of
the primary and secondary source masses of
GW200105 (red) and GW200115 (blue), rep-
resented by their two- and one-dimensional
posterior distributions. The contours in
the main panel, as well as the vertical
and horizontal lines in the top and right
panels indicate the 90% credible intervals.
Also shown in gray are two possible NSBH
events, GW190814 and the marginal candi-
date GW190426 152155, the latter overlap-
ping GW200115. Lines of constant mass ratio
are indicated in dashed gray. Figure repro-
duced from 12.

3 The population of neutron star and black hole binaries in the universe

The observations summarized above enable the inference of the population of BH and NS binaries
in the universe, as described in detail in8. In addition to increasing the overall number of events,
the O3 observations contain, for the first time, NSBH signals. The inclusion of NSBH events

7



enables the first joint analysis of the entire compact object population, for component masses
between 1 and 100 M⊙ (which covers NSs and stellar mass BHs). This enables us to clearly
identify three different populations, their relative prevalences and the possibility of “gaps” in
the mass distribution between these observed populations. The inferred population is shown
in figure 5. Notably, we observe three clear peaks in the mass distribution, corresponding to
BNS, NSBH and BBH systems. Even though BBHs dominate the observed population (as seen
in figure 1) the inferred rate of mergers containing at least one NS is an order of magnitude
larger than the rate of BBH mergers, due to the fact that BBH systems are observable to much
larger distances. There is a falloff in the rate of mergers above a component mass of ∼ 2.1M⊙,
consistent with the maximum NS mass.

Figure 5 – Rate density versus component
masses inferred from events with FAR <
0.25yr−1, using the Powerlaw Dip Break
(PDB) model described in 14. The peaks in
rate corresponding to BNS, NSBH and BBH
systems are shown. Figure reproduced from14.

With a larger sample of BBH mergers, we are able to clearly identify structure in the BH
mass distribution, as shown in figure 6. The figure shows the observed and inferred distribution
of the chirp mass

Figure 6 – The chirp mass distribution of BBH observed with FAR < 1 / year. Top: The observed distribution
for individual events (in grey) with the inferred distribution in black and 90% confidence interval given by the
dashed lines. Bottom: The inferred chirp mass distribution of BBH in the universe. The distribution shows three
clusters at low masses and a lack of mergers in the chirp-mass range 10 – 12M⊙. Figure reproduced from 14.

M =
m

3/5
1 m

3/5
2

(m1 +m2)1/5
(3)

as identified with a flexible mixture model 35. The features are most visible in the chirp mass
distribution as, particularly for low mass binaries, this is the best-measured mass parameter.
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This structure is not predicted by astrophysical models.

If all our sources arise somehow from massive stars, this novel population census is an
essential benchmark for astrophysics, important to understand how massive stars end their life,
and the mechanisms which bring them together. The observations also provide clear evidence
that the rate of binary mergers evolves through time, and was larger in the past. We also
observe that the spins of BHs are low, but nonzero. Prior to the first discovery, the majority of
astrophysical predictions were for spins to be close to the maximum allowed by general relativity.
After our discoveries, first-principles calculations for spins were revisited, but now suggest nearly-
zero natal spins. Neither scenario matches our results. For the first time, we observe correlations
between the mass (or mass ratio) of black hole binaries and their spins. This is not a feature
predicted in astrophysical models.

4 Discussion

In this paper, we have presented a summary of the observed gravitational wave events from O3.
These include several novel discoveries, including the observation of the unequal mass binary
GW190412 and the first observation of NSBH systems GW200105 and GW20115. In addition,
the binary GW190814 contains a compact object with a mass of 2.59+0.08

−0.09M⊙, which lies above
the most massive known NS but below the least massive known BH. The observed set of events
have been used to infer the population of binary NSs and BHs in the universe, which clearly
shows three distinct classes of binaries. With over fifty BBH mergers observed, the detailed mass
distribution of BH is beginning to emerge, and is showing unexpected features which challenge
astrophysical expectations.

The fourth observing run (O4) of the advanced LIGO, Virgo and KAGRA observatories is
scheduled to start in December 2022 36. The instruments will operate with increased sensitivity
and observations in O4 will significantly increase the number of observed gravitational wave
signals, doubtless providing further interesting and unexpected observations.
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Source classification of LIGO-Virgo candidate events
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In the LIGO-Virgo GWTC-2.1 and GWTC-3 catalogs, the probability of astrophysical origin
has been used to select gravitational-wave candidate events from compact-binary coalescences
and perform a full parameter estimation on them. This probability is provided by each of
the search pipeline used, together with a source classification divided into three astrophysical
categories: Binary Neutron Stars (BNS), Neutron Star Black Hole (NSBH) and Binary Black
Holes (BBH). These quantities allow, for instance, searches for subthreshold triggers that could
be associated to other types of signals (electromagnetic, neutrinos...). The classification will
be, during the upcoming run, a key information for public alerts that can help the astronomers
to decide whether to undertake a follow-up of the sources or not. The results obtained and
the method to compute these quantities as well as the assumptions made will be described
in this document. Some of the associated uncertainties will be discussed using the MBTA
pipeline as an example.

1 Introduction

The Advanced LIGO 1 and Advanced Virgo 2 detectors have found 90 gravitational-wave (GW)
signals from compact binary coalescences (CBC) through the first three observing runs 3,4,5,6

with a probability of astrophysical origin, pastro, greater than 0.5. The knowledge of GW sources
population is thus improving 7,8,9. It allows to compute a probability of astrophysical origin of
GW events and jointly make a source classification based on the nature of the binary components
10,11: BNS, NSBH or BBH. In complement to the false alarm rate (FAR), which is based on
the background behaviour estimated from the data to assign a significance to candidate events,
the pastro calculation is a tool to reveal more events in population-rich areas of the parameter
space. The source classification can be useful to perform correlation analyses with other types of
searches to identify possible counterparts (electromagnetic, neutrinos...). Another purpose, is to
provide useful information on GW sources in low-latency searches as the LIGO-Virgo-KAGRA
collaboration sends out public alerts 12. Indeed, the classification can help astronomers decide
to undertake a follow-up of the source or not. This is of prime importance since the number of
public alerts is increasing as the sensitivity of the detectors improves. For instance, the expected
rate of public alerts for the next observing run O4 is O(1/day) 13.

11



2 Probability of astrophysical origin and source classification

The definition of the probability of astrophysical origin 14 for a trigger that come out of a
matched-filter CBC analysis with a ranking statistic x is:

pastro(x) =
Λ1f(x)

Λ0b(x) + Λ1f(x)
(1)

with Λ0 and Λ1 the expected counts of background and astrophysical triggers, and b(x) and
f(x) the normalized background and astrophysical foreground distributions of x. The cal-
culation of such probability can be extended to the case of multiple astrophysical sources 11

α ∈ {BNS,NSBH,BBH} to assign membership probabilities as:

pα(x) =
Λαfα(x)

Λ0b(x) + ~Λ1 · ~f(x)
(2)

with ~Λ1 = {Λα} a vector of expected counts for the three astrophysical categories, and ~f(x) =
{fα(x)} a vector of normalized foreground distributions of x for the three types of sources. The
CBC search pipelines, GstLAL 15,16,17,18, MBTA 19,20,21 and PyCBC 22,23,24,25,26 have thus been
evaluating their pastro in that way for the O3 catalogs. For the source classification GstLAL and
MBTA use equation 2 whereas PyCBC relies on a different method. It is based on the estimation
of the source chirp mass of the candidate event, Ms = Md (1 + z), using the detected chirp
mass Md measured by the pipeline and an estimation of the redshift z based on the effective
distance of the GW source 26.

The background is estimated independently by the three pipelines using real data. The
principle is to build fake coincidences between detectors by shifting in time the single detector
triggers for each combination of detectors.

The foreground is also estimated independently by the pipelines but with different assump-
tions and methods. For GstLAL, the foreground is computed using a semi-analytical approach
which allows to assign individual foreground weight to each template of their template bank 27.
For MBTA and PyCBC, injections of simulated GW signals in the O3 data are used to estimate
the response of the template bank to specific astrophysical populations.

Finally, the expected counts for the astrophysical categories are directly inferred from the
data using a Bayesian technique 11.

3 O3 results

In the GWTC-2.1 and GWTC-3 catalogs, the release of all candidates with a FAR < 2/day or
pastro > 0.5 has been performed. For each of those candidates, pastro and source membership
probabilities have been computed by each pipeline.

We report in table 1 the number of effective astrophysical and terrestrial events for O3
using candidate events detected with pastro > 0.5 by at least one of the broad search pipelines
(GstLAL, MBTA and PyCBC). Among the number of astrophysical events detected, 34 of them
have pastro > 0.75 in the three pipelines, which shows a fairly good correlation between them.
Moreover, the contamination from terrestrial events is low.

In table 2 we show similar numbers for the triggers with pastro < 0.5 and FAR < 2/day.
As expected, these triggers are dominated by noise events but there are still a few interesting
astrophysical candidate events in the list that can be used to perform cross-correlation studies
with other messengers (electromagnetic, high-energy neutrinos...).

4 Systematic uncertainties

Although pastro is mostly insensitive to assumptions for values close to 0 or 1, there are several
systematic uncertainties at stake which impact pastro and the associated source classification for
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Table 1: Number of effective candidates of astrophysical, terrestrial, BNS and NSBH origin for the candidates
with pastro > 0.5 detected in at least one of the GstLAL, MBTA and PyCBC pipelines in O3.

GstLAL MBTA PyCBC∑
pastro 52.2 45.7 40.5∑
pterr 2.8 3.3 1.5∑
pBNS 0.7 0 0.1∑
pNSBH 1.9 1.1 3.9

Table 2: Number of effective candidates of astrophysical, terrestrial, BNS and NSBH origin for the candidates
with pastro < 0.5 and FAR < 2/day detected in at least one of the GstLAL, MBTA and PyCBC pipelines in O3.

GstLAL MBTA PyCBC∑
pastro 10.0 7.4 12.8∑
pterr 649.0 527.6 557.2∑
pBNS 0.1 0.6 0.5∑
pNSBH 1.5 0.8 5.3

values around 0.5.

The population models to construct the foreground are poorly known for BNS and NSBH
as the number of detections of such events is low 28,29,30,6. With more detections in the next
observing runs, a better description of these population models will allow to reduce the pastro
uncertainties for these binary sytems. Another consequence of the low number of BNS and
NSBH events, is a large uncertainty on their merger rates 9 which also impacts pastro values.
For BBH, the observations already give a reasonable estimate of the population and of the
merger rate 8,9. The pastro values for these systems should thus be more robust to the related
systematic uncertainties. As a result of the above discussion, candidate events detected at the
edge of confident population distributions have their pastro values sensitive to the boundaries set
between the sources and are subject to larger uncertainties.

Another source of systematic uncertainty comes from the estimated background. Indeed, it
is affected by glitches and non-stationarity which may result in fluctuations of pastro values.

Taking all these uncertainties into account, it has been shown 21 that the total uncertainty
is O(0.1) for pastro values close to 0.5.
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Over the last few years, a set of new results from pulsar timing has introduced much tighter
constraints on violations of the strong equivalence principle (SEP), either via a direct verifi-
cation of the universality of free fall for a pulsar in a triple star system, or from tests of the
nature of gravitational waves, in particular a search for dipolar gravitational wave emission
in a variety of binary pulsars with different masses. No deviations from the SEP have been
detected in our experiments. These results introduce some of the most stringent constraints
on several classes of alternative theories of gravity and complement recent results from the
ground-based gravitational wave detectors.

1 Timing binary pulsars

The 1974 discovery of the first binary pulsar (PSR B1913+16) by Russell Hulse and Joseph
Taylor 1 offered us a powerful new tool for understanding gravity and spacetime. The system
consists of two neutron stars (NSs), one of them a radio pulsar with a spin period of 59 ms,
its orbital period is 7h 45m and eccentricity is 0.617. This high eccentrivity means that the
longitude of periastron, ω - the point where the pulsar is closer to its companion - can be
measured precisely. Subsequent timing of this system measured three relativistic effects on the
orbit: the increase in ω with time, ω̇ (which is analogous to the relativistic perihelion shift in
Mercury), the so-called “Einstein delay”, a slow-down of the pulsar spin near periastron caused
by special relativistic time dilation and gravitational redshift (γE), and the decay of the orbit,
caused by loss of orbital energy (Ṗb). Each effect depends on the two unknown masses of the
system, the dependence is specified by a particular theory of gravity. The self-consistency of the
masses obtained from the measured relativistic effects using the equations of general relativity
(GR) means that this theory passed the test posed by the measurement of ω̇, γE and Ṗb in the
PSR B1913+16 system. The loss of orbital energy associated with the latter parameter is caused
by the emission of gravitational waves (GW); the fact that the measured Ṗb agrees with GR’s
predictions for the PSR B1913+16 system confirmed experimentally the existence of GWs2,3,4,5.
This was a major impulse to the start of the era of GW astronomy.

15



2 Recent results

Currently, we know more than 3300 pulsars in our Galaxy, the associated globular cluster sys-
tem and also in the Magellanic clouds 6. Of these, 10% are in binary systems. Despite this,
measurements of relativistic parameters are rare: only 40 of them have had the component
masses measured to a relative precison better than 15%, with an additional 17 systems where
the total system mass has been measured via ω̇. Of all these binaries, 17 systems (including
B1913+16) have been confirmed as double neutron star systems (DNSs) from strong stellar
evolution arguments, with an additional eight candidates a.

2.1 The Amazing “Double Pulsar” system

One discovery, that of PSR J0737−3039A 7, was an extremely lucky find, for several reasons.
First, the system happened to be, at the time, the most compact DNS known (orbital period
of 2h 27m, e = 0.0878); thus all relativistic effects observed in PSR B1913+16 (ω̇, γE and Ṗb)
can also be measured very precisely in this system. Second, the system happens to have the
highest inclination known for any binary pulsar, 89.35◦! This means that further independent
and precise mass constraints can be obtained from the Shapiro delay in the arrival times of the
pulses. Third, the NS companion has also been detected as a radio pulsar, PSR J0737−3039B;
the measurement of the sizes of both orbits yields the NS mass ratio 8.

This system now includes seven independent and precise strong-field tests of GR, which the
theory passes with flying colours 9. Some highlights:

• The most precise test of the GR quadrupole formula for GW emission: the measured orbital
decay (−39.3770 ± 0.0025 microseconds per year, the uncertainty is a 68.3% confidence
limit) agrees with the GR prediction within the tiny relative uncertainty of 6.3 × 10−5.
This is 25 times more precise than for the Hulse-Taylor binary!

• They also include detection, for the first time, the detection of the effect of light bending
in the timing of the pulsar. This experiment probes the propagation of radiation in a
spacetime that has 106 times or more the curvature of any non-pulsar experiments.

• In addition, there are also important second-order effects on the periastron advance. One
of these is the Lense-Thirring effect, the frame dragging caused by the rotation of pulsar
A. The latter effect will, when measured more precisely, be important for measuring the
moment of inertia of pulsar A.

The precise measurement of the mass and moment of inertia of a neutron star will represent
powerful constraints on the largely unknown properties of super-dense matter in the centres of
neutron stars, in particular the equation of state of dense matter (EOS) 10,9.

2.2 Asymmetric binaries

The strong equivalence principle (SEP) is the assertion that the outcome of any local experiment,
including any gravitational experiments, in a freely falling laboratory is independent of the
velocity of the laboratory and its location in spacetime. There are suggestive arguments that
GR is the only theory in four spacetime dimensions that fully embodies the SEP 11,12, with
all other viable alternatives violating it at some level. Such a violation would have observable
consequences, chief among these a violation of the universality of free fall (UFF); this would
result in the emission of dipolar GWs (DGW) 13. Detecting DGW emission would falsity GR,
because in GR GWs are, to leading order, quadrupolar; not detecting it will necessarily constrain
many alternative theories of gravity.

aFor a complete, up-to-date lists on binary pulsar mass measurements and a list of pulsars in DNS systems
see https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html.

16



DGW emission would be observable in a binary pulsar as an orbital decay that is faster than
that predicted by GR. Although the double pulsar system yields a very precise test of the GR
quadrupole formula, it does not by itself exclude DGW emission. This happens for two reasons:
first, the latter is, within certain gravity theories, enhanced by the difference in compactness of
the two components in the system; for this reason, pulsar - WD systems can be of great value
for this enterprise. Second, DGW emission can be greatly enhanced for NS masses larger than
those of the components of the double pulsar system 14.

For these reasons, we have over the years conducted orbital decay experiments for a va-
riety of binary systems: PSR J1738+0333 15, PSR J0348+0432 16, PSR J1909−3744 17, PSR
J1012+5307 18, and PSR J2222−0137 19, all pulsar - WD systems. We have also been timing
PSR J1913+1102, an asymmetric DNS 20. Their timing yields tight limits on DGW emission
that are valid for the observered range of NS masses and are independent of the EOS.

2.3 The pulsar in a triple star system

In 2014, the first pulsar in a triple star system, PSR J0337+1715, was discovered 21. Such
systems were expected to provide some of the most stringent tests of the UFF because, if NSs
and WDs accelerate differently in the gravitational field of the outer WD, the inner PSR - WD
pair in the system would show orbital polarization 22 known as the Nordtvedt effect 23.

The suitability of PSR J0337+1715 for this test was demonstrated in 2018, with the finding
that NSs and WDs fall with the same acceleration within 2.6 parts in 106 24. A more recent
study, using a completely independent data set (from the Nançay telescope) and an improved
timing analysis and theoretical treatment of the three-body problem in alternative theories of
gravity has found a lower level of systematic noise, and that NSs and WDs fall at the same rate
within 2 parts in 106; this is statistical 95% confidence limit 25. An update on the timing of this
system is provided by G. Voisin in these proceedings.

3 Consequences of these experiments

In all experiments mentioned above, we have tested GR to very high precision, especially in
the case of the double pulsar. This can be seen in Figure 1, where we see in the left panel
the comparison between the cumulative shift in periastron time predicted by GR and our mea-
surements, and in the right panel a comparison of constraints on deviations of GW emission
at successive PN orders26 for the double pulsar and LIGO/Virgo observations 9. Clearly, these
experiments provide complementary information, with the double pulsar experiment providing
more constraining limits (by three orders of magnitude) for the leading order term!

We have not detected any of the consequences of UFF violation, either DGW emission or
the Nordtvedt effect for the pulsar in the triple star system. As we can see in Figure 2, these
non-detections result in tight constrains on several classes of alternative gravity theories 9.

Within some of these theories, there is a phenomenon called “spontaneous scalarization”,
where within a range of NS masses, the NS can acquire a very significant scalar “charge” 14,
greatly enhancing DGW emission. This phenomenon cannot be fully probed by the double
pulsar test, because of the low mass of the NSs in that system (see left panel of Figure 3). Since
DGW emission is not observed for any of the binaries we have been timing, which cover the full
range of observed NS masses, we can put tight constraints on spontaneous scalarisation for all
observed NS masses that are independent of the EOS of dense matter, at least for some specific
classes of gravity theories 27 (see right panel in Figure 3).
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One pulsar, two white dwarfs, and a planet confirming the strong equivalence
principle
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The strong equivalence principle is a cornerstone of general relativity, tested with exquisite
accuracy in the Solar system. However, tests in the strong-field regime require a compact
object. Currently, PSR J0337+1715 is the unique millisecond pulsar found in a triple stel-
lar system, orbiting two white dwarfs within an area comparable to the orbit of the Earth.
This configuration offers the opportunity for a dramatic improvement over previous tests, pro-
vided that accurate and regular timing of the pulsar can be achieved. This also requires the
development of a new timing model solving numerically the relativistic three-body problem
with great accuracy. We report on the analysis of the high-quality dataset gathered on PSR
J0337+1715 by the Nançay radiotelescope over the past 8 years. In particular, I will show
how we could obtain the most stringent limit to-date on a potential violation of the strong
equivalent principle in the strong field regime. I will also introduce preliminary resuts showing
that the presence of a small planet in the system may explain a tiny residual signal so far
unaccounted for, which if confirmed would make this system exceptionally rich.

1 Introduction

Tests of the universality of free fall with strongly self-gravitating bodies have strongly benefited
from the discovery of the millisecond pulsar PSR J0337+1715 1. Up until that discovery, strong-
equivalence-principle (SEP) tests consisted mainly in the Damour-Shafer test2 whereby one looks
for a systematic orbital polarisation of pulsar-white dwarf binaries by the local gravitational
potential of the galaxy. This is a kind of three-body test: two test masses, a neutron star
and a white dwarf, fall in the gravitational potential of a third one, the Galaxy. If such test
suffers primarily from the weakness of the galactic gravitational attraction, it can be partly
compensated by the possibility of using a sample of binaries instead of a single system 3.

PSR J0337+1715 offers a unique opportunity: the system is a hierarchical triple stellar
system with two white dwarfs. The innermost white dwarf orbits the pulsar in 1.6 days, while
the outermost white dwarf orbits the inner binary in approximately 327 days. Schematically,
this configuration allows for a test of the universality of free fall between the two components
of the inner binary in the gravitational field of the outer star which is much stronger than
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the galactic field. In addition, mutual interactions allow for a complete characterisation of the
system parameters. For all these reasons, PSR J0337+1715 has permitted a leap forward in the
accuracy of SEP tests involving a neutron star 4,5.

The principle of the experiment is thus not very different from, for example, Lunar Laser
ranging in the Solar system, where Earth and Moon fall in the potential of the Sun. What
is massively different is the amount of gravitational energy carried by the neutron star which
represents about ∼ −0.15 of its total mass-energy, against ∼ −10−10 for the Earth. This allows
the test to be sensitive to effects which may occur only in this regime, such as the effect of
spontaneous scalarization in the Damour-Esposito Farese scalar-tensor theory 6,7.

In this contribution, we will present the results obtained from the timing of PSR J0337+1715
at the radiotelescope of Nançay 5(V20 in the following), as well as preliminary results showing
hints of the presence of a small planet in the system.

2 Testing SEP with PSR J0337+1715

2.1 Timing model

Pulsar timing consists in accurately measuring the times of arrival of pulses from the neutron
star. For an isolated star, these are only affected by the spin frequency decay due to the
conversion of spin energy into electromagnetic energy and particles, as well as by occasional
glitches. When in a binary, the motion of the pulsar on its orbit changes the geometrical path to
the observer in a periodic manner. This allows one to extract orbital parameters from the timing
data. But since times of arrival are mostly sensitive to the projection of the orbital motion along
the line of sight, there remains degeneracies. The first one is between the semi-major axis and
the inclination of the orbital plane. The reason is that a Newtonian binary orbit is an ellipse,
and the projection of an ellipse remains an ellipse. As a result, one cannot disentangle between
all the orbits which share the same projection. The second one results from the fact that a
Newtonian binary can be cast into an equivalent single body attracted by a reduced mass which
is a function of the two actual masses. In pulsar timing, this is usually shown in terms of the
so-called mass function (which is related to, albeit not equal to the reduced mass) which is the
observable. Without additional knowledge, masses thus remain degenerate.

These two symmetries are broken when additional effects are taken into account, in particular
the so-called Shapiro and Einstein delays which result from companion-induced time dilation
along the path of light and at the source, respectively. Orbital motion can also be affected by
relativistic effects such as periastron precession or gravitational-wave emission. With two of
these effects, degeneracies can be lifted, and with additional effects general relativity can be put
to a consistency test (see P.C.C Freire’s contribution on the double pulsar 8).

In the case of PSR J0337+1715, these effects are not very strong but detectable except
for gravitational wave emissions. Nonetheless, mutual interactions between the three bodies
at Newtonian level is in itself sufficient to break the above two symmetries. This comes at
the cost of a computationally much more expensive evaluation of the orbital motion. Indeed,
contrary to binary pulsars a numerical integration has to be performed with an accuracy of a
few meters on the position of the pulsar. This is why we specifically developed a Numerical
Timing Model (Nutimo, V20), which solves the equations of motion at first post-Newtonian
order and compute the associated delays. A Markov Chain Monte Carlo (MCMC) estimation
of the posterior probability density of each parameter of the problem is then performed.

2.2 Limits on SEP violations

At Newtonian level, a violation of SEP can be formalised by introducing different gravitational
constants for different pairs of interacting bodies. In the case of the triple system, one can show
that any measurable violation in the interaction between the two white dwarfs would be larger
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Table 1: Comparison between the planet model and the results of V20. Npar is the number of parameters of the
model and Ndof = 9303 −Npar is the number of degrees of freedom.

Model Npar χ2 χ2/Ndof ∆AIC ∆BIC

V20 25 16066 1.7316 0 0
Planet 32 13185 1.4220 -2869 -2827

than limits from Solar system experiments. Thus, we consider that the pulsar interacts with
each white dwarf through a constant G(1 + ∆) while they interact with each other through the
gravitational constant G.

Thus, ∆ is the SEP violation parameter which is fitted for along with the other parameters
of the system. A posterior distribution function is obtained which indicates that |∆| ≤ 2× 10−6

at 95% confidence level (V20).

To go further, this results needs to be interpreted in the frame of a specific alternative
theory of gravity. The parametrised post-Newtonian framework cannot be used because it is
not generally valid in the strong field regime, and a Nordvedt parameter cannot be rigorously
defined for the same reason 9. As an example, we may however cast our result into the frame
of the Damour-Esposito Farèse scalar-tensor theory of gravity. This theory depends on two
parameters α0, β0 and tends to general relativity when they tend to zero. PSR J0337+1715 is
the most constraining observation for a large part of the parameter space (see figure 12 in V20
or 14 in Kramer et al. 8), only surpassed by the double pulsar 8 (see P.C.C. Freire’s contribution)
and pulsar-white dwarf binaries in the low beta region of the plot.

3 A small planet perturbing the system ?

3.1 Hint: a low frequency signal in the fit residuals

The fit residuals of V20 exhibited low-frequency noise which we initially associated with red
noise, a phenomenon quite common in pulsar timing (see e.g. A. Chalumeau’s contribution 10).
Red noise can have either intrinsic causes, presumably due to variations in the emission region of
the pulsar magnetosphere, or be caused by propagation effects. The latter results from variations
of the column density of free electrons along the line of sight, the so-called dispersion measure,
and is a chromatic effect, contrary to the former. In the present case, no sign of chromaticity is
present, and it can be ruled out.

On the other hand, the small amplitude of noise, about 1µs, and its timescale of a few thou-
sand days are compatible with a small planet orbiting the stellar triple system at a sufficiently
large distance such that its orbit may remain stable. Although rare, planets have been found
around pulsars (see e.g. Niţu et al. 11 and references therein). We therefore implemented a
fourth body in Nutimo in order to test that hypothesis.

3.2 Preliminary results

The planet model is able to absorb all the low-frequency components down to the point where
residuals show a flat periodogram compatible with white noise, Fig. 1. The planet has a mass
of a few 10−8M�, comparable to the mass of the moon and an orbital period of ∼ 3000 days.
When compared to V20, the best fit has a significantly better χ2 even when a penalty against
additional parameters is applied using the Akaike Information Criterion (AIC) or the Bayesian
information criterion (BIC), as shown in table 1.

In V20, the low-frequency signal was accounted for by rescaling uncertainties on times of
arrival such that the reduced χ2 would be unity. Although the frequency of a SEP violation
would be much higher 4, and therefore is not expected to be biased by such low-frequency
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Figure 1 – Lomb-Scargle periodogram of fit residuals of the planet model. The three grey horizontal lines represent
the mean and the upper and lower limit of the 99% region obtained by bootstrapping white noise. These lines
have been smoothed by a sliding mean over 40 frequency bins to improve clarity. fI , fO, fE are the inner binary,
outer white dwarf and Earth orbital frequencies respectively. 2fI − fO is the frequency of the signal produced by
SEP violation.

components, this procedure allowed us to produce a conservative estimate of the uncertainty on
the SEP violation parameter ∆ (as well as on every other parameter). Conversely, the presence
of the planet does not affect directly the SEP test, but the rescaling of error bars is more limited,
which translates into a narrower uncertainty on every parameter, including ∆.

4 Conclusion

We have shown that the timing of PSR J0337+1715, although complex to model and com-
putationally challenging, provides one of the most constraining tests of the strong equivalence
principle to date. Preliminary results show that the addition of a small planet to the model
allows for a significantly better fit to the data which leads to an improved limit on a putative
violation of the equivalence principle. If confirmed, this would also make the formation channel
of this system particularly intriguing.
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Effects of dense matter on the tidal deformations of binary neutron star inspirals
and gravitational waves
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The role of the dense matter properties on the tidal deformability and gravitational waveforms
of binary neutron stars is studied using a set of unified equations of state. Based on the
nuclear energy-density functional theory, these equations of state provide a thermodynamically
consistent treatment of all regions of the stars and were calculated using functionals that were
precision fitted to experimental and theoretical nuclear data.

1 Introduction

Observations of gravitational waves (GW) from binary neutron-star (NS) mergers offer a new
way to probe the interior of these stars, supposed to contain distinct regions: an outer crust
made of a Coulomb crystal of nuclei with degenerate electrons, an inner crust where nuclear
clusters coexist with free neutrons and electrons, and a liquid core (see, e.g. Ref. 1 for a review).

2 Unified equations of state for neutron stars

2.1 Brussels-Montreal energy-density functionals

In the nuclear energy-density functional (EDF) theory 2, nucleons are treated as independent
quasiparticles in a self-consistent Hamiltonian via the Hartree-Fock-Bogolyubov (HFB) method.
A family of EDFs 3,4 have been recently constructed, all based on extended Skyrme effective
interactions 5 and precision-fitted to essentially all experimental atomic mass data with a root-
mean square deviation as low as 0.5-0.6 MeV. To assess the role of nuclear uncertainties, BSk19,
BSk24 and BSk26 were simultaneously fitted to different realistic neutron-matter equations of
state (EoS) with different degrees of stiffness, while BSk22, BSk24 and BSk25 mainly differ in
their predictions for the symmetry energy, as shown in Fig. 1.

2.2 Consistent description of the different regions of a neutron star

The interior of a NS is supposed to be cold and fully catalysed. A detailed account of the
calculations in the different regions can be found in Ref. 12. The properties of the outer crust for
densities ρ & 106 g cm−3 were determined using experimental atomic mass data supplemented
by HFB predictions. For the inner crust, the 4th-order extended Thomas-Fermi method was
adopted within the Wigner-Seitz approximation using parametrised nucleon distributions. Pro-
ton shell and pairing corrections were added perturbatively. The core was assumed to contain
nucleons and leptons. Complete numerical results and fits can be found in Refs. 12,13.
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Figure 1 – Left: Energy per particle in neutron matter vs density n. The shaded areas represent constraints
obtained from chiral effective field theory 6,7. Right: Symmetry energy. The shaded areas are experimental
constraints: from heavy-ion collisions 8 (blue), isobaric-analog states and neutron skins 9 (purple), and the electric
dipole polarizability of 208Pb 10 (green). See Ref. 11 and references therein for details.

3 Tidal deformability of neutron stars

3.1 Definitions

In a binary system, each NS is deformed due to tidal forces. The tidal field can be decomposed
into an “electric” component EL, where L denotes a set of space indices i1i2· · · i`, and a “mag-
netic” component ML (absent in Newtonian theory), inducing inside the star a mass multipole
moment QL and a current multipole moment SL, given to leading order by

QL = λ` EL , SL = σ`ML ,

where λ` and σ` are respectively referred to as the gravitoelectric and gravitomagnetic tidal
deformabilities of order `, and are related to the corresponding Love numbers through:

k` =
1

2
(2`− 1)!!

Gλ`
R2`+1

, j` = 4(2`− 1)!!
Gσ`
R2`+1

,

where G is the gravitational constant. The circumferential radius R of the star and the Love
numbers depend on the dense-matter EoS. The formalism to calculate Love numbers can be
found in Ref. 14 with numerical results up to ` = 5. The measurable dimensionless tidal de-
formability coefficients are given by

Λ` =
2

(2`− 1)!!
k`

( c2R
GM

)2`+1
, Σ` =

1

4(2`− 1)!!
j`

( c2R
GM

)2`+1
,

with M the gravitational mass and c the speed of light.

3.2 Role of dense matter on tidal deformability and gravitational-wave signal

Comparing results for BSk22, BSk24 and BSk25 shows that the symmetry energy plays a minor
role both for k` and j` (see Fig. 2 for k2). The key factor appears to be the stiffness of the
neutron-matter EoS, as can be seen by comparing results for BSk19, BSk26 and BSk24 (by
increasing order of stiffness): the softer the EoS is, the lower is the value for k` and j` (in
absolute value) for a given NS mass. The impact of the symmetry energy on k` becomes more
visible with increasing `, contrary to j`. Full results up to ` = 5 are presented in Ref. 14.
The magnitude of both the gravitoelectric and gravitomagnetic Love numbers decreases with
increasing `. For a 1.4M� NS with the BSk24 EoS, the values of k5 and j5 represent only 4%
and 3% of those of k2 and j2, respectively. The Love numbers k` and j` are found to be very
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Figure 2 – Second gravitoelectric Love number k2 as a function of the NS mass M .
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Figure 3 – Tidal correction to the GW phase associated with the second gravitoelectric Love number k2, as a
function of the frequency f and considering binary systems with both NSs having a mass M = 1.4M�.

sensitive to the EoS of the crust, but mainly through the stellar radius 15. On the other hand,
the crust has a negligible impact on the measurable tidal deformability coefficients Λ` and Σ`.

Extracting information about the symmetry energy from the GW signal during the inspiral
phase will be very difficult, as can be seen by comparing results obtained for BSk22, BSk24, and
BSk25 in the right panel of Fig. 3. On the other hand, the stiffness of the neutron-matter EoS
leaves a clear imprint on the waveform as shown in the left panel of Fig. 3. The comparison of
the results obtained for BSk19, BSk26 and BSk24 shows that the softer the EoS is, the more
pronounced are the tidal effects. The relative importance of the different `-terms is found to
follow the same hierarchy as the Love numbers. For detailed results, see Ref. 14.

3.3 Observational constraints

As shown in Fig. 4, observations of GW170817 by the LIGO-Virgo collaboration 16 do not
provide very stringent constraints on the EoS. Our softest EoS for BSk19 remains compatible
even though it fails to predict the existence of the most massive NSs, such as PSR J0740+6620
recently observed by NICER 17,18. These latter observations also rule out BSk26 19,20.

4 Conclusion

The role of dense matter on the tidal deformability of NSs and on the GW signal from binary
NSs has been studied using the series of unified EoSs BSk19-26 all based on the nuclear EDF
theory. For these EoSs, we have shown that the symmetry energy has essentially no impact
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on the Love numbers, characterizing the tidal response of NSs, as well as on the tidal phase
corrections to the GW signal during inspiral; the key factor appears to be the neutron-matter
stiffness: the softer the EoS is, the more pronounced are the tidal effects. Moreover, the GW
signal appears to be essentially independent of the crust.
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We present an inspiral-merger-ringdown eccentric gravitational-wave (GW) model for binary
black holes with non-precessing spins within the effective-one-body formalism. This waveform
model, SEOBNRv4EHM, originally presented in Phys. Rev. D 105, 044035 (2021), extends the
accurate quasi-circular SEOBNRv4HM model to eccentric binaries by including recently com-
puted eccentric corrections up to 2PN order in the gravitational waveform modes, notably the
(l, |m|) = (2, 2), (2, 1), (3, 3), (4, 4), (5, 5) multipoles. The waveform model reproduces the zero
eccentricity limit with an accuracy comparable to the underlying quasi-circular model, with
an unfaithfulness of . 1% against quasi-circular numerical-relativity (NR) simulations. When
compared against 28 public eccentric NR simulations from the Simulating eXtreme Spacetimes
catalog with initial orbital eccentricities up to e ' 0.3 and dimensionless spin magnitudes up to
+0.7, the model provides also low unfaithfulness (< 1%). The waveform model SEOBNRv4EHM
is able to qualitatively reproduce the phenomenology of dynamical captures, and hyperbolic
encounters. It can be employed for upcoming observing runs with the LIGO-Virgo-KAGRA
detectors and used to re-analyze existing GW catalogs to infer the eccentricity parameters for
binaries with e . 0.3 (at 20 Hz or lower) and spin magnitudes up to . 0.9− 0.95.

1 Introduction

The observed gravitational wave (GW) events detected by LIGO and Virgo 1 so far, are mostly
consistent with quasi-circular binary coalescences. Nonetheless, there are increasing efforts to
search for eccentricity signatures in the current GW events 2,3,4. With upcoming upgrades
of ground-based detectors and third-generation detectors like the Einstein Telescope or the
Cosmic Explorer, as well as future space-borne detectors like LISA and TianQin, the fraction of
GW events with non-negligible orbital eccentricity is expected to significantly increase 5. Thus,
developing accurate waveform models that include the effects of eccentricity is essential to detect
eccentric binaries, infer their properties, and provide information on their astrophysical origin.

In the following we present SEOBNRv4EHM 6, a multipolar eccentric effective-one-body (EOB)
waveform model, that builds on the quasi-circular SEOBNRv4HM model 7 for binary black holes
(BBHs) with aligned spins and includes recently derived eccentric corrections up to 2PN order 8

in the (l, |m|) = (2, 2), (2, 1), (3, 3), (4, 4), (5, 5) multipoles. The model presented here is based
on the work in 6, and we refer to it for further details about the model. When restricting to
the (2, |2|)-modes, we refer to the model as SEOBNRv4E, in analogy to the quasi-circular case,
which corresponds to the SEOBNRv4 model 9. SEOBNRv4EHM has comparable accuracy to the
quasi-circular SEOBNRv4HM model in the zero eccentricity limit when compared to quasi-circular
NR waveforms, and produces unfaithfulness < 1% against public eccentric NR simulations 10

from the Simulating eXtreme Spacetimes (SXS) collaboration.
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2 Model construction: Eccentric corrections and initial conditions

In SEOBNRv4EHM the eccentric effects are included in the gravitational modes notably, the
(l, |m|) = {(2, 2), (2, 1), (3, 3), (4, 4), (5, 5)} modes up to second post-Newtonian (PN) order in-
cluding spin-orbit and spin-spin effects 8. The eccentric corrections are incorporated into the
waveform modes as follows 8,6,

hF
lm = hN,qc

lm Ŝeff

(
T qc
lm + T ecc

lm

)
eiδlm

(
fqc
lm + f ecc

lm

)
, (1)

where hN,qc
lm is the Newtonian part of the mode, Ŝeff is an effective source term, T qc

lm resums the
infinite number of ’leading logarithms’ entering the tail effects, δlm contains the part of the tail
not included in T qc

lm, fqc
lm contains PN corrections such that the expansion of hlm agrees with the

known PN expansion of the modes, T ecc
lm and f ecc

lm contains eccentric corrections to the hereditary
and instantaneous contributions, respectively.

The eccentric model is completed with the specification of initial conditions for eccentric
orbits. Using the Keplerian parametrization we develop initial conditions in terms of the initial
orbital eccentricity, e0, and relativistic anomaly, ξ0, to specify eccentric orbits 6.

Furthermore, we have also implemented initial conditions for hyperbolic encounters and
dynamical captures. The initial conditions are specified by the initial energy E0 and angular
momentum pφ0 at infinity, which in practice we take at a large initial orbital separation r0 ∼
104M . We fix a value of the angular momentum pφ0, and choose a value of the initial energy
E0/M . In Fig. 1 the trajectory of a dynamical capture is shown as well as the real part of the
different multipoles in the model.
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Figure 1 – Waveform characteristics for a mass ratio q = 1.5 non-spinning configuration with initial parameters
r0 = 104M , pφ0 = 3.97 and E0/M = 1.012. Top row: From left to right, the two first panels show the real part of
the 22-mode waveform in time domain, the first plot displays the full domain of the waveform while the second
one zooms in into the merger part. The third panel displays the trajectory r(ϕ) in polar coordinates. Each circle
corresponds to a constant value of the orbital separation, which is marked on the figure. Bottom row: From left
to right, the real part of the (2, 1), (3, 3), (4, 4), (5, 5) modes in time domain zooming in close to the merger and
ringdown regions.
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3 Model validation against numerical-relativity waveforms

To assess the accuracy of the model we compare it to NR waveforms by computing the unfaith-
fulness (as described in 7,11), which is a noise-weighted inner product between two waveforms
maximised over a set of extrinsic parameters. Values of the unfaithfulness close to 1 indicate
large disagreement between waveforms, while zero unfaithfulness indicates that both waveforms
are identical. For the mismatch calculation here we use the Advanced LIGO design sensitivity
power spectral density 12. In the following we assess the accuracy of the model, SEOBNRv4EHM,
against NR in the quasi-circular limit and the eccentric case.
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Figure 2 – Left panel: Distribution of the maximum unfaithfulness of the (2,2)-mode models SEOBNRv4 (orange)
and SEOBNRv4E (blue) against the 157 quasi-circular NR simulations of Ref.9. The calculations are done with a
low frequency cutoff corresponding to the initial geometric frequency of each NR simulation. The vertical dashed
lines correspond to the median values of the distributions. Right panel: Unfaithfulness of SEOBNRv4EHM model
against the 28 eccentric public SXS simulations listed in Table I of Ref.6. The horizontal dashed line indicates the
1% value of unfaithfulness. The calculations are performed optimizing over the initial eccentricity and starting
frequency. The total mass range considered in both panels is 20M� ≤M ≤ 200M�.

In the left panel of Fig. 2 it is shown the histogram of maximum unfaithfulness over total
mass range against the 157 quasi-circular NR simulations used in 9. The result shows that the
eccentric model has an accuracy comparable to the underlying quasi-circular model in the zero
eccentricity limit.

The unfaithfulness against 28 public Simulating eXtreme Spacetimes (SXS) eccentric simu-
lations13,6, with mass ratio q = m1/m2 ≤ 3, initial orbital eccentricity, e0

ω ≤ 0.3, and the highest
dimensionless spin magnitude, χi,z = Si,z/m

2
i = 0.7 with i = 1, 2, is shown in the right panel of

Fig. 2. As eccentricity is a gauge dependent quantity, in the mismatch calculations we optimize
over the initial eccentricity and starting frequency of the model to find the best agreement with
NR. The results show that the mismatch for SEOBNRv4EHM is < 1%, indicating that the model
is faithful to the eccentric NR simulations.

4 Conclusions

SEOBNRv4EHM is a state-of-the-art eccentric multipolar waveform model for binary black holes
with aligned spins, with comparable accuracy to SEOBNRv4HM in the quasi-circular limit, and it
is also faithful to moderately eccentric NR simulations with an accuracy comparable to other
existing eccentric EOB models 14,15. The model is already coded up in LALSuite 16, it will go
under waveform review in the upcoming months and it will be available to the collaboration
before the start of O4. Moreover, the model is also able to reproduce qualitatively the behavior
of dynamical captures, and a quantitative analysis against available NR results will be presented
in future work.
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Searching for continuous gravitational waves with IPTA
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(for the EPTA and IPTA collaborations)

Laboratoire APC, 10 Rue Alice Domon et Léonie Duquet, 75013 Paris, France

The Pulsar Timing Array (PTA) collaboration aims to detect low frequency gravitational
wave signals using high precision timing observations of millisecond pulsars. The international
collaboration combines data from several radio telescopes distributed throughout the world
to enhance detection sensitivity. Latest results indicate the presence of a low frequency noise
in the data that is the same for all pulsars. Here we show preliminary results for 95% upper
limit plots on the amplitude of Continuous Wave (CW) signal including this newly detected
noise in the model, revealing that it affects sensitivity at low frequencies. We then investigate
potential CW signal candidates and show that detectability is strongly influenced by the noise
model we chose.

1 Introduction

The International Pulsar Timing Array (IPTA) 2nd data release is the combination of the data
collected by all the PTA collaborations in the world, in the hope of increasing our sensitivity
to Gravitational Wave (GW) signals 1. It was released in 2019 and contains the data from all
radiotelescopes until that date. Lately, it has been found that a common low frequency noise
shared between pulsars was present in the PTA datasets 2. Here we want to investigate if this
low frequency noise has an impact on CW detection. We also try to identify interesting features
in the data to test for the presence of CW signal.

What are continuous waves ? The PTA is most sensitive in the nanohertz band, where we
expect to see a Gravitational Wave Background (GWB) resulting from the sum of all individual
SuperMassive Black Hole Binaries (SMBHB) GW emissions in the universe. Amongst these
SMBHB, some may be closer to us and appear louder than the GWB. These single SMBHB
induced GW signals are very stable in frequency. Such a signal is called a CW : a monochromatic,
deterministic GW signal, localized in the sky where lies its source. This presentation focuses on
CW.
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2 Data analysis

2.1 Likelihood

A PTA dataset is a collection of Times Of Arrival (TOA) of pulses of each pulsar. GWs can
affect the TOAs and this effect could be detected for GWs of very low frequency (between 1 and
100 nHz).

Figure 1 – Illustration of the effect of a CW on the TOAs of a pulsar. The timing model predicts the TOAs in
absence of CW (left). A CW will shift the TOAs from their expected value creating timing residuals (right).

We need to fit a timing model to the observed TOAs ~tobs in order to compute the timing
residuals ~δt, where we expect to see the effect of GW. This timing model gives a predicted value
of the TOAs, ~tpred

3. The residuals are then defined as the difference between the observed and
predicted values of the TOAs.

~δt = ~tobs − ~tpred (1)

We use a normally distributed likelihood La( ~δta|~θa) :

La( ~δta|~θa) =
1√
|2πΣa|

exp

(
−1

2
~δtaΣ−1

a
~δta

)
(2)

In that expression we find the timing residuals δta and the covariance matrix Σa of pulsar
a.

Finally, if we want to add the effect of any residual deterministic signal s(t) to our model
(like CW signal, ephemerides effect), we need to subtract it to the timing residuals residuals as
follows :

δt→ δt− s(t) (3)

2.2 Noise model

To use PTA as a detector we need to identify all the sources of noise that will interfere with the
desired signal. We will use here three categories of noises : white noise σWN , red noise ΣRN

and dispersion noise ΣDM . Their effect is taken into account in the covariance matrix that
writes as :

Σa = σa,WN + Σa,RN + Σa,DM (4)

See reference 1 for a detailed description of these noises.
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2.3 Continuous wave signal

A detailed expression of the timing residuals sa(t, h, ~θCW ) induced by a circular SMBHB emitting
a GW is presented in the Nanograv 11yr CW paper 6. Here, we present a simplified version of
it to illustrate our problem :

sa(t, h, ~θCW ) = h
∑

A=+,×
sA(~ta, ~θCW ) (5)

where t is the time, h is the amplitude of the CW, ~θCW are the parameters of the CW
(amongst which θ and φ the sky location of the source) and A the two polarization components
+ and × of the CW. This signal is computed for pulsar a at t = ~ta, the TOAs of pulsar a.

3 Results

The low frequency noise present in IPTA data 1 is modeled as a Common Red Noise (CRN),
presenting the same properties in every pulsars.

We include in our model the noises : white noise, dispersion noise, red noise (individual
red noise or individual red noise + common red noise); finally we include the CW signal. In
our case, because we have no correlated processes between pulsars, the total likelihood L(~δt|~θ)
is the product of the La( ~δta|~θa) of individual pulsars.

3.1 95% upper limit on CW amplitude

Using MCMC methods5, we find the posterior probability distribution p(h) of the CW amplitude
h at a given frequency f of CW signal. In Bayesian analysis, the 95% upper limit h95 is defined
as :

0.95 =

∫ h95

0
p(h)dh (6)

We calculate it for each frequency f and produce two versions of the plot h95(f), each
corresponding to two different models : one with CRN process, the other without. This way we
can see if the inclusion of CRN has an influence on CW signal detection.

Figure 2 – 95% upper limit on CW amplitude w/ CRN and w/o CRN.

The two plots nearly overlap everywhere except at low frequency. The CRN plot is a bit
higher, that means we lose sensitivity. Indeed, adding CRN to the model raises the noise level
and deteriorates the SNR, thus we need higher amplitude to overcome the threshold level of
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detection and h95 is higher for CRN plot. Consequently, CRN has a significant influence on low
frequency CW signals and should be taken into account.

3.2 Investigating potential candidates

We identify two interesting features on figure 2 where we have an excess of amplitude h : the
double peak around 15 nHz and the single peak at 51 nHz. We want to further investigate these
two features by computing the Bayes Factor (BF) associated with the presence of CW.

We compare a noise model only with a noise model + CW signal at frequency f to recover
the Bayes Factor (BF) associated with the detection 5.

First candidate at 15 nHz

The value of the BF is very low, around BF = 1. The sampler does not seem to prefer the
signal model over the noise only model. This means that the CW model is not statistically
significant and we have no detection.

Second candidate at 51 nHz

This gave a fairly high BF in favour of CW BF = 18 that is not a conclusive value but still
interesting. However, it was pointed during the presentation that this feature is not present in
other analyses made by NANOGRAV 6 and it could be associated with some unmodeled noise.
Because 51 nHz is extremely close to Venus orbital period, it was thought that Venus could be
at the origin of that feature.

4 New results since Moriond talk

Since Moriond, many analyses were performed with many different noise models. After several
attempts, we finally got rid of that second feature, showing that it was indeed just unmodeled
noise. To achieve this, we had to use custom noise models for each pulsars 4 instead of a same
global noise model applied to individual pulsars as it is usually done. Using that new noise
model, the BFs for the two candidates both dropped to a value of BF = 0.4 indicating that the
noise model only is preferred and we have no detection. Morevoer, the fact that the frequency
of the feature corresponds to Venus orbital period may just be mere coincidence.

5 Conclusion

The inclusion of CRN in the noise model has an influence on low frequency CW detection.
Indeed, it raises the noise level and affects SNR, hence detectability. It should be included in
the next analyses. We still do not detect CW signal with the IPTA dataset, as indicated by
the recovered low values of BF. We have shown that changing the noise model can completely
absorb a feature in the data that resembled a hint of CW signal detection. Consequently, PTAs
are extremely sensitive to the noise models and we must chose them with great care .

References

1. J. Antoniadis et al MRAS 510, 4873 (2022)
2. S. Chen et al, MNRAS 508, 4970 (2021)
3. R. T. Edwards et al MNRAS 372, 1549 (2006)
4. A. Chalumeau et al MNRAS 509, 5538 (2022)
5. J. A. Ellis Class. Quantum Grav. 30, 224004 (2013)
6. K. Aggarwal et al ApJ 880, 116 (2019)

36



On the search of a stochastic GWB with the EPTA

A. Chalumeau
For the European Pulsar Timing Array Collaboration

Laboratoire de Physique et de Chimie de l’Environnement et de l’Espace,
3 Av. de la Recherche Scientifique, 45071 Orléans, France

The European Pulsar Timing Array has recently published two papers on the search for a
very-low frequency gravitational-wave background (GWB), where a common signal appears
to be significant. This signal is even consistent with the measurements obtained by other
PTAs, with a spectral index compatible with the expected value for a GWB produced by
a population of supermassive black hole binaries. The signal is still present after including
SSE errors or improving the single-pulsar noise models. However, the specific signature in the
spatial correlations still need to be confirmed. A large effort is currently applied to increase the
array from 6 to 25 pulsars in order to increase significantly the sensitivity on these correlations.

1 Introduction

Pulsar Timing Array (PTA) projects aim at detecting very-low frequency (nHz - µHz) gravita-
tional waves (GWs) using pulsar timing radio observations of the most stable millisecond pulsars
(MSPs) known. The brightest expected GW source in this frequency range is the population of
inspiralling supermassive black hole binaries (SMBHBs) hosting at the center of nearby galaxies.
If the most masssive and closest binaries might be resolved by PTAs as continuous waves, the
bulk of the SMBHB population emits a stochastic gravitational-wave background (GWB).

The three major continental PTA collaborations, NANOGrav 2, the Parkes Pulsar Timing
Array (PPTA) 5 and the European Pulsar Timing Array (EPTA) 4 have recently published
independent results on the search for the GWB, reporting the presence of a common signal among
pulsars with spectral properties that are consistent with a GWB produced by a population of
SMBHBs.

I focus on results obtained by the EPTA with the Data Release 2, using 24-years observa-
tions of the six following pulsars: PSRs J0613−0200, J1012+5307, J1600−3053, J1713+0747,
J1744−1134 and J1909−3744. The observations have been performed by the Effelsberg 100-m
radio telescope, the Nan cay Radio telescope, the Lovell Telescope at the Jodrell Bank Obser-
vatory and the Westerbork Synthesis Radio Telescope. it also includes data from the Large
European Array of Pulsars (LEAP), which is based on the combination of these four telescopes
with the Sardinia Radio Telescope, forming a tied-array telescope.
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2 Searching for a GWB with PTAs

With PTAs, we search for GW signals that induce a long-term (months to decades) Doppler
shift on the arrival times of the observed radio pulses.

In practice, each pulsar is observed for years/decades with a weekly cadence. The timing
observations are reduced to one (or few) characteristic times-of-arrival (ToAs) that are then
combined together to fit for the Timing Model which estimates the pulsar period and its first
derivatives, the pulsar sky position and proper motion, the constant value and first derivatives
of the dispersion measure of the radio signal and the Keplerian and post-Keplerian parameters if
the pulsar has a companion. The differences between the observed ToAs and those predicted by
the Timing Model are called timing residuals. The GWB search in PTAs consists of analyzing
simultaneously the timing residuals of a full array of pulsars, by taking into account for Timing
Model parameter errors, ToA uncertainty errors, single-pulsar noise components (long-term
variations of the pulsar spin, the dispersion measure, ...) and eventually Solar-system ephemeris
(SSE) errors. The SSEs are used to transform each ToA to the Solar-system barycenter in order
to mitigate the effect of the Earth motion in the Solar system.

The spectrum of the GWB produced by SMBHBs is expected to be “red”, i.e., rising at the
lowest frequencies. For a simplified population of circular and GW-driven orbits, the derived
power spectrum density (PSD) using the GW quadrupole formula has a spectral index at γGWB =
−13/3. The smoking gun of of a GWB detection is given by the presence of specific spatial
correlations (depending on the angular separation of each pulsar pair) in the timing residuals.
In the case of an isotropic GWB, the correlation pattern predicted by General Relativity is
described by the Hellings-Downs curve6. Note that SSE errors would induce signals with spatial
correlations among pulsars, but with a dipolar signature.

3 Results with the EPTA DR2 6-pulsar

The results presented in 3.1 and 3.2 are taken from 4, and the ones in 3.3 have been reported
in 3. The GWB signal is modelled as a Gaussian process with sine/cosine basis functions and
a power-law PSD (See 4 for more details), named common red signal (CRS). The CRS is either
uncorrelated (named common uncorrelated red noise, or CURN), or with spatial correlations
that are either fitted, or fixed following Hellings-Downs curve (named GWB). All the analysis
presented here have been performed under a Bayesian framework.

3.1 Analysis of the common red signal

The Figure 1 displays results obtained using a CRS with ’free’ spatial correlations. The right
panel shows the parameter posterior distribution of the power-law amplitude and spectral index
which is clearly contrained. Furthermore, the spectral slope is consistent with γGWB = −13/3,
which corresponds to the expected value from an idealistic SMBHB population. The Bayes factor
B of a model composed of single-pulsar (PSRN) with or without CURN have been evaluated at
log10 BPSRN+CURN

PSRN = 3.8 in favor of PSRN + CURN, which confirms the presence of a common
red signal.

However, the spatial correlations are not constrained enough to confirm or refute the GW
origin of the signal. It is consistent with the low Bayes factor: log10 BPSRN+CURN

PSRN+GWB ∼ 0.4, slightly
in favor of PSRN + CURN. Note that this result is not very surprising given the low number of
pulsars in the data set which yields to a poor sensitivity on spatial correlations.

3.2 Addressing possible common red signals from SSE systematic

To go further in the analysis, we have also included SSE error models in the analysis. The Figure
2 displays the posteriors of the CURN amplitude and spectral index by fixing the SSE (as done
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Figure 1 – Results from a search for a CRS modelled with a single-power-law spectrum (amplitude and spectral
index posteriors shown in right panel), with simultaneous sampling of the spatial correlations (95% and 99.7%
credible regions shown as dashed and dotted lines in left panel), using the EPTA DR2 6-pulsar data set. In the
left panel, the red solid line shows the theoretical Hellings-Downs curve and the red stars denote the angular
separations of all pulsar pairs. In the right panel, the dashed line indicates the spectral index γ = 13/3 expected
from a GWB produced by an idealistic population of SMBHBs. Figure from 4.

Figure 2 – Posterior distributions of the CURN power-law parameters using a fixed SSE (DR2 EP DE438), the SSE
model BayesEphem (DR2 EP BR), the SSE model EphemGP (DR2 EP EGP) and the SSE model LINIMOSS
(DR2 42 LM). Figure from 4.

previously), or using one of the different SSE error models available: BayesEphem, EphemGP
and LINIMOSS.

The main results of this study is that the signal remains highly constrained, despite the inclu-
sion of any SSE error model. The inclusion of the SSE models slightly increases the uncertainties
in the recovered parameters. As expected, the contours become progressively broader than the
contour with fixed SSE, as the allowed prior increases from BayesEphem to EphemGP, to the
full marginalization in LINIMOSS.

3.3 Impact of the single-pulsar noise modelling

The single-pulsar noise components used to obtained the results shown aboved are the same
for all pulsars, which might not be optimal given the complexity of our data set. We have
investigated to find the most favored single-pulsar noise components for each pulsar given the
data, and reproduced the GWB analysis with the new model.

The Figure 3 shows the power-law amplitude and spectral index posterior distributions of
the CURN (left panel) and the CRS with Hellings-Downs correlations (right panel), using a
model with the same ’simplistic’ single-pulsar noise components for all pulsars (M1; in blue),
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Figure 3 – Two-dimensional posterior distributions of the CURN (left panel) and Hellings-Downs correlated CRS
(right panel) power-law parameters with M1 (blue) and M2 (red) single-pulsar noise models. Figure from 3.

and the most favored single-pulsar noise components (M2; in red). For both CRSs, the signal
again remains highly constrained. The distributions are only slightly shifted and broadened
once we use the M2 model. Furthermore, the Bayes factor is now at log10 BPSRN+GWB

PSRN+CURN ∼ 0.3,
which is now slightly in favor of PSRN + GWB. A proper treatment for the single-pulsar noise
models will therefore be important in future for an optimal characterization of the signal.

4 Conclusion and perspectives

The GWB analysis with the EPTA DR2 6-pulsar data set has allowed to confirm the presence
of a common red signal recently reported by NANOGrav and PPTA. We have investigated on
the presence of SSE errors or unmodelled single-pulsar noise seen as a common red noise, and
improved the robustness of the results.

The three continental PTAs mentionned in Section 1 are currently working to produce their
best data set and perform an optimal GWB search by the end of the year 2022. With the EPTA,
we will pass from 6 to 25 pulsars chosen to maximize the signal-to-noise ratio of the putative
GWB. This significant increase of pulsar number might improve drastically our sensitivity on
spatial correlations.

Given the very promising results reported in 1, we expect to obtain the most sensitive GWB
measurement with the upcoming International Pulsar Timing Array Data Release 3 that will
combine all the best pulsar timing data available.

References

1. J. Antoniadis et al., MNRAS 510, 4873 (2022).
2. Z. Arzoumanian et al., Astrophys. J. Lett. 905, L34 (2020).
3. A. Chalumeau et al., MNRAS 509, 5538 (2021).
4. S. Chen et al., MNRAS 508, 4970 (2021).
5. B. Goncharov, Astrophys. J. Lett. 917, L19 (2021).
6. R. W. Hellings, G. S. Downs, Astrophys. J. 265, L39 (1983).

40



Insights into searches for anisotropies in the nanohertz gravitational-wave
background with a Fisher formalism
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Pulsar Timing Arrays (PTAs) are bound to soon detect the monopole of the nanohertz stochas-
tic gravitational-wave background (GWB). The next step will be to look for anisotropies in
the GWB. We derive a Fisher formalism to quantify the sensitivity of PTAs to anisotropic
GWBs. This formalism is useful to guide and optimize full-blown data analyses, and will be
especially useful for future PTAs with large numbers of pulsars.

1 Motivations

1.1 Why anistropies: a cosmologist’s perspective

The first serendipitous detection of the Cosmic Microwave Background (CMB) by Penzias &
Wilson in 1965 was a major event in the history of cosmology. The one number they measured
– an excess antenna temperature of ∼ 3K at a frequency of 4 GHz – set the cosmological model
on a much more solid and quantitative footing. About 25 years later, COBE measured the full
frequency spectrum of the CMB and its large-scale temperature anisotropies for the first time.
COBE’s successors, WMAP and Planck, ushered cosmology into the era of high-precision data,
by mapping the CMB temperature and polarization down to ∼ 10 arcmin resolution. CMB data
is now a pillar of modern cosmology, and has allowed us to characterize the Universe’s initial
conditions and measure the abundances of its constituents with percent-level precision.

Pulsar-timing arrays (PTAs) have been slowly accumulating sensitivity to the nanohertz
gravitational-wave background (GWB), expected to be produced by inspiralling supermassive
black hole binaries (SMBHBs), and possibly more exotic sources. So far PTAs have not yet de-
tected even one single number, namely the amplitude of the isotropic GWB (assuming a specific
frequency spectrum), and are therefore in the pre-Penzias & Wilson era. Still, a detection might
be just around the corner. The next steps will then be to characterize the frequency dependence
of the GWB, as well as its anisotropies, and, in the more distance future, its polarization. This
work explores the prospects of detecting anisotropies in the nanohertz GWB with PTAs.
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1.2 Why a Fisher formalism

In essence, a Fisher formalism is a theorist’s reduction of the data analysis process to its essential
parts. It does not replace a full data analysis of the data, but can provide useful guidance
and intuition for it. Current PTAs use ∼ 40 − 50 pulsars, corresponding to ∼ 103 pairs of
pulsars, which are used for cross-correlation searches of the GWB. Future radio surveys, such as
SKA, promise to find hundreds of new millisecond pulsars, implying tens of thousands of pairs.
Dealing with the full dataset with ordinary MCMC techniques may then become prohibitive. We
therefore need simple but robust methods to help guide and optimize full-blown data analyses.
This is the goal of a Fisher formalism.

2 Pulsar timing basics

Pulsars are rapidly spinning neutron stars, whose radio emission is beamed and misaligned with
their rotation axis. From Earth, they are observed as periodic radiowave pulses. Timing a pulsar
consists in tabulating the times of arrival (TOAs) of these pulses, as a function of pulse number.
In the absence of any perturbation or noise, the TOAs should be very smooth functions of pulse
number. One can fit a smooth timing model to the TOAs. The differences between the actual
TOAs and this best-fit model are called the timing residuals. For each pulsar p, the timing
residual Rp(t) is a function of time of pulse arrival t. One can equally work with its Fourier
transform Rp(f). It can be decomposed into a part induced by GWs and an intrinsic noise
part (due to pulsar quakes and instrumental noise): Rp(f) = RGW

p (f) + Rint
p (f). Assuming an

unpolarized GWB with direction-dependent characteristic strain hc(f, Ω̂), we have

〈RGW
p (f)RGW

q (f)〉 ∝
∫
d2Ω̂ γpq(Ω̂) h2

c(f, Ω̂). (1)

The function γpq(Ω̂) is the pairwise timing response function, and can be expressed explic-
itly, in a frame-invariant way 1, in terms of dot products between the directions p̂, q̂, Ω̂. The
intrinsic-noise part is uncorrelated between pulsars, and its power spectrum can be written in
terms of a characteristic noise strain hc,p(f):

〈Rint
p (f)Rint

q (f)〉 ∝ δpq h2
c,p(f). (2)

3 PTA Fisher “matrix”

To simplify we specialize to a factorizable GWB characteristic strain, of the form h2
c(f, Ω̂) =

A(Ω̂)×(f/yr−1)−2α. For SMBHBs on circular orbits, one expects α = 2/3. We then approximate
the likelihood for the map A as Gaussian, of the form

L(A|data) ∝ exp

[
−1

2

(
A− Â

)
· F ·

(
A− Â

)]
, (3)

where Â is the optimal quadratic estimator built from the data, and for two maps M1,M2,

we defined the dot product M1 ·M2 ≡
∫ d2Ω̂

4π M1(Ω̂)M2(Ω̂). The Fisher “matrix” F(Ω̂, Ω̂′) is a
compact summary of the noise and geometric properties of a PTA, and takes the form of a sum
over pulsar pairs 1

F(Ω̂, Ω̂′) =
∑

p6=q
Fpqγpq(Ω̂)γpq(Ω̂

′), Fpq ∝
∫
df

(f/yr)−4α

h2
c,p(f)h2

c,q(f)
, (4)

where Fpq is the inverse-noise-weighted integral of the frequency dependence of the signal, for
each pulsar pair p, q.
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4 Applications

The specific dataset we use are the 42 millisecond pulsars from the EPTA data release 1.0
(Desvignes et al. 2016), whose characteristic noise strains are obtained with the code Hasasia

(Hazboun, Romano & Smith 2019).

Having built this Fisher matrix, one may then parameterize the GWB by its components on
any given basis of maps, and obtain the multivariate-Gaussian distribution for these amplitudes,
hence forecast the sensitivity to each one of them. As a sanity check, we confirmed that our
forecast for the sensitivity to the monopole’s amplitude is consistent with EPTA upper limits.
Here we illustrate a few applications 2.

4.1 Sensitivity to the GWB amplitude in coarse pixels

We start by decomposing the GWB amplitude on the basis of HEALPix coarse pixels, and
compute the sensitivity of the EPTA to the pixel amplitude. The result is shown in Fig. 1. We
see that the sensitivity quickly degrades when increasing the number of pixels. 11
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FIG. 5. Sensitivity of the EPTA to a coarsely pixelized GWB, for Npix = 12, 48 and 192 HEALPix pixels. Specifically, this
shows the sensitivity in each coarse pixel after marginalizing over all other pixels.

We show C95%
` in Fig. 6, for several values of `max.

We see that for any given coe�cient C`, the sensitivity
systematically degrades as `max is increased. In partic-
ular, as anticipated, the sensitivity to the monopole sig-
nificantly worsens as `max is increased. This is because
the monopole is correlated with other spherical harmon-
ics, and as one enlarges the space of functions to be
searched over, the uncertainty on the monopole ampli-
tude increases.

Let us remark that the coe�cients C` are statistically
correlated. We explicitly give their correlation coe�-
cients in Tabs. I for `max = 2 and 5. We see that these
correlations coe�cients are in general not small, and de-
pend on the chosen `max.

Finally, note that this analysis specifically estimates
the minimum amplitudes necessary for a detection,
through pulsar timing cross correlations. In addition,
the monopole, dipole and quadrupole can be constrained
by pulsar autocorrelations, as discussed in Section II G.
In the limit that autocorrelations constrain the ` = 0, 1, 2
harmonic coe�cients much more tightly than the cross
correlations, the variance of the remaining coe�cients
should be obtained by inverting the Fisher matrix re-
stricted to these coe�cients, leading to a lower noise for
the C` with ` � 3. We have checked explicitly that this
lowers the noise by no more than ⇠ 10 � 20%.

In conclusion, we have demonstrated that our Fisher
formalism allows to forecast the sensitivity of a PTA
to the spherical-harmonic amplitudes of the GWB, for
a given cuto↵ `max. We have applied this specifically
for the EPTA, and shown that the minimum detectable
amplitudes are systematically larger than allowed by
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P
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`m/(2`+1), as a function of the cuto↵
`max, beyond which the coe�cients are assumed to strictly
vanish. The physical prior is computed for a monopole upper
limit Ah  4 ⇥ 10�15 [32], and is systematically lower than
the minimum detectable anisotropy amplitudes.

V. PRINCIPAL MAPS OF A PTA

A. Motivation and formalism

As highlighted in the previous section, one of the chal-
lenges when using standard bases to decompose the GWB
intensity is that the amplitudes of the basis maps are
statistically correlated. Moreover, their covariance ma-
trix depends on the number of maps considered. As a
result, one cannot easily set model-independent limits on
the map amplitudes.

If one is completely agnostic regarding the angular de-
pendence of the GWB, it is best to search under the
lamppost, i.e. look for the amplitudes of maps which are

Figure 1 – Sensitivity of the EPTA (whose pulsar locations are shown as stars) to the amplitude Ah of the
characteristic strain in Npix = 12, 48 and 192 HEALPix pixels, from left to right.

4.2 Sensitivity to the GWB spherical-harmonic amplitudes

We decompose the GWB map in the basis of real spherical harmonics, A(Ω̂) =
∑
`≤`max,mA`mY`m(Ω̂),

up to some maximum `max. We then forecast the sensitivity of the EPTA to the individ-
ual amplitudes A`m, from which we estimate the sensitivity to the angular power spectrum
C` ≡ 1

2`+1

∑
m |A`m|2. We show the result in Fig. 2. We see that the sensitivity to any specific

C` degrades when increasing `max.
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FIG. 5. Sensitivity of the EPTA to a coarsely pixelized GWB, for Npix = 12, 48 and 192 HEALPix pixels. Specifically, this
shows the sensitivity in each coarse pixel after marginalizing over all other pixels.

We show C95%
` in Fig. 6, for several values of `max.

We see that for any given coe�cient C`, the sensitivity
systematically degrades as `max is increased. In partic-
ular, as anticipated, the sensitivity to the monopole sig-
nificantly worsens as `max is increased. This is because
the monopole is correlated with other spherical harmon-
ics, and as one enlarges the space of functions to be
searched over, the uncertainty on the monopole ampli-
tude increases.

Let us remark that the coe�cients C` are statistically
correlated. We explicitly give their correlation coe�-
cients in Tabs. I for `max = 2 and 5. We see that these
correlations coe�cients are in general not small, and de-
pend on the chosen `max.

Finally, note that this analysis specifically estimates
the minimum amplitudes necessary for a detection,
through pulsar timing cross correlations. In addition,
the monopole, dipole and quadrupole can be constrained
by pulsar autocorrelations, as discussed in Section II G.
In the limit that autocorrelations constrain the ` = 0, 1, 2
harmonic coe�cients much more tightly than the cross
correlations, the variance of the remaining coe�cients
should be obtained by inverting the Fisher matrix re-
stricted to these coe�cients, leading to a lower noise for

with ` � 3. We have checked explicitly that this
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`m/(2`+1), as a function of the cuto↵
`max, beyond which the coe�cients are assumed to strictly
vanish. The physical prior is computed for a monopole upper
limit Ah  4 ⇥ 10�15 [32], and is systematically lower than
the minimum detectable anisotropy amplitudes.

V. PRINCIPAL MAPS OF A PTA

A. Motivation and formalism

As highlighted in the previous section, one of the chal-

Figure 2 – Sensitivity of the EPTA to the angular power spectrum of the GWB, as a function of multipole `, and
for different cutoff values `max.
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4.3 Agnostic reconstruction of the GWB with principal maps

In both examples discussed above, the sensitivity of a PTA is seen to quickly degrade with the
number of basis functions; moreover, the sensitivity to any specific function (e.g. the monopole)
depends on the chosen basis functions and cutoff. This is an issue for agnostic searches of
anisotropic GWB, as the results are bound to be dependent on the arbitrary choice of basis
functions. This issue arises because the basis functions considered so far – coarse pixels or
spherical harmonics – are correlated, in the sense that their amplitudes have non-vanishing
covariances.

To alleviate the issue, we construct a basis of principal maps Mi(Ω̂), which are mutually
orthogonal and uncorrelated eigenmaps of the Fisher matrix. We may then use these maps to
reconstruct the anisotropic GWB agnostically: search for the amplitudes Ai of the principal
maps, only keep those measured with SNR larger than some threshold (e.g. 3) and then define
the “reconstructed map” as Arec(Ω̂) =

∑
i,SNR>3AiMi(Ω̂). We illustrate this procedure in

Fig. 3. We see that even for large amplitudes of the input map, the reconstructed maps are still
very distinct from the input map, and it is difficutl to distinguish vastly different input maps.

4.4 Conclusions

Our results indicate that current PTAs are still far from being able to map the GWB. But
this is to be expected, since they have not yet detected the monopole! We expect that the
techniques developed here should be especially useful for future PTAs, with hundreds of pulsars,
and especially after detection of the monopole.
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FIG. 11. Reconstructions of a purely isotropic GWB (top row) and of the “GWB” map shown in Fig. 10 (bottom row) with the
EPTA. In each column, from left to right, the input map has monopole amplitude A2

h = 10�28, 3 ⇥ 10�28, 10�27, respectively.
For the isotropic input map, these reconstructed maps are built from 3, 9 and 21 principal maps detected with individual SNR
> 3. For the “GWB” map, the reconstructed maps are built from 3, 13 and 26 principal maps.

of the Fisher matrix), the two constraints are indepen-
dent. The resulting optimization problem thus admits
Npair � 2 solutions. To span the Npair-dimensional set of
observable maps, one must supplement these monopole-
uncorrelated principal anisotropies with the monopole
and F · 1� (F · 1)1 (properly normalized). Indeed, this
additional map is orthogonal to the monopole and to all
the Cn maps (which stems from the condition that the Cn

are orthogonal to and uncorrelated with the monopole),
thus linearly independent from all of them. However, this
additional map is in general not statistically independent
from the monopole nor from the maps Cn. Therefore, this
construction still does not alleviate the issue.

To conclude, unless the monopole is an eigenmap of

A. Derivation of the frequentist criterion

Given the data translated into an estimator bA for the
GWB amplitude, one may seek the monopole amplitude
that minimizes the �2, given by

�2(A0) =
⇣
A01 � bA

⌘
· F ·

⇣
A01 � bA

⌘
. (74)

The best-fit monopole amplitude is then simply

Abf
0 =

1 · F · bA
1 · F · 1 . (75)

The SNR of the best-fit monopole is then SNRbf =
bf
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FIG. 11. Reconstructions of a purely isotropic GWB (top row) and of the “GWB” map shown in Fig.
EPTA. In each column, from left to right, the input map has monopole amplitude A2

h = 10�28, 3 ⇥

> 3. For the “GWB” map, the reconstructed maps are built from 3, 13 and 26 principal maps.

of the Fisher matrix), the two constraints are indepen-
dent. The resulting optimization problem thus admits
Npair � 2 solutions. To span the Npair-dimensional set of
observable maps, one must supplement these monopole-
uncorrelated principal anisotropies with the monopole
and F · 1� (F · 1)1 (properly normalized). Indeed, this
additional map is orthogonal to the monopole and to all
the Cn maps (which stems from the condition that the Cn

are orthogonal to and uncorrelated with the monopole),
thus linearly independent from all of them. However, this
additional map is in general not statistically independent
from the monopole nor from the maps Cn. Therefore, this
construction still does not alleviate the issue.

To conclude, unless the monopole is an eigenmap of

that minimizes the �2, given by
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⇣
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Figure 3 – Reconstructions of an isotropic GWB (top row) and of the “GWB” map (bottom row) using the EPTA
principal maps. The input has monopole amplitude A2

h = 10−28 and 10−27 in the middle and right columns.

References
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We propose that the recent observations reported by the different Pulsar Timing Array (PTA)
collaborations (i.e. IPTA, EPTA, PPTA, and NANOGrav) of a common process over several
pulsars could correspond to a stochastic gravitational wave background (SGWB) produced by
turbulent sources in the early universe, in particular due to the magnetohydrodynamic (MHD)
turbulence induced by primordial magnetic fields. I discuss recent results of numerical simu-
lations of MHD turbulence and present an analytical template validated by the simulations.
We use this template to constrain the magnetic field parameters using the results reported
by the PTA collaborations. Finally, we compare the constraints on the primordial magnetic
fields obtained from PTA with those from blazar signals reported by Fermi LAT, from ultra
high-energy cosmic rays, and from the CMB. We show that a non-helical primordial magnetic
field produced at the scale of the QCD phase transition is compatible with all these constraints
and it could also provide with a magnetic field at recombination that would help to alleviate
the Hubble tension.

1 Introduction

The field of gravitational astronomy is near its birth and has already led to astonishing discov-
eries. Starting in 2015 with the first detected gravitational wave event GW150914,1 and the
first multi-messenger detection GW170817 in 2017,2 the LIGO-Virgo collaboration has recently
released the second half of the third observing run O3b, with a total of 90 observed events.3

Many more are expected to come in the next few years and decades. In particular, magnetic
fields and bulk fluid motions in the early universe can source a stochastic gravitational wave
background (SGWB) of cosmological origin that can be generated, for example, during cosmo-
logical phase transitions.4 Depending on the energy scale at which the SGWB is produced, it
will be present in a different range of frequencies within the gravitational spectrum. For exam-
ple, a signal produced at the QCD phase transition with an energy scale T∗ ∼ 100 MeV could
produce a SGWB at frequencies of a few nanohertz.5 It is precisely in the 1–100 nHz regime
where pulsar-timing arrays (PTA) seek to detect GWs by monitoring the time-delay signals
of an array of millisecond pulsars. Recently, the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav), after 12.5 years of observations, has reported a common-
spectrum process, although the statistical significance of a quadrupolar correlation (i.e. following
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the Hellings-Downs curve as expected for GW signals 6) is still not conclusive.7 Similar results
from the Parkes Pulsar Timing Array (PPTA),8 the European Pulsar Timing Array (EPTA),9

and the International Pulsar Timing Array (IPTA) collaborations 10 followed, using data from
pulsars that span a total duration of 15, 24, and 31 years, respectively. Different sources of
GWs that would yield to a SGWB compatible with the common-process observed by the PTA
collaborations have been proposed. The most studied source is astrophysical and corresponds
to the SGWB produced by a population of merging supermassive black hole binaries.11 Al-
ternatively, cosmological sources have been proposed: inflationary GWs,12 cosmic strings and
domain walls,13 primordial black holes,14 supercooled and dark phase transitions,15 the QCD
phase transition, and primordial magnetic fields.16 I present hereby the latter scenario, where a
primordial magnetic field produced or present during the QCD phase transition yields a SGWB
that is compatible with the observations reported by the PTA collaborations.16,17,18

2 Magnetohydrodynamic turbulence and GW production

In the presence of magnetic fields, due to the high-conductivity in the early universe, the plasma
velocity field is highly coupled to the primordial magnetic field, leading inevitably to the devel-
opment of MHD turbulence.19 On the other hand, the anisotropic stresses due to the velocity
and magnetic fields lead to the production of GWs. To compute the resulting SGWB, one needs
to solve the full system of MHD equations. We have performed such numerical simulations in a
recent publication 18 using the Pencil Code 20 and following a similar setup than previous simu-
lations of MHD turbulence production of GWs from cosmological phase transitions.17,21,22,23,24,25

The numerical setup and methodology, and some of these results, in particular focusing on the
electroweak phase transition and the potential detectability of polarization in the SGWB, were
presented during the Gravitation session of the 55th Rencontres de Moriond.26

The tensor-mode perturbations hphys
ij above the FLRW background are described by the GW

equation. For anisotropic sources, it reads(
∂2
t −∇2

)
hij = 6 Πij/t, (1)

for scaled strains hij = ahphys
ij , comoving coordinates and stress tensor components, and con-

formal time. We have used a normalization appropriate for numerical simulations,21,22 and
Π̃ij = ΛijlmT̃lm (where a tilde indicates Fourier space) corresponds to the traceless-transverse
projection of the stress-energy tensor produced by the MHD turbulence,

Tij = (p/c2 + ρ)γ2uiuj −BiBj + δijB
2/2, (2)

where Λijlm = PilPjm − 1
2PijPlm and Pij = δij − k̂ik̂j are projection operators.

2.1 Numerical results

We solve the MHD equations numerically and construct the stress tensor Πij ; see eq. (2). Then,
we compute the resulting GW radiation solving eq. (1). For this purpose, we use the open-source
Pencil Code.

We set as initial condition of the simulations a fully-developed non-helical MHD spectrum
for the magnetic field, and zero initial bulk velocity, present at the QCD phase transition (in
general, at an energy scale T∗) with a characteristic scale k∗, given as a fraction of the Hubble
scale, and a characteristic strength Ω∗

M, given as a fraction of the critical energy density. We
chose this initial condition for two main reasons. In first place, it is conservative: whatever the
initial generation mechanism, the magnetic field is expected to enter a phase of fully developed
and freely decaying turbulence.19 Any initial phase of magnetic field growth would increase the
GW production.22,23,25 Secondly, simple initial conditions make it easier to build an analytical
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Figure 1 – SGWB spectrum produced by MHD turbulence driven by non-helical magnetic fields at the QCD
phase transition, computed numerically using the Pencil Code (colored dots), and obtained from an analytical
template (solid lines) and its envelope (dash-dotted lines). The left panel shows a series of runs with a short eddy
turnover time (18% of one Hubble time) and the right panel shows a series of runs with a long eddy turnover time
(1.4 Hubble times). The exact parameters of each run and the results can be found in Roper Pol et al. 2022.18

description of the simulation outcome. Since we want to model magnetically driven turbu-
lence, we also neglect the presence of initial bulk velocity for simplicity. The resulting SGWBs
computed from the numerical simulations are shown in figure 1.

2.2 Analytical SGWB template

In general, the simulations show that the SGWB evolves with a characteristic time scale δtGW ∼
1/k∗, while the magnetic field evolution is determined by the eddy turnover time, δte = (vAk∗)

−1,
where vA is the Alfvén speed. Hence, due to causality, δtGW/δte ∼ vA < 1. This reasoning
motivates the assumption that the anisotropic stresses are constant in time, which simplifies the
solution to the GW equation; see eq. (1). In particular, the envelope of the resulting SGWB
spectrum, derived in Roper Pol et al. 2022,18 is

ΩGW(k, t∗) ≈ 3

(
k

k∗

)3

Ω∗
M

2 C(α)

A2(α)
pΠ

(
k

k∗

){
ln2[1 +H∗δtfin] if k δtfin < 1,
ln2[1 + (k/H∗)

−1] if k δtfin ≥ 1.
(3)

The SGWB shows a dependence with the square of the magnetic field strength Ω∗
M and the mag-

netic spectral shape. In this work, we consider an initial magnetic spectrum given as a smoothed
broken power law, following a Batchelor spectrum ∼k4 at large scales, and a Kolmogorov spec-
trum ∼ k−5/3 at small scales, with α = 2 determining the smoothness of the transition; see
eq. (6) of Roper Pol et al. 2022. The parameters C and A are numerical values that depend on
α, and pΠ is given by the projection of the convolution of the magnetic spectrum for Gaussian
magnetic fields; see eq. (11) of Roper Pol et al. 2022. In this expression, we have considered
an effective duration of the turbulence sourcing δtfin that can not be predicted by the analytical
model. We expect that this duration is proportional to the time scale of the magnetic evolution,
i.e. the eddy turnover time. Hence, we use the results from the numerical simulations to provide
the empirical fit δtfin = 0.184H−1

∗ + 1.937 δte. Figure 1 compares the analytical model with the
results from the numerical simulations, and shows that the envelope of the analytical template
is an accurate representation of the numerical results.18

3 Constraints on the magnetic field

Once that we have derived an analytical template of the SGWB produced by MHD turbulence
due to the presence of a non-helical magnetic field in the early universe, which has been validated
by the simulations, we can compare the resulting SGWB to the observations reported by the
different PTA collaborations,7,8,9,10 thereby inferring the range of parameters T∗, k∗, and Ω∗

M that
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could account for the PTA results. The details and results of this analysis are described in Roper
Pol et al. 2022.18 Figure 2 shows the range of parameters k∗ and Ω∗

M, for the compatible range
of energy scales T∗, that are compatible with the results of the different PTA collaborations.
They are shown in terms of the magnetic field amplitude B (in Gauss) and the length scale of
the spectral peak l (in Mpc), as observables at present time.18 Such magnetic fields will continue
to evolve following MHD turbulent free decay down to recombination, when the magnetic fields
become frozen-in and only evolve following the expansion of the universe afterwards.27 Figure 2
shows that the magnetic fields compatible with the observations from the PTA collaborations are
also compatible with constraints on large-scale magnetic fields from the Fermi collaboration,28

constraints from ultra-high-energy cosmic rays (UHECR),29 constraints from Faraday Rotation
(FR),30 and constraints from CMB.31 In fact, the resulting primordial magnetic field from the
PTA observations is also compatible with the constraints proposed by Jedamzik & Pogosian
2020,32 updated recently by Galli et al. 2022,31 which allow a CMB value of the current Hubble
rate H0 ≈ 70 km s−1 Mpc−1, hence relieving the Hubble tension.
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Figure 2 – Magnetic field amplitude B and length at the spectral peak l given as present time observables (i.e. in
comoving units) compatible with the observations from PTA compared to the different constraints on primordial
magnetic fields.18

4 Conclusions

I have presented recent results on the SGWB produced by MHD turbulence driven by primordial
magnetic fields from the radiation-dominated early universe. New MHD numerical simulations
allowed us to study the whole GW spectrum and to validate an analytical template of the
SGWB that holds under the assumption of constant-in-time anisotropic stresses. Whether the
PTA observations are confirmed to correspond to a SGWB (i.e. if the correlation between pulsars
is confirmed to follow the Hellings-Downs curve) in the future, they could potentially correspond
to a SGWB produced by primordial magnetic fields with a magnetic energy density of at least
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1% the radiation energy density and a characteristic length scale within 10% of the horizon
scale. The energy scale is constrained to be between 1 and 200 MeV and hence, the signal
could correspond to a primordial magnetic field produced during the QCD phase transition.
The analytical model developed, validated by the simulations, allows us to predict where the
position of the break from f3 to f appears within the SGWB. This break, if observed in future
PTA data, could help to elucidate among an astrophysical or cosmological origin of the SGWB
signal.18
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The possibilities of detecting a stochastic GW background are steadily growing as the sen-
sitivity of gravitational wave detectors improves. SGWBs with distinct spectral signatures
and distributions on the sky are anticipated to result from a variety of astrophysical and cos-
mological phenomena. As a result, the apparent background will be a superposition of these
components. One of the first concerns that will arise following the discovery of such SGWB
is how to link the dominating components to their distributions in the sky. Both of these
challenges have been addressed individually in the literature: how to separate components of
isotropic backgrounds and how to investigate the anisotropy of a particular component.

1 Introduction

The GW events detected so far 1 constitute only a tiny fraction of all the GWs which reach the
current GW detectors. Currently, the events which are individually unresolvable stay below the
detection limit. Such unresolved signals add up incoherently, giving rise to a background. These
are referred to as the stochastic GW background (SGWB) 2. The most common prescription
for the SGWB predicts an isotropic signal (a Gaussian-stationary unpolarized, isotropic signal
which is qualitatively similar to the CMB). However, GW sources with an inhomogeneous spatial
distribution lead to a SGWB characterized by preferred directions, and hence anisotropies 3. It
has been shown that the flux of energy from all astrophysical sources (resolved and unresolved) is
not constant across the sky and depends on the direction of observation 4. Several factors result
in such anisotropies: the specific distribution of ASGWB sources, the anisotropy accumulated
along with the line-of-sight, the gravitational lensing, the redshift-space distortions, and the
dipole of magnitude induced by the observer’s peculiar velocity. In the form of a GW sky map,
the stochastic directional search can provide information on the angular content of the SGWB.
The anisotropic search is, therefore, a powerful technique for identifying individual contributors
to the SGWB.

2 Context

Methods have been proposed in the past to disentangle these components 2. These methods are
appropriate for estimating the parameters associated with different SGWB models. However,
as SGWB components increase, we have to deal with likelihood functions in multidimensional
parameter space. In such situations, techniques like Markov-chain Monte Carlo or nested sam-
pling will be needed to estimate the model parameters. On the other hand, a new method
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has been proposed 5 in the past by casting the Maximum-Likelihood estimation problem for a
multicomponent isotropic background to a linear deconvolution problem. It is also shown that
the proposed method requires a negligible amount of computation and is simple to apply to real
data. Here we present an extension of this work to the anisotropic SGWB case 8, where one can
jointly estimate the amplitude and spatial distribution of the many components.

Following the usual conventions 2, one can write the SGWB energy density having the units
of the dimensionless energy density parameter per steradian as

ΩGW(f, Ω̂) =
2π2

3H2
0

f3 P(f, Ω̂) . (1)

where P(f, Ω̂) denotes the true anisotropy in the sky. Assuming that the source frequency power
spectrum remains constant, and separable from its angular dependency, we can write the true
sky as

P(f, Ω̂) = H(f)P(Ω̂) , (2)

where H(f) is the spectral shape of the background. If we assume that the SGWB is constituted
by multiple components, denoted by the spectral index α, with a known spectral shape (we

assume power-law spectrum throughout this work), Hα(f) =
(

f
fref

)α−3
. Here fref is a reference

frequency at which the detector is most sensitive is set as 25 Hz. Then the amplitude of the
SGWB intensity can be rewritten as

P(f, Ω̂) =
∑
α

Hα(f)Pα(Ω̂) . (3)

Now, for a signal model which allows for a superposition of multiple GWB components, the
likelihood function can be written as

p(CI | Pαu ) ∝ exp
[
− 1

2
(CI − 〈CI〉)∗N−1(CI − 〈CI〉)

]
. (4)

Here CI denotes the usual cross-spectral density (CSD) which is defined as

CI(t; f) := s̃∗I1(t; f)s̃I2(t; f) . (5)

where the baseline I is formed by the pair of detectors I1 and I2, and s̃I1,2 are the short-term
Fourier transforms (SFTs) of time-series data obtained from the data segments of duration τ at
time t. Also, the covariance of CI for different times and frequencies are given by the matrix N
(we assumed that the detector noise spectra are well estimated). Then following the standard
maximum-likelihood (ML) method for mapping the GW intensity in a general basis, the clean
map is given by

∧Pαu ≡ P̂ = Γ−1 ·X (6)

where, the “dirty map” (true sky convolved with detector’s antenna pattern function),

X ≡ Xα
u =

∑
Ift

γI∗ft,u
Hα(f)

PI1(t; f)PI2(t; f)
CI(t; f) , (7)

and the Fisher information matrix,

Γ ≡ Γαβuu′ =
∑
Ift

Hα(f)Hβ(f)

PI1(t; f)PI2(t; f)
γI∗ft,u γ

I
ft,u′ . (8)

In the above equations PI1,2(t; f) are the one-sided noise power spectral density of the individual
detectors. From Eq. (8), it is evident that the Fisher matrix is proportional to the noise-weighted
inner product of the spectral shapes Hα(f) and Hβ(f).
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Since in all the previous stochastic analyses performed on the LIGO’s observing runs, three
values of α have been considered, we also performed our study with the same spectral shapes
(α = 0 corresponding to different cosmological models; α = 2/3 is related to an astrophysical
background which is dominated by compact binary coalescence; and α = 3, indicating a flat
strain spectrum). Then for the three spectral index case, Eq. (6) can be rewritten in a matrix
form as (given the current sensitivity level of the detectors, the contribution from the off-diagonal
components of the pixel-to-pixel covariance matrix are ignored) Xα1

u

Xα2
u

Xα3
u

 =

 Γα1α1uu Γα1α2uu Γα1α3uu

Γα2α1uu Γα2α2uu Γα2α3uu

Γα3α1uu Γα3α2uu Γα3α3uu


 ∧Pα1u′∧Pα2u′
∧Pα3u′

 (9)

The above 3 × 3 matrix denotes the coupling matrix Cαβuu′ formed by combining the Fisher
information matrices for all possible combinations of the spectral indices. We can now rewrite
Eq. (6), the ML solution of the convolution equation, in terms of the coupling matrix as

P̂αu =
∑
β

[
C ′uu

]−1
αβ

X ′βu′√
Γααuu

. (10)

3 Injection study and results

To perform component separation simulations, we use the folded data 6 from the first (O1),
second (O2) observing runs of Advanced LIGO detectors located in Hanford (H) and Livingston
(L) and use the efficient PyStoch 7 pipeline. We first consider the folded data from the HL
baseline. We then consider source signals from different input maps to verify the joint-index
multicomponent signal reconstruction. As noted earlier, we use three types of toy models for
injections (we choose the injection strengths such that the background signal is well above the
noise level): one containing a dipole like sky pattern with α = 0; an extended source that
mimics the diffuse part of the Milky Way Galaxy, whose spectral dependency is characterized
by α = 2/3; and a sky-patch following α = 3 spectral shape. We work at a HEALPix resolution
Nside = 16 throughout the study. The top panel of Figure 1 shows the injected sky maps for
all three cases.

We now apply the usual radiometer map-making method 7 to the folded dataset with in-
jections. The dirty maps obtained for each choice of the spectral functions are shown in the
second row of Fig. 1. After the dirty map creation, we obtain the semiclean map (since we
neglect the pixel-to-pixel correlation) from both the conventional, “single-index” (third row of
Fig. 1) and the new joint-index multicomponent, “joint-index” (bottom row of Fig. 1) analysis.
Compared with the injected source strength, it is apparent that we overestimate the background
of each SGWB component for the single-index analysis. This is not surprising since we neglect
the correlated background coming from other components when we choose a particular spectral
function H(f). Hence this severely biased method is not the correct way to extract the SGWB
when the background components for the other spectral indices cannot be ignored. On the
other hand, we use the proposed prescription and obtain the semi-clean map by properly tak-
ing into account the covariance between different spectral shapes (solving the equation given in
Eq. (10). It is evident from the maps that joint-index successfully undo the correlation between
the three spectral shapes correctly. A more detailed description of these results can be found
in Suresh et.al 8. It is evident from these simulations that one can use the proposed joint-index
multicomponent estimation to address the challenging problem of relating the SGWB signal to
the sources that contribute to it. The method and simulations shown in this work will set a
benchmark for this future problem, which is likely to become an essential task after the first
detection of SGWB. Even though the method presented here is in the context of ground-based
detectors, it will be easy to translate them to LISA and the PTA bands.

53



Figure 1 – First row shows the input maps used in the injection study. The second row shows the dirty maps
obtained by the optimal filtering assuming a spectral shape. The third row shows the recovered semiclean map
with the conventional single-index component separation. The third row depicts the semiclean map from a joint-
index multicomponent analysis. From left, sky maps are for α = 0, 2/3, 3. All the maps are represented as a color
bar plot on a Mollweide projection of the sky in ecliptic coordinates.
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I review how spin-2 ultra-light dark matter, arising from bimetric theory, looks like a continu-
ous gravitational wave, and can in principle be detected with current and planned gravitational
wave interferometers.

1 Spin-2 ULDM

Multiple spin-2 particles in four dimensions have ony recently been shown to be a consistent,
ghost-free possibility, thanks to the construction of ghost-free bimetric theory. As the name
says, this model describes, on top of the usual graviton with zero mass, a second, massive,
propagating spin-2 particle 1,2. We can begin with the (fully non-linear) action which describes
two dynamical tensor fields gµν and fµν :

S = m2
g

∫
d4x
[√
|g|R(g) + α2

√
|f |R(f)− 2m2

√
|g|V (g−1f)

]
+ Smatter; (1)

here mg and αmg are the mass scales which determine the strength of (self)interaction for the
two fields, whereas m tells the energy scale for the massive spin-2 field (see below). For the
model to be consistent the form of the potential V (g−1f) is constrained to be

V
(√

g−1f
)

:=

4∑
n=0

βnen

(√
g−1f

)
, (2)

where βn are five free parameters. Of those five, two of them, β0 and β4, act as vacuum energy
terms for gµν and fµν respectively. The en(S) are elementary symmetric polynomials constructed

from the the square-root matrix X =
√
g−1f , which are defined by the totally anti-symmetric

product

en(X) = Xµ1
[µ1
· · ·Xµn

µn] . (3)
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In order to have a particle-physics feeling of the theory we are talking about it is best to linearise
it around some special (called proportional) backgrounds where ḡµν = f̄µν :

S =

∫
d4x
√
|ḡ|
[
LGR(G) + LGR(M)−

m2
FP

4

(
MµνM

µν −M2
)
− 1

MP
(Gµν − αMµν)Tµν

]
,

(4)

where LGR(G) ≡ GµνEµνρσGρσ/2 (and equivalently for Mµν) is the linearised quadratic Eintein-
Hilbert Lagrangian (essentially describing usual gravitational waves), with the Lichnerowicz
operator Eµνρσ being defined by

Eµνρσ ≡ δµρ δνσ�− gµνgρσ�+ gµν∇ρ∇σ + gρσ∇µ∇ν − δµσ∇ν∇ρ − δµρ∇ν∇σ . (5)

This Lagrangian also includes a cosmological constant, i.e.
√
|g|(R − 2Λ), furthermore, we find

that M2
P = m2

g(1+α2), and mFP ≡
√
β1 + 2β2 + β3MP. The linear theory at the quadratic level

therefore describes a massless graviton Gµν , which mediates standard gravitational interactions
with Planck mass MP, and an additional spin-2 field Mµν with non-zero Fierz-Pauli mass mFP.
Notice that matter, which appears in the stress-energy tensor Tµν , “sees” both linear fluctuations
with the usual gravitational interaction strength of 1/MP, but the the massive spin-2 M vertex
has an additional factor of α, which further suppresses these interactions

Smatter[g,Mij ,Ψ] =
1

2MP

∫
d4x
√
−G (Gij − αMij)T

ij
Ψ , (6)

where T ijΨ is the stress tensor of the standard model fields Ψ. The mFP and α are free parameters
of the theory 3.

The Bianchi identities ensure that the massive field Mµν propagates only five degrees of
freedom, which, for a homogeneous and isotropic FLRW background can be conveniently chosen
to be the six Mij components, subject to the additional tracelessness constraint M i

i = 0. The
equations of motion for the Mij field in the late Universe then read

M̈ij + 3HṀij −4Mij +m2Mij = 0 . (7)

This equation is reminiscent of that for scalar dark matter and it has the same solutions. The
homogeneous background solution at late times, for which H � mFP, is given by 4

Mij =
M̂ij

R3/2
cos (mt+ Υ)εij =

√
2ρDM

mR3/2
cos (mt+ Υ)εij(r) , (8)

where R is the scale factor of the Universe, the overall amplitude has been fixed so that the Mij

energy density matches the observed ρDM —for which we assume ρDM = 0.3 GeV/cm3—, Υ is a
random phase, and εij is an angular quadrupole matrix which has unit norm and zero trace, is
symmetric and is direction-dependent via the unit vector r. With this solution the Mij energy
density ρDM ∼ R−3, and the pressure PDM averages to zero on the large time-scales relevant for
the cosmological background evolution: the field behaves like dark matter.

2 The shape and strength of the signal

The five polarisations of the spin-2 field are encoded in the εij(r) tensor. The solution Eq. (8)
assumes a single frequency 2πf = m and a coherent polarisation structure. The latter is justified
for scales shorter than the characteristic scale of the inhomogeneities of the Mij field, which is
given by the de Broglie wavelength λdB ≡ 2π/mv = 1/fv where v ∼ 10−3 is the effective velocity
of Mij . If the field Mij is light enough (we will work with ultra-light dark matter, ULDM, which
has masses mFP � 1 eV), λdB is much larger than the physical size of existing gravitational
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wave interferometers (GWIs) and the distance between them on Earth, so we can safely neglect
gradients. The coherence of the oscillation frequency is instead guaranteed up to a coherence
time that is given by tcoh ≡ 4π/mv2 = 2/fv2.

At leading (linear) order in α the interaction Eq. (6) can be absorbed into a redefinition of
the metric gij → gij +αMij/MP

5. Therefore, the effect of spin-2 ULDM on the detector can be
equivalently described by the gravitational effect of an oscillating metric perturbation hij given
by

hij(t) =
α

MP
Mij(t) =

α
√

2ρDM

mMP
cos (mt+ Υ)εij(r) . (9)

In the reference frame of the detector, r ≡ (x,y, z), the response function Dij is given by
the differential change in the length of the detector arms directed along the unit vectors n and
m as Dij = (ninj − mimj)/2 6. The signal is the combination of the variation of the metric
perturbation and the response function:

h(t) ≡ Dijhij(t) =
α
√
ρDM√

2mMP

cos (mt+ Υ)∆ε ≡ hs sin (mt) + hc cos (mt) , (10)

where we defined ∆ε ≡ εij(n
inj −mimj), and introduced the sine hs and cosine hc amplitudes.
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Figure 1 – Design sensitivity h = h0 for several current and planned GWIs, as a function of frequency (solid
lines). The dotted line “HLV opt” is the optimised sensitivity obtained with a semi-coherent method tailored for
spin-2 ULDM searches. Overlaid as dashed lines are the signal strains h ≡ 〈h2

s + h2
c〉1/2 for different values of

the parameter 10−4 ≤ α ≤ 10−10. The dot-dashed black line is the spin-2 ULDM strain corresponding to the
maximal values of α allowed by fifth force constraints; the region above this line is excluded.

In Fig. 1 we show that GWIs have the potential to test the properties of gravity and dark
matter by detecting or constraining Mij , that is, spin-2 ULDM. In particular, we expect that
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the existing advanced LIGO/Virgo (HLV) facilities could detect spin-2 ULDM for values of the
coupling parameter α as little as α ∼ 10−7 for frequencies of f ∼ few × 100 Hz (that is, a
Yukawa range λ ≡ 1/2πf ∼ 104 m). A null result would place the most stringent limits the
strength of the Yukawa-like fifth force modification of the inverse-square law of gravitational
interaction, quantified by α, provided that the fifth force is carried by the dark matter. Looking
forward, future GWIs in the same frequency range can push this limit even further by up to two
orders of magnitude, whereas planned facilities such as DECIGO and the BBO (f ∼ 0.1 Hz),
and the milli-Hertz space-based LISA interferometer are expected to attain α . 10−7—10−8 in
their respective frequency ranges; limits which can be significantly improved with a dedicated
pipeline for the spin-2 ULDM signal. At much lower frequencies bounds on this type of models
can be obtained with pulsar-timing array 7 or binary pulsars 8.
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The success story of squeezed light
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Squeezed states of the optical field were theoretically described in the early 1970s and first
observed in the mid 1980s. The measured photon number of a squeezed state is correlated with
the measured photon numbers of all other squeezed states of the same ensemble, providing
sub-Poissonian statistics. Today all gravitational-wave observatories use squeezed light as
the cost-efficient alternative to further scaling up the light power. This user application
of quantum correlations was made possible through dedicated research and development of
squeezed light between 2002 and 2010.

1 Introduction

A mode of the optical field is in a coherent state |α〉 (Glauber state)1, if photon number mea-
surements on many identical such modes provide (i) an average photon numberN = |α|2 and (ii)
a Poissonian counting statistics indicating random, mutually independent, uncorrelated photon
events. In the limit of large displacements (|α| � 1), the Poissonian distribution is approxi-

mately given by a Gaussian with a standard deviation of
√
N . A largely displaced coherent state

is experimentally certified if the measured noise power, which is proportional to the variance of
the quantum uncertainty, is proportional to the optical power.

The description of a squeezed state |α, r, θ〉 requires two more parameters. r > 0 is the
squeeze parameter, and θ is the squeeze angle2. The noise power of a squeezed state is reduced
by the factor exp(2r) in comparison to a coherent state of the same displacement. θ = 0 is
assigned to an amplitude quadrature squeezed state; θ = π/2 is assigned to a phase quadrature
squeezed state 3,4. Squeezed states of the optical field were first theoretically described by
D. Stoler and E. Y. C. Lu in the early 1970s2,5 and a few years later by H. P. Yuen6.

In 1981, C. M. Caves proposed squeezed states for gravitational-wave (GW) detection to
work around high-power lasers 7, which were not available in the 1980s. The first measurement
of squeezed states was achieved in the mid 1980s 8, with an inferred squeeze factor of up to 3 dB
(10 · log10{ exp(2r)≈0.5 }) 9. 3 dB of amplitude squeezing improves the signal to shot-noise ratio
as much as doubling the coherent light power. In subsequent years, increasing the squeeze factor
turned out to be a difficult task. By the end of the century, up to about 6 dB was observed in a
few research labs 10,11,12. Much more progress was achieved on ultra-stable single mode lasers 13.
On top of that, the concept of enhancement cavities was invented14,15,16 promising hundreds of
kilowatts in the arms of GW detectors. Furthermore, all squeezing experiments were performed
at MHz sideband frequencies, whereas GW detection requires squeezing in the audio-band. The
application of squeezed light in GW observatories seemed more an academic exercise than a
useful task. However, in the early 2000’s it became clear that further scaling up the light power
in GW observatories beyond 100 kW causes severe technical problems17,18. Dedicated research
and development of squeezed light for GW observatories then started.
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2 Measuring squeezed light

Squeezed light is measured with a conventional photo diode (PD) or with two such PDs in a
balanced arrangement, see Fig. 1. PDs are usually operated with incident optical powers of the
order of 10 mW, where their dark noise can be mostly neglected. PDs do not have single photon
resolution, but provide a unity-gain (one-to-one) mapping of a large-number photon statistics
onto an identical photo-electron statistics. Quantum efficiencies of greater than 99% have been
realised45. The photoelectric output voltage of a PD is proportional to the absorbed photon
number per measuring time interval ∆T . For continuous-wave light, ∆T is usually given by
the response time of the PD and its electronic amplification stage. It is important to note
that after a time-frequency analysis, the photoelectric voltage is proportional to the product
of the amplitude of the DC field α0 (carrier) and the signal field’s amplitude Xf,∆f (t) being
the (time-dependent) depth of the beam’s amplitude modulation at sideband frequency f over
the resolution bandwidth ∆f 20. For a signal analysis in time-frequency representation, see for
instance the bottom row of Fig. 1 of Ref.19. Note that the signals may be time dependent but
the ‘squeezing’ is usually stationary. More information about the measurements of signals with
squeezed quantum noise can be found in Ref.20.

The balanced homodyne detector (BHD) is the superior detection arrangement if the signal
beam power is significantly below the power a photo diode can handle and if a coherent local
oscillator (LO) beam of higher power is available to be spatially overlapped with the signal field
on a balanced beam splitter. A BHD can measure the electric field of a ground state (vacuum
state), as well as that of squeezed vacuum states. It can measure the field at any quadrature
angle, from the amplitude Xf,∆f (t) to the phase quadrature Yf,∆f (t). Technical noise on the
LO beam cancels out due to the balanced arrangement.

Figure 1 – Photo diode (PD) arrangements for measuring optical signals with squeezed quantum noise carried by
quasi-monochromatic (DC) light. (a), left: Signals are modulations in some expected frequency band f ± ∆f .
If the signals are amplitude (power) modulations and the quantum noise amplitude squeezed (with respect to
the carrier field) a single photo diode serves as a measurement device. This arrangement cannot measure phase
quadrature modulations/squeezing. Right: Noisy photon-number time series without any obvious signal. (b),
left: The output of a balanced homodyne detector (BHD) is the difference of the voltages of two identical PDs. A
BHD is able to measure arbitrarily weak signal fields, including ground state uncertainties (‘no’ signal beam) and
squeezed uncertainties. The required optical amplification is provided by the spatially overlapped local oscillator
(LO) beam of the same wavelength with a power of the order of 10 mW. The power of the signal beam should
be smaller than 1% of the LO power. In contrast to (a), a BHD can deliberately set the differential path length
of signal and LO field. This feature allows for measuring the phase quadrature. Right: Same photon-number
noise as in (a) but with the average valueN∆T removed. Note that the optically amplified signal in the two BHD
arms adds up due to the phase flip (+π) for one of the beam splitter reflections. The phase flip is a necessary
consequence of energy conservation.
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3 Optical modes in squeezed states

Fig. 2 illustrates the definition of the modes of the light that are either in a coherent state
(a), in a squeezed state (b), or in any other state. Firstly, photon numbers are subsequently
measured in short time intervals ∆T (first row). Every time interval has a temporal mode
function that is defined by the measurement device (and not by the continuous-wave light). The
mode function may have a Gaussian profile (bottom row). The coherent or squeezed states we
are talking about are the quantum states of these short modes. Together they define an ensemble
of identical modes in identical states. Note that the mode of the light before the measurement
is a different one. It has a temporal mode function of half width ∆t that is much larger than
∆T . ∆t is given by the Fourier transform of the quasi-monochromatic spectrum of the light22.

Fig. 2 thus illustrates an example of the quantum measurement process. Since the initial
mode of the light is quasi-monochromatic, it has a large coherence time ∆t; the measurement
device cuts out many short modes of the same length; the reduced length enforces the short
modes having an increased spectral width, which is described by the Fourier transform limit.
Since the initial mode has a narrow band spectrum, the short modes are Fourier transform
limited. Furthermore, they are all indistinguishable; they are measured at different times, but
this fact does not make them distinguishable because the different times are all within the
coherence time of the initial mode. The measurement thus defines an ensemble of identical
Fourier-limited modes of length ∆T that are in identical states.

Figure 2 – Top row: measured photon numbers of short Gaussian measurement modes (bottom row). (a) illustrates
an ensemble of such modes in a coherent state. (b) illustrates the same but for a 10 dB amplitude squeezed state.
The photon statistics in the top right panel is sub-Poissonian. This feature has been used for improving the signal
to noise ratio in GW observations since 2019. Bottom row: Shown are the monochromatic fields including their
quantum uncertainties. (a) Phase independent quantum uncertainty of a displaced coherent state. (b) Same light
field but with amplitude squeezed quantum uncertainty. The Gaussians illustrate the sequence of measurement
modes that are ‘cut out’ by the measuring apparatus, and to which a photo voltage value gets assigned.

4 “Weird” quantum correlations

The coherent-state quantum statistics in Fig. 2 (a) can be well described by the semi-classical
model as follows. (i) The initial continuous-wave light (bottom row, left) must have a long
coherence time ∆t� ∆T because it is quasi-monochromatic. (ii) According to the mathematics
of the Fourier transform, any energy of the mode cannot be localised more precisely than ∆t.
(iii) From this follows that a photon event within some measurement mode ∆Tj must appear
in a truly random fashion. This model explains the occurrence of the Poissonian distribution,
which is the counting statistics of mutually independent uncorrelated events.
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The fact that measurements on quasi-monochromatic light can produce photon numbers in
short time windows with a sub-Poissonian statistics, however, is weird. The mathematics of the
Fourier transform again requests that the energy of the beam is smoothly distributed over ∆t,
which guarantees a truly random occurrence of photons within ∆T � ∆t. But a sub-Poissonian
statistic only seems possible if the photons are ‘deliberately’ fairly evenly distributed among
the modes of length ∆Ti, which seems to require an unknown force. The phrase “squeezed
states cannot be described by a semiclassical model” refers to this weirdness. Squeezed states
have ‘quantum correlations’ and belong to the class of ‘nonclassical’ states. A more detailed
description of my argumentation is given in Ref.22

5 Research and development between 2002 and 2010

Back in 2002, it was unclear whether quantum noise squeezing was feasible not only at MHz
sideband frequencies but also in the audio-band, as required for GW observatories. Progress in
answering this question prompted the new question of whether a robust servo-control technique
is possible to phase-control squeezed vacuum states that are not co-propagating with DC carrier
light. It was also unclear whether applying squeezed states are beneficial to interferometers that
used enhancement cavities. Issues with the signal recycling cavity23 were discussed in Ref.24.
Last but not least was it unclear whether relevant squeeze factors of the order of ‘ten’ and above
could be achieved at all.

Figure 3 – Left: Standing-wave squeezing resonator constructed from a coupling mirror with reflectivity R1 at the
optical frequency of the squeezed light f and the back of a non-linear crystal with an almost perfect reflectivity
R2. The cavity resonance at f (dashed line) is in the vacuum state when the pump at 2f is off (green solid
arrow). If f encounters a cavity resonance and the pump field is switched on, a squeezed vacuum field leaves the
resonator to the left. The two optical components shown are clamped to a rigid mount. The resonator length is
servo controlled, e.g. by transmitting a weak phase-modulated coherent beam through the resonator (not shown).
The crystal’s temperature is stabilised to its phase matching temperature. Right: First squeeze laser for 24/7
operation built by H. Vahlbruch and other members of my group. The squeeze laser has been being used as part
of GEO 600 since 2010. The arrow points to the squeezing resonator. It has provided a squeeze factor of up to
10 dB over the audio band.

By far the most efficient process for squeezed light production is resonator-enhanced, degen-
erate type I parametric down-conversion in nonlinear crystals9. An example resonator is shown
in Fig. 3, left. In contrast to an optical-parametric oscillator, the device is operated slightly
below lasing threshold. The process can be well described physically using the methods of non-
linear cavity optics: A quasi-monochromatic beam of light at optical frequency 2f modulates
the dielectric polarisability of the medium (e.g. MgO:LiNbO3 or KTiOPO4) which results in a
2f modulation of the magnitude of the quantum uncertainty. Phases of damping are squeezed;
phases of amplification anti-squeezed, see Fig. 14 of Ref.20. The crystal is located inside a single-
ended optical resonator. Impedance-matching is achieved for the damped field quadrature and
simultaneously lasing is achieved for the amplified quadrature, if the field attenuation due to the
parametric round-trip damping matches the transmission of the resonator’s coupling mirror, see
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Fig. 19 of Ref.20. For an optimal squeezing resonator, the pump intensity is adjusted slightly
below that point. For further information, I refer to the review21.

Figure 4 – Measured noise power spectral densities of continuous-wave carrier light at 1064 nm. Left: Typical
measurement around 2002. Squeezed states were observed at frequencies above a few MHz. At lower frequencies,
laser noise from the co-propagating control field as well as back-scattered light buried the squeezing. Right:
Measurement of squeezed states over the entire signal spectrum of ground based GW observatories from 10 Hz
to 10 kHz reported in [Vahlbruch2010]. This result was achieved in 2009 by: avoiding DC carrier light on the
squeezed field, using a 40 MHz shifted single-sideband field that was transmitted through the squeezing resonator
for creating a phase control error signal, the availability of photo diodes with 99.5% quantum efficiency at 1064 nm,
using periodically poled KTP crystals with low absorption, achieving an interference contrast at the balanced
homodyne detector of > 99%, using super-polished mirrors and lenses, and shielding the photo diodes against
back-scattered light at 1064 nm.

5.1 Squeezed quantum noise at audio-band frequencies

In 2001, I was a postdoctoral member of a team in the group of H.-A. Bachor and P. K. Lam
at the Australian National University (ANU) that aimed for the experimental demonstration of
quantum teleportation. When W. P. Bowen and myself combined the beams from two squeezing
resonators on a balanced beam splitter with zero differential phase, we found in one of the beam
splitter outputs the frequencies of squeezing expanded below the MHz range25 – in contrast
to Fig. 4 (a). The other beam splitter output showed deteriorated squeezing below 3 MHz. The
reason was the destructive interference of the co-propagating weak DC control fields in the output
port of the improved spectrum. The destructive interference included laser noise that came with
the control fields26. We concluded that the required error signals for locking the length of the
squeezing resonator and for setting the phase of the BHD had to be generated without weak
DC control fields entering the BHD through its signal port. Later, another team at the ANU
observed for the first time squeezed states at audio-band frequencies down to 280 Hz27 with a
slowly drifting length of the squeezing resonator and with the LO phase θ – see Fig. 1 – locked
on lowest quantum noise variance (‘quantum noise locking’)28. My team at Leibniz Universität
Hannover invented an alternative locking scheme based on a classical single sideband modulation.
The sideband was produced by an acousto-optical modulator at 40 MHz and transmitted through
the squeezing resonator. The parametric down-conversion process turned the single sideband
into an unbalanced pair of sidebands at ±40 MHz, from which an error signal for locking the
BHD could be created. This ‘coherent locking’29,30 is as stable as other radio-frequency phase
control schemes and allowed for the first time the generation of a broad-band squeezing spectrum
that covered the entire audio band from 10 Hz to 10 kHz31. In 2010, coherent locking was used
to realise the squeezing enhancement of GEO 60032,33, which was operated as a GW observatory
at that time34. Today, coherent locking is used in all squeezing enhanced GW observatories to
lock the squeezed quadrature to the quadrature of the GW signal.

63



Figure 5 – Optical topology of current GW observatories. The
purpose of the arm resonators is to increase the light power
and to increase the interaction time of the light with the gravi-
tational wave. The power-recycling mirror creates another res-
onator together with the highly reflective interferometer being
operated close to a dark output port. It further builds up
the light power in the arms without affecting the GW signal,
since the latter is a differential arm length signal and as such
fully couples to the output port. The signal-recycling mirror
together with the interferometer forms a third type of cavity
with the purpose to optimise the effective signal bandwidth of
the arm resonators. In LIGO and Virgo, it effectively broad-
ens the bandwidth of the arm resonators (‘resonant sideband
extraction’). In order to squeeze the quantum noise of the (dif-
ferential arm length) GW signal, the squeezed light needs to
be injected into the signal port. It should be retro-reflected
towards the photo diode with low loss. Red lines: Continuous-
wave light at 1064 nm. PBS: polarising beam splitter.

5.2 Compatibility of squeezed light with interferometers being enhanced by cavities

Fig. 5 shows the optical topology of a cavity-enhanced Michelson laser interferometer for the
observation of gravitational waves, as realised in the current Advanced LIGO and Advanced
Virgo GW observatories. While the arm resonators, power-recycling as well as signal-recycling
were in the original designs, squeezed light injection was not planned initially, since the squeezed
light technology was not mature at that time. Squeezed light injection was included after several
proof-of-principle experiments and the highly successful implementation in GEO 600 in 2010.

A Michelson interferometer achieves its highest signal to photon-shot-noise ratio when oper-
ated close to a dark signal output port, see for instance Eq. (5.41) in Ref.35. In this setting the
squeezed light must be injected into the signal port7, as shown in Fig. 5. The compatibility of
squeezed light injection with power-recycling was experimentally proven in 2002 in Ref.36. The
power-recycling mirror was found to be able to reduce the optical loss on the squeezed state.
The compatibility of squeezed light injection with signal-recycling was theoretically investigated
in detail by J. Harms et al.37, which included the optical spring effect due to radiation pressure
forces when the signal-recycling cavity is detuned from the carrier and tuned to a frequency in the
lower signal sideband (‘red-detuned’). Subsequently, an experiment demonstrated compatibility
of signal recycling. The signal-recycling cavity was operated detuned and the compensation of
the unwanted frequency-dependent phase-space rotation of the squeezed light demonstrated38.
A test in a prototype GW detector with suspended optics was achieved by a team at the LIGO
laboratories39,40.

5.3 Squeeze factors ≥ 10 dB

In 2007, a team in the group of A. Furusawa at the University of Tokyo reported on the ob-
servation of 9 dB of squeezing on continuous-wave light at 860 nm41. One year later my group
was able to report 10 dB at 1064 nm42,43. The improvements compared to previous experiments
were possible due to higher phase stabilities, mirrors and lenses with super-polished surfaces,
and photo diodes of improved quantum efficiencies. Our squeezing value at 1064 nm was mainly
limited by the nevertheless imperfect quantum efficiency of 95± 2%. In 2010, we could improve
the squeeze value to 11.5 dB44 by using photo diodes whose quantum efficiency we estimated to
98 ± 2% at that time. These photo diodes were fabricated for us by the Fraunhofer-Heinrich-
Hertz-Institut in Berlin from a custom-designed InGaAs-wafer. The performance of these photo
diodes was so good that GEO 600, LIGO and Virgo also started to use them. In a later ex-
periment we were able to measure their quantum efficiency more precisely to 99.5 ± 0.5%45.
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Figure 6 – Shown are the results from the first observation
of 10 dB of quantum noise squeezing [Vahlbruch2008]. In-
creasing the optical loss on the squeezed light reduced the
squeeze and anti-squeeze factors in a characteristic way,
which precisely corresponded to the theoretical model as-
suming a parametric gain of 63. The small rectangles cor-
responded to the measurement data and their sizes to the
error bars. Assuming that optical loss was the only source
of decoherence allowed us to quantify the intrinsic loss in
our setup to 8.6%. Also compatible with our measure-
ment data was an intrinsic optical loss of at least 5.6%
plus phase noise of up to 1.2◦ at most. The squeeze fac-
tors were measured at sideband frequencies around 5 MHz.

6 The ‘squeeze laser’ for improving GW observatories

The photograph in Fig. 3 (right) shows the first squeeze laser32 that was integrated in a GW
observatory33. The installation on site happened in 2010, when GEO 600 was operated as a
GW observatory34 — Today, GEO 600 is basically used for prototyping new technologies. The
squeeze laser has been providing up to 10 dB of squeezing over the audio band. Fig. 4 (right)
shows an example spectrum showing up to 9 dB, which was limited by the not-optimal BHD used.
Optical losses inside GEO 600 initially reduced the effective improvement on site to 3.5 dB33.
Recently, up to 6 dB of nonclassical improvement of GEO 600’s signal to noise ratio with the
same squeeze laser was reported46.

The success of the squeeze laser in GEO 600 changed the initial plans for Advanced LIGO
and Advanced Virgo. Around the end of the last century they were designed without squeezed
light injection, because the squeeze technology was not mature and further scaling up the light
power in the arms of GW observatories seemed possible. Since 2019, Advanced LIGO and
Advanced Virgo use squeezed light during all GW observation runs47. While the light powers
in the arms could not yet be increased to the design values, squeezed light helps for reaching
the design sensitivities.

7 Squeezed light for future GW observatories – outlook

Squeezed fields with frequency dependent squeeze angle – In the near future, quantum radiation
pressure noise (RPN) that acts on the four test masses in the GW observatory arms needs also
to be squeezed to increase the sensitivity at signal frequencies below 50 Hz. The simultaneous
squeezing of photon shot noise at the photo diode and RPN at the mirrors is possible by exploit-
ing quantum correlations48 and can be realised by 300 m long high-quality filter cavities49,50.
The installations of these filter cavities are immediate projects at the current GW observato-
ries51,52.

Short wavelength infrared squeezed light – The next generation of GW observatories might be
operated at slightly longer infrared wavelengths, e.g. at 1550 nm or 2µm. This move will en-
able mirror materials and mirror coatings with lower levels of thermal noise as determined for
instance by Brownian vibrations of the mirror surfaces. At 1550 nm, a squeeze factor of up
to 13 dB was realised53,54. At 2µm and slightly above the values are significantly lower55,56,
limited by the quantum efficiencies of the photo diodes currently available.

Squeeze operation inside GW observatories – GW observatories beyond the next generation could
benefit from an additional squeeze crystal located inside the GW interferometer57,58. Theoret-
ical models as well as early experiments predict the possibility of shaping59,60 and widening
the observatory’s signal response61,62. A nonlinear crystal inside the signal-recycling cavity will
certainly increase the optical loss due to crystal absorption and due to imperfect anti-reflection
coatings on the crystal, however, it seems realistic with dedicated research and development.
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Like light, gravitational waves can be gravitationally lensed by massive objects along their
travel path. Strong lensing produces several images from the same binary coalescence and is
forecasted to have a promising rate in ground-based gravitational detectors. To search for this
effect in the data, one would, in principle, have to analyze all the possible combinations of the
individual detected events, whose number will be ever-increasing. To keep up with the rising
computational cost, we propose a fast and precise methodology to analyze strongly-lensed
gravitational wave events. The method works by effectively using the posterior of the first
image as prior for the second image. Thanks to its increased speed tractability, this method
enables the joint analysis of more than two images. In addition, it opens the door to new
strong lensing studies where a large number of injections is required.

1 Introduction

When gravitational waves (GWs) travel from their source to the Earth, they can pass by massive
objects (e.g. galaxies or galaxy clusters) and get gravitationally lensed 1. For strong lensing, the
GW wavelength is larger than the typical size of the object, so that we are in the geometric-
optics limit and the frequency evolution of the GW is unaffected. Therefore, strong lensing leads
to several magnified images with the same frequency evolution, separated in time. These would
appear in the data as events originating from the same sky location, with the same parameters,
except for the time of arrival, the apparent luminosity distance, and an overall phase shift, which
are modified as a consequences of lensing.

Hence, the main idea when searching for strongly lensed GWs is to look for events that
have the same intrinsic parameters and are coming from the same sky location. However, in
principle one should investigate all the possible pairs one could make from the individual events,
leading to an increasing list as the number of detections increases. At design sensitivity, the
LIGO 2 and Virgo 3 detectors could detect up to O(1000) events per year, leading to 5 × 105

pairs to analyze when searching for strong lensing 4. Currently, two parameter-estimation-based
methods exist to search for lensed pairs. The first one looks for the consistency between a
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subset of parameters after having performed a Gaussian kernel density estimation on them 5.
This leads to the possibility of performing tests in a few minutes, but comes with a relatively
large false alarm probability. The second method consists in analyzing the two data streams
jointly, sampling the full joint likelihood. This leads to a high accuracy but is significantly
slower 6,7.

In this work, we present a new method that offers both speed and precision. We detail the
Bayesian framework and show an example analysis. Our method is coded in a package called
GOLUM 8.

2 Strongly lensed gravitational waves

When a GW gets strongly lensed, it is split in multiple images, each of them being potentially
observable. These images are categorized into different types, corresponding to a different overall
phase shift. The modification of the lensed waveform in the frequency domain takes the form 10

h̃jL(f ;θ, µj , tj , nj) =
√
µje

(2πiftj−iπnjsign(f))h̃U (f ;θ) , (1)

where h̃U (f ;θ) is the unlensed waveform. Assuming GWs from coalescing binary black holes
(BBHs), θ is the usual set of parameters associated with such an event, while µj is the mag-
nification of the jth image and tj its arrival time. The discrete parameter nj , called the Morse
factor, encodes the different image types. If nj = 0, the image is of type I, corresponding to a
minimum of the Fermat potential; in this case the overall shape of the wave is unaffected. If
nj = 0.5, we have a type II image, corresponding to a saddle point of the potential, in which
case the GW is Hilbert-transformed. Finally, if nj = 1, we have a type III image, corresponding
to a maximum of the Fermat potential; here the wave is inverted 10. The values for the time
delays and magnifications depend on the nature of the lens. For a galaxy lens, the images are
separated from minutes to months 4,5, while for galaxy cluster lenses, typical time delays can be
months11. The time delay can be absorbed into an observed coalescence time tobs,jc = tc+tj , and

the magnification into an observed luminosity distance dobs,jL = dL/
√
µj . However, considering

higher-order modes in the signal, the Morse factor nj can not just be absorbed into an observed
coalescence phase 12,16.

3 Bayesian framework

a Under the hypothesis HI , where I = U if unlensed and I = L if lensed, the interferometer data
for a pair of events are, in terms of noise and signals,

dj(t) = nj(t) + hI(t;ϑI,j) , (2)

where for the unlensed hypothesis ϑU,j = θj , the usual BBH parameters, which can take different
values for the two events. For the lensed hypothesis the parameters of the first event are ϑL,1 =
Θ = {θ1, n1}, and defining relative lensing parameters Φ = {µrel, t21, n21} with µrel = µ2/µ1,
t21 = t2 − t1, and n21 = n2 − n1, for the second event one has ϑL,2 = {Θ,Φ}.

For each pair of events, under the lensing hypothesis one can compute a joint evidence

p(d1, d2|HL) =

∫
p(d1|Θ)p(d2|Θ,Φ)p(Θ)p(Φ) dΘ dΦ, (3)

where p(d1|Θ), p(d2|Θ,Φ) are the likelihoods for the two images, and p(Θ), p(Φ) are priors.
With this we can compare the two hypotheses through the coherence ratio

CLU =
p(d1, d2|HL)

p(d1, d2|HU )
=
p(d2|d1,HL)

p(d2|HU )

p(d1|HL)

p(d1|HU )
, (4)

aA more detailed description can be found in Ref. 8.
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where we used that p(d1, d2|HL) = p(d2|d1,HL)p(d1|HL) for the lensed hypothesis, and inde-
pendence between the two data streams for the unlensed hypothesis.

The key point of GOLUM is now that one can approximately identify

p(d2|d1,HL) =

∫
L(Φ)p(Φ)dΦ , (5)

where the conditioned likelihood L(Φ) = 〈p(d2|Θ,Φ)〉p(Θ|d1) is the likelihood of the second event
averaged over the posterior samples of the first one. Recasting the problem in this way is what
enables a significant computational speed-up of the analysis problem.

Using the conditioned likelihood, one can evaluate the ratio of evidences CLU . However, we
also want to make use of the improvement in parameter determination offered by lensing15.
The conditioned evidence gives access to the posterior distribution of the lensing parameters
p(Φ|d1, d2), and by reweighing,

p(Θ,Φ|d1, d2) ∝
p(d2|Θ,Φ)

p(d1, d2|Φ)
p(Θ|d1)p(Φ|d1, d2) . (6)

This enables us to recover joint parameters similar to those obtained by joint parameter esti-
mation frameworks. Once the first image has been analyzed, the second image analysis and the
reweighing process take O(30) CPU minutes, hence the computational time is essentially that
of a single event analysis. In addition, these calculations are not restricted to pairs and can be
extended to any number of images 8.

4 Example analysis for a quadruply lensed gravitational wave event

As an illustration, we inject a signal from a precessing BBH merger generated with IMRPhe-
nomPv2 13 into synthetic stationary Gaussian noise for a network of detectors made of the
two LIGO detectors and Virgo, at design sensitivity 14,3. The event has masses of 36M� and
29.2M� and spin magnitudes 0.4 and 0.3, with tilt angles of 0.5 rad and 1 rad, respectively. The
spin vectors’ azimuthal angle is 1.7 rad, while the precession angle about the orbital angular
momentum is 0.3 rad. The apparent luminosity distance for the first image is 1500 Mpc. The
inclination angle is 0.4 rad, the polarization angle is 2.66 rad, and the unlensed coalescence phase
is 1.3 rad. For the sky position of the event, the right ascension is 1.375 rad, and the declination
is −1.21 rad. The first image is a type II image, with a Morse factor of 0.5. For the first image
analysis, we use a uniform prior in chirp mass and mass ratio, and time of arrival. The prior on
luminosity distance is uniform in comoving volume. All the other priors are standard priors for
a BBH parameter estimation analysis.

We generate three additional lensed images and link them via the relative lensing parameters.
The second image has µrel = 2, t21 = 14 hr, n21 = 0.5, the third image has µrel = 4, t31 = 16 hr,
n31 = 0, and the fourth µrel = 5, t41 = 21 hr, n41 = 1. For each of these images, we perform a
nested sampling run to get the unlensed evidence. For the lensed hypothesis, we first perform
the analysis of the first image using the priors specified above, and we use the posterior samples
in a conditioned likelihood for the second image analysis. For this image, and all the others, the
prior for the relative magnification is uniform between 0 and 10, the prior for the time delay is
uniform in [tj1−0.1, tj1 +0.1], and the prior on the Morse factor difference is discrete uniform in
{0, 0.5, 1, 1.5}. After its analysis, we get the posterior for the second image. Reweighed samples
from the image 1 and 2 analyses can then be used in a conditioned likelihood to analyze the
third image, and similarly for the fourth image. The process is thus made of a succession of
GOLUM runs and reweighing, one for each additional image, reducing significantly the cost of
multiple image analyses.

To illustrate the benefit of lensing on the posterior distribution, we focus on the evolution of
the sky localization as a function of the number of images. The evolution of these posteriors can
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Figure 1 – The 90% credible region of the sky loca-
tion of a strongly lensed gravitational-wave singlet
(black), pair (green), triplet (blue), and quadruplet
(red). There is a clear improvement in the sky lo-
calization with the addition of every gravitational-
wave image. The final 90% confidence sky area is ∼
2 deg2 in this example, down from ∼ 20 deg2 for the
singlet. An improved sky localization would be par-
ticularly useful for lensed host galaxy localization15.

be seen in Fig. 1, where with each additional image the sky location area is reduced, going from
∼ 20 deg2 for one image to ∼ 2 deg2 for four images at 90% confidence. This is in agreement
with the expected improvement in sky localization for lensed BBHs when multiple images are
detected 15.

5 Conclusions

We have introduced GOLUM, a fast and precise methodology to analyze strongly lensed gravita-
tional waves, and have shown its use in an example analysis. The method enables us to have fast
analyses with good accuracy, helping to tackle the issue of an increasing number of event pairs
to be analyzed. In addition, it enables the analysis of more than two images. These benefits
also make the methodology useful for science case studies related to strong lensing, where one
wants to inject a large number of signals 16.
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In this proceeding, I will present the results of my numerical experiments simulating spherical
dwarf galaxies in the presence of dipolar dark matter (DDM). DDM is a proposal for a matter
explanation to the dark matter enigma, that is modifying the matter sector of the Einstein
equation. I will show the main equations governing DDM and their implementation in a
N-body experiment. I have recovered a known static solution for a King galaxy. I will also
present a specific signature of the DDM: a dynamical instability that dilutes all the baryons of
a galaxy within a time scale inversely proportional to the density of dark matter. This implies
for direct detection of dark matter that DDM should have a very small density, comparable
to the density of the universe.

1 Introduction

What is happenning on the largest scales of our Universe is arguably one of the most facinating
question of physics those days. Despites decades of hard work of devoted physicists, we could not
come up with a satisfactory explanation and dubbed our ignorance with the adjective dark to
describe the mysterious component that governs gravity at the largest scales. Several competing
hypothesis are on the market and, in this proceeding, I implement in the state of the art N-
body code RAMSES a radical model of dark matter (DM) called dipolar dark matter (DDM).
This model proposes that the main gravitational effect of dark matter does not come from its
mass (its monopole) but rather from its dipole: a gravitational polarization in analogy with
polarization of an electric medium in electromagnetism. In Sect. 2, I present the mathematical
foundation of DDM. In Sect. 3, I describe some of ingredients of the numerical scheme I have
chosen and the results of my simulations. In particular, I underline a specific signature of DDM,
namely a dynamical instability that destabilize spherical equilibrium solution on cosmological
time scales. Finally, in Sect. 4, I conclude and draw some perspectives. The reading of this
proceeding can be completed by checking the accompanying paper on the same topic.

2 Dipolar Dark Matter

In DDM 1, the Poisson equation is augmented with a polarization term stemming from the
polarization vector ~Π which is the fundamental variable encoding the new degree of freedom:

∇2Φ = 4πG
(
ρb + ρdm − ~∇ · ~Π

)
. (1)

It has its own dynamics:

d2~Π

dt2
= ρdm ~Fint + ~∇

(
W −ΠW ′

)
+ (~Π · ~∇)~∇Φ, (2)
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and induces an internal force whose intensity depends on the derivative of the potential W ′:

~Fint =
~Π

Π
W ′. (3)

This internal force impacts the motion of DDM that becomes non-geodesic:

d~v

dt
= −~∇Φ− ~Fint, (4)

An exact solution of Eqs. (1)-(4) governing the dynamics of DDM exists when the dipole
moments are in equilibrium at rest, and the DM fluid has zero net velocity in its halo reference
frame. In this equilibrium configuration, the internal force ~Fint precisely counterbalances gravity,
and the DM particles that are not at rest would simply fly away from the galactic halo. It was
thereby heuristically inferred that the DM density contrast ρdm in a typical galaxy at low
redshift should be very small, with a typical density not much above the universe density ρc,
whilst the internal force ~Fint should be basically equal to the gravitational one ~g, in direction
and magnitude, i.e.

W ′(Π) = g. (5)

In the deep-MOND regime 1, this translates into

~Π =
~g

4πG

(
1− g

a0

)
. (6)

Taking into account that the two vectors point in the same direction and solving this equation
for g, then Taylor-expanding the solution around zero, leads to the requirement that

g =W ′(Π) = 4πGΠ +
(4πGΠ)2

a0
+O(Π3). (7)

Therefore, the explicit expression for the potential in the deep-MOND limit 1 was:

W =
a20

8πG
+ 2πGΠ2 +

(4πG)2

3a0
Π3 +O(Π4). (8)

The dynamics of ~Π as well as its impact on the usual quantities will be implemented in the
code RAMSES 2 and tested in the next section in a simple spherical case: the King galaxy.

3 Numerical experiments

A static spherically symmetric DM fluid with ~v = 0 is an equilibrium configuration 1. However,
it is an unstable equilibrium, but the characteristic time of the instability was shown to be of the
order of a Hubble time. This equilibrium solution also relies on the weak clustering hypothesis,
namely that once the medium polarizes itself in the non-linear regime of structure formation,
the internal force counteracts gravity, and allows most particles not at rest to escape, thereby
leaving only a monopolar density almost at rest with respect to its own frame.

In the previous section, I have shown how to devise a potentialW with the desired behaviour
in the deep-MOND regime. Defining ~gn ≡ −∇ΦN , the force a test particles would feel in a
Newtonian setup, the deep-MOND regime implies g =

√
gna0. As an initial condition for ~Π in

this regime, I impose Eq. 6, and I will check later in my numerical experiment that I am indeed
in the deep-MOND regime.

The baryons are represented by a King profile self-consistent in the deep-MOND regime 3,
with parameters σ = 25 km.s−1, rt = 2.38 kpc, C = 0.376, leading to rh = 0.7764 kpc,
represented by 105 particles of 1146 M�.a The initial state of the polarization field is given by

aThe code used to generate the baryonic initial conditions is available at https://github.com/GFThomas/MOND.
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Figure 1 – Particle projection at three different times: 0 Gyr, 1.2 Gyr and 21 Gyr of our King model. At galactic
time scales (left and middle panel), the King model remains stable, even though it has its own dynamics for
each baryonic particle. At cosmological time scales, in the right panel, the dynamical instability triggered by the
time evolution of the polarization vector dominates the motion of the baryons and the baryonic core has totally
dissolved.
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Figure 2 – Left panel : Time evolution of the the mass enclosed in spheres of radius r. While the initial condition
represents the standard King profile, the deformation of this profile characterizes the dynamical instability proper
to DDM. Right panel : the time evolution of Π(r = 1.7 kpc) for different particles mass. I checked that the scaling
of the typical time is as expected ∝ 1/

√
ρdm.

Eq. (6) with g =
√
gna0. For the simulation, I chose a box length of 200 kpc discretized on a

1283 coarse grid. I allowed for 12 levels of refinement thus leading to an effective resolution of
49 pc. In all cases, I considered only the particle sector of RAMSES: in other words, I assume
that the baryonic matter is in the form of stars. I modified the Poisson sector of RAMSES so that
the baryon and DM feel at all times the gravity of baryons, of the monopolar DM density and
of the dipolar ∇ · ~Π term.

3.1 Instability of the polarization

A unique feature of DDM is the dynamics of the polarization field. Fig. 1 shows snapshots of
the evolution of the baryons. The first two snapshots show no significant evolution showing
that on a few dynamical time scales (2 Gyr), our galaxy remains stable. However letting our
galaxy evolve some 10 more Gyrs, it dissolves: most of the baryons escaped from the center of
the galaxy.

Another way to apprehend this instability is to consider the mass enclosed in a sphere
centered at the center of the galaxy. This what I present in the left panel of Fig. 2. The initial
line corresponds to a King profile distribution and as time passes, the distribution evolves to a
very dissolved galaxy.
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3.2 Characteristic time of the instability

This instability due to the time evolution of the polarization has a very specific scaling. Working
at leading order and replacing ~Fint by its expression in term of ~Π, the leading solutions are
exponential with a characteristic time τ ∝ 1/

√
ρdm. I then varied the mass of the DM particles

to measure the scaling of the instability and show these results in the right panel of Fig. 2.
As expected, by fitting our results with an exponential, I did find the scaling 1/

√
ρdm. This

instability is the leading physical effect but bear in mind that the scaling is derived assuming
leading order for the potential, thus other higher order terms also correct the full dynamics of ~Π.
It is also interesting to note that the presence of the instability of the DDM confirms a posteriori
the necessity of the weak clustering hypothesis, and means that the density of DDM particles is
necessarily close to the universe density. This is of relevance for direct detection of such DDM
particles, which would have a very low density in the Solar neighbourhood.

4 Conclusions and perspectives

In this proceeding, I performed for the first time N-body experiments of DDM. Paving the way
for more involved setups, I focused on the galactic realization of DDM I reviewed the relevant
analytical results in Sect. 2 and show how I implemented them in RAMSES in Sect. 3. I restricted
myself to spherical symmetric configurations as well as the deep MOND regime. Under those
approximations, an analytical expression for the polarization potential exists: the equilibrium
solution ~v = 0. In that case, the medium is polarized and the physical effects mimicking a massive
gravitational source starts to kick in. A signature proper to DDM is the dynamical instability at
the level of the polarization vector which translates into a dissolution of the galaxy. I explored
how it dissolved with the cumulated mass profile and the scaling of this instability with respect
to the density of DM. A prediction of DDM is therefore that dense galaxies are not stable and
dissolve following the dynamics of the polarization field.

The main perspective for this model is to go cosmological and perform a zoom simulation
where both cosmological and galactic dynamics coexist. There, one fascinating feature of the
DDM is the presence of a non-gaussianities growing with time 4. This very rare type of non-
gaussianities could be a smoking-gun of this model but also a way to constrain the form of the
potential of such a model.
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A future third generation gravitational wave (GW) detector, Einstein Telescope (ET), is
expected to have a detection sensitivity down to 1 Hz. Due to this improved low-frequency
sensitivity, ET will be able to observe the gravitational wave signal from low mass binaries
for a longer period of time in the detection band before their merger. Given the improved
sensitivity in comparison to the current and advanced 2G detectors, the detection rate with
ET will also be much higher and so it will be a useful instrument to conduct population
studies. In this work we discuss an algorithm to estimate the parameters such as localisation,
chirp mass, redshift of the low mass merging compact binary systems which are crucial in
order to understand the capability of ET to study various compact binary populations as a
standalone instrument.

1 Introduction

The second generation GW detectors initiated the exploration of the Universe with GW and
provided a new view of the universe with historical first direct detection of binary black hole
(BBH)1. 3G detectors such as ET2,3 or Cosmic Explorer (CE)4, will be further useful in under-
standing the extreme physical phenomenon in the Universe. ET is planned to have a detection
sensitivity to ∼ 1 Hz5. Given this improvement in the low-frequency detection sensitivity ET
will observe the low mass compact binaries for a longer period of time in the detection band
before their merger. It is therefore crucial to take into account the effect of rotation of Earth on
the antenna response function. The detection rate with ET will also be much higher due to the
lowest frequency detection sensitivity for ET-D being down to 1Hz, and so it will be a useful in-
strument to conduct population studies. Building up on the algorithm described in6, to localize
and constrain the parameters such as the chirp mass M and redshift z of BBH coalescences, we
continue to explore the capability of ET as a single instrument to study longer duration signals
from coalescing low mass compact binary systems and present a simplified approach to estimate
these parameters for the low mass merging compact binary systems.

2 Detection of compact binaries using Einstein Telescope

In this work we use the currently planned xylophone design, ET-D7, consisting of three over-
lapping detectors, arranged in an equilateral configuration with arm-opening angles of 60◦. The
location of ET detector for our analysis is chosen to be at the Virgo site. To observe a gravita-
tional wave signal which stays in the detection band for a long duration we take into account
the change in the antenna response with the rotation of the Earth, following the detailed treat-
ment given in8. The signal to noise ratio ρj for j = (1, 2, 3) for each of the three ET detectors,
obtained using match-filtering assuming that they have identical noise is given as:
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ρj ≈ 8Θj
r0
DL

( Mz

MBNS

)5/6√
ζ (fmax) ; Θ ≡ 2

[
F 2
+

(
1 + cos2 ι

)2
+ 4F 2

× cos2 ι

]1/2
(1)

where Mz = (1+ z)M is the redshifted chirp mass and MBNS ≈ 1.218M⊙ is the chirp mass of
an equal mass binary with each component mass being 1.4M⊙, and F+ and F× are the antenna
response function of one of the three detectors in ET, as defined in [8].
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where, Sh (f) is the power spectral density (PSD) for ET-D configuration for the ET-D noise
curve [2]. The characteristic distance sensitivity r0 and the frequency at the end of the inspiral
phase fmax, is given as:
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20
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⊙
c3
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(
MBNS

M(1 + z)

)
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where MBNS = 2.8M⊙ is the total mass of an equal mass binary with each component mass of
1.4M⊙. We can define the combined effective signal to noise ratio for the combined signal from
three detectors as:

ρeff = 8Θeff
r0
DL

( Mz

1.2M⊙

)5/6√
ζ (fmax) ; Θeff =

(
Θ2

1 +Θ2
2 +Θ2

3

)1/2
(4)

where Θeff is the effective antenna response function.

3 Method

We use the response function in the Celestial sphere frame of reference8, for this analysis.
Assuming that the change in the response functions is negligible during 5 minutes, we split
the inspiral signal into 5 minutes segments from the time it enters the detection band at 1 Hz.
We assume the observables, in the case of detection of a coalescing low mass binary system, to
be follows: (a) The three signal to noise ratios (SNRs) ρij defined by equation (1) for each ith

segment of the signal. (b) The gravitational wave frequency at the start and end of each segment
of the detected signal. (c) The redshifted chirp mass Mz. (d) The frequency at the end of the
inspiral, corresponding to the innermost stable circular orbit, fmax. We choose the following
criterion to define a detection: a threshold value of ρieff > 8 and ρij > 1 for ith segment and jth

detector, in at least one segment. We then, use the signal to noise ratios in each segment for
each of the three detectors, to constrain the value of Θeff . The value of the ratios of the SNRs
are denoted as: ρi21 ≡ ρ2/ρ1, and ρi31 ≡ ρ3/ρ1 in the ith segment. So for each segment, we have:

ρi21 =
Θi

2

Θi
1

≡ Θi
21 and ρi31 =

Θi
3

Θi
1

≡ Θi
31, (5)

Upon rearranging equation (1), for the ith segment we notice that,

Θi
eff

√
ζi (fi−1, fi)

ρieff
≈
(
8r0
DL

( Mz

MBNS

)5/6
)−1

(6)

where, (fi−1, fi) are the frequency limits of the signal in the ith segment. It is seen that while
the quantities Θi

eff , ζ
i (fi−1, fi), ρ

i
eff on the L.H.S of equation (6) are individually measured

depending on the segment characteristic for each segment, the R.H.S is characterized by the
source. So we can define this as a source dependent quantity Λ. Then for each segment,
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Figure 1 – Left: Sky localization, right: joint (M− z) probability for a compact binary source of M = 1.23M⊙
located at z = 0.09.

Figure 2 – Marginalised probability for M (left) and z (right) for a compact binary source of M = 1.23M⊙
located at z = 0.09.

Λ ≡
(
8r0
DL

( Mz

MBNS

)5/6
)−1

≈
Θi

eff

√
ζi (fi−1, fi)

ρieff
. (7)

Here 0 < ζi (fi−1, fi) < 1 and 0 < Θi
eff < 6, therefore 0 < Λi < 6/ρieff . We estimate this

quantity Λ in each segment and finally combine the information for all segments to constrain
the chirp mass and redshift. The detailed mathematical treatment are given in9. An example
case of localisation using this method and the joint (M− z) probability for this example case
is shown in Figure 1. The marginalised M and z probability for this example case is shown in
Figure 2. To test this algorithm we constructed a mock population of low mass compact binaries
assuming that the distributions of masses, distances, locations in the sky, and polarizations are
independent and the mass distribution is the same for all distances. Further details of this
mock population are given in9. We generate 39,990 injections with redshift, masses and angular
distribution. Out of these ∼ 40, 000 sources 9584 injections have ρieff > 8 and ρij > 1, j = 1, 2, 3
for each detector in at least one segment and are taken up for analysis. The comparison of actual
source parameters with the recovered values for this mock population are shown in Figure 3.

4 Conclusion

In the best case we see that, single ET in triangular configuration can constrain the localization
area for 90 % probability region of sky localization to a minimum value of 6.04 sq degrees, for
ρeff = 72.56. The values of M and M can be constrained within 2% while z can be estimated
with an error of 10 % for ρeff = 100 using single ET.
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Figure 3 – The density distribution of the recovered median values of M (left), z (right) w.r.t the actual source
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Gravitational wave sources are becoming a central tool to study cosmology. From the gravita-
tional wave detection, it is possible to directly measure the luminosity distance of the source,
and therefore if a redshift of the source is provided, gravitational waves can be used to probe
cosmology. In this review article, we discuss the most recent results on cosmology from grav-
itational wave sources in the third Gravitational Wave Transient Catalog GWTC–3. We will
discuss results that estimate cosmological parameters with several techniques such as correla-
tion with galaxy catalogs and astrophysical models for the binary black holes mass spectrum.

1 Introduction

The LIGO, Virgo and KAGRA detectors 1,2,3,4 have recently released their third gravitational
waves (GWs) transient catalog GWTC–3 5 where they have presented almost 100 compact
binary coalescens (CBCs). CBCs are standard sirens and can be used to probe the cosmological
expansion of the Universe 6. In fact, from GWs it is possible to directly measure the luminosity
distance (dL) of the source. If provided with an estimation of the source redshift, GWs can
be used to probe the cosmological expansion. Therefore, GWs provide a new independent way,
with respect to previous channels, to study cosmology.

The Standard Cosmological model has been tested extensively but still suffers some difficul-
ties. For instance, on the observational side, it is observed a discrepancy between the Hubble
constant (H0) estimation. The most cited tension is a 4.2σ discrepancy between the value of
H0 = 66.93 ± 0.62km s−1 Mpc inferred by the Planck collaboration from Cosmic Microwave
Background (CMB) 7 and the value of H0 = 73.5 ± 1.4km s−1 Mpc measured from Type Ia
Supernovae 8.

GWs provide a new type channel to probe cosmology and potentially solve the Hubble
constant tension. The first GW source employed for cosmology was the binary neutron star
merger GW170817. This event was observed in association to a short γ-ray burst followed by a
Kilonova 9,10. This allowed to rapidly identify the hosting galaxy of the event, NGC 4993, from
which it was possible to infer the source redshift. This led to a Hubble constant measure of
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H0 = 70+12
−8 km s−1 Mpc 11, that can be improved to H0 = 68.94+4.7

−4.6km s−1 Mpc 12 if additional
information on the orbital inclination is taken from the electromagnetic afterglow emission.

In addition, also the population of Dark Sirens, mostly binary black holes (BBHs) have
been used to study cosmology. Since these sources are not observed with an electromagnetic
counterpart, additional methods have been employed to assign a redshift z to the sources. Cur-
rently two methods have been employed to estimate cosmological parameters from a population
of dark sirens: the galaxy catalog method13,14 and the source mass method 15,16. The former,
cross-correlates the GW events with surveys of galaxies in order to identify possible hosts. The
latter exploits the relation mdet = (1 + z)m between source-frame masses m and redshift masses
mdet, which are directly measured from data.

In this review article, we focus on populations of dark sirens and discuss the recent results
on cosmology using events from GWTC–3. The paper is organized as follows. In Sec. 2 we
introduce the statistical method for population inference. In Sec. 3 and Sec. 4 we present the
last results from GWTC–3 events using the mass and the galaxy catalog methods. In Sec. 5 we
draw our conclusions.

2 Statistical method

Population properties of a set of Nobs GW detections associated with data {x} = (x1, ..., xNobs
),

can be inferred using an hierarchical Bayesian method17,18. Given a set of population parameters
Φ, including the cosmological parameters, the posterior given the observed data is

p(Φ|{x}, Nobs) ∝ p(Φ)e−Nexp(Φ)[Nexp(Φ)]Nobs

Nobs∏
i=1

∫
p(xi|Φ, θ)ppop(θ|Φ)dθ∫
pdet(θ,Φ)ppop(θ|Φ)dθ

. (1)

In the above equation, p(Φ) is a prior on the population parameters, θ represents all the pa-
rameters of a GW source that are measured from the GW likelihood p(xi|Φ, θ) given a set of
population parameters. These are for instance spins, luminosity distance and redshifted masses.
The term pdet(θ,Φ) is the probability of detecting a GW event with parameters θ and it accounts
for selection biases. Finaly, Nexp(Φ) is the expected number of GW detections.

The central quantity for the cosmological parameters inference is the population informed
prior ppop(θ|Φ). This term represents the distribution in redshift and source masses of the dark
sirens. The population informed prior is usually factorized in term of source masses and redshift
as

ppop(m1,m2, z|Φ) = Cppop(m1,m2|Φ)
R(z; Φ)

1 + z

∂Vc
dz

, (2)

where ppop(m1,m2|Φ) is the distribution of the two masses m1,m2 of the binary, ∂Vc
dz (which

is function of the cosmological parameters) is the differential of the comoving volume, R(z; Φ)
the dark siren merger rate as function of redshift and C a normalization constant. In the above
equation, the merger rate and mass distributions are often described using phenomenological
models that are dependent on the parameters Φ. The population-level parameters Φ are also
part of the statistical inference. In the case that we are provided with a galaxy catalog, the
differential of comoving volume distribution can be built from the observed galaxies and taking
into account the catalog completeness 14.

In this work, we use events from GWTC–3, we employ 19 3 different population models
for the mass distribution of BBHs (see 19 for more details): a simple power law and two more
complex models consisting in a broken power law a powerlaw plus a gaussian overdensity. These
mass models are motivated by astrophysical processes which are expected to drive the formation
of black holes. For instance, the (pulsational) pair-instability supernova ((P)PISN) process 20

is expected to prevent formation of black holes with masses from ∼ 50 to ∼ 120 M�. Other
formation channels for BBHs are possible and discussed in literature21. For the merger rate of
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BBHs, we used a phenomenological model motivated the star formation rate19 using wide priors
on its parameters.

3 Results with the source mass method

We performed19 a joint analysis using 42 BBHs from GWTC–3 to jointly infer cosmology and
population properties of the observed BBHs. Of the 3 mass models that we explored, we found
that the simple power law model was unable to fit the observed population of BBHs. In contrast,
the other two models agree on the presence of a local excess of BBHs with primary mass around
∼ 35M�, followed by a decreasing power law regime.

30

40

g[
M

]

100

150

m
m

ax
[M

]

50 100 150
H0[kms 1 Mpc 1]

2.5

5.0

7.5

10.0

30 40
g[M ]

100 150
mmax[M ]

5 10

Figure 1 – Posterior probability density for H0 and the population parameters µg,mmax and γ, governing the
position of the Gaussian peak, the upper end of the mass distribution and the merger rate evolution in the
powerlaw plus gaussian mass model.The solid and dashed black lines indicate the 50% and 90% CL contours.
Figure reproduced from its original publication.

The presence of this mass scale in the population of BBHs, allows us to provide an indirect
redshift for the GW events and therefore measure cosmology. In Fig. 1 we show the joint
posterior distribution between the cosmological parameters and the BBHs population parameters
obtained using Eq. 1 for the power law plus peak mass model. In this figure we report some
of the population parameters that are relevant for the Hubble constant determination. The
parameters µg, mmax and γ represent the BBHs excess (location of the gaussian peak) in mass,
the maximum mass for black hole production and the slope of the merger rate evolution in
redshift (R(z) ∝ (1 + z)γ). The determination of the Hubble constant is particularly dependent
on the parameter µg as this parameter provides an implicit redshift for many BBH detections.
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The estimation of the Hubble constant from Fig. 1 is H0 = 50+37
−30km s−1 Mpc (median and

68.3% credible intervals, the convention taken in this paper), while for the broken power law
model we obtain a consistent result of H0 = 44+52

−24km s−1 Mpc. This is expected as these two
models are found both to fit the observed events efficiently. We also found that other cosmological
parameters such as the matter energy density Ωm and Dark Energy Equation of State parameter
w could not be constrained by current GW observations.
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Figure 2 – Posterior distributions for H0 obtained by combining the H0 posteriors from the 42 BBH detections and
the H0 posterior inferred from the bright standard siren GW170817. The pink and green shaded areas identify
the constraints on H0 inferred from the CMB anisotropies and in the local Universe from SH0ES respectively.
Figure reproduced from its original publication.

By combining the Hubble constant estimation found for the population of 42 BBHs with
the estimation from GW170817, we find a value of H0 = 68+12

−8 km s−1 Mpc, see Fig. 2. This
represents an improvement of ∼ 17% with respect to GW170817 alone. We also explored possible
systematics introduced by the selection of the BBHs to consider in the analysis. We performed
the analysis using 3 different selection cuts based on signal-to-noise ratio finding that the results
on cosmological and population parameters are consistent among them.

4 Results with the galaxy catalog method

We applied the galaxy catalog method19 to infer the cosmological parameters to 47 compact
binary coalescences in GWTC–3. For this analysis we also included events associated with the
binary neutron star and neutron star black hole merges. For this analysis, we used the galaxies
observed by the all-sky galaxy catalog GLADE+ 22 (a deeper and more complete version of the
GLADE galaxy catalog). For this particular analysis, we have fixed the mass and rate models
of the GW events, since a marginalization over the galaxy survey and population parameters is
computationally demanding to achieve 16.

For our main result, we used all the galaxies observed in the K-band. We also take the
choice of assigning a probability to each galaxy to host a GW event proportional to its intrinsic
luminosity. The result of the analysis can be visualized in Fig. 3. When we consider only the
46 dark sirens (excluding GW170817 and its electromagnetic counterpart), we obtain H0 =
67+13

−12 km s−1 Mpc−1. The figure also reports an analysis assuming a 0% completeness for
the GLADE+ galaxy catalog that is referred to as “empty catalog”. This “artificial” analysis
is performed to quantify how much of the H0 information obtained from the choice of the
population model (masses and rates) for the BBHs. As we can see from the posterior associated
to this case, the empty catalog analysis returns an H0 estimation slightly worse to the galaxy
catalog case. This has two interpretations (i) the galaxy catalog is adding some additional
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Figure 3 – Hubble constant posterior for several cases. Gray dotted line: posterior obtained using all dark
standard sirens without any galaxy catalog information and fixing the BBH population model. Orange dashed line:
posterior using all dark standard sirens with GLADE+ K–band galaxy catalog information and fixed population
assumptions. Black solid line: posterior from GW170817 and its EM counterpart. Blue solid line: posterior
combining dark standard sirens and GLADE+ K–band catalog information (orange dashed line) with GW170817
and its EM counterpart (black solid line). The pink and green shaded areas identify the 68% CI constraints on
H0 inferred from the CMB anisotropies and in the local Universe from SH0ES respectively. Figure reproduced
from its original publication.

information for the redshift of the galaxies but (ii) the population assumptions of BBHs are
dominating the H0 inference (due to galaxy catalog incompleteness).

We explored the sensitivity of the galaxy catalog method to the BBHs population assump-
tions and galaxy catalog treatment. We find that, in agreement with what discussed in the
previous paragraph, population assumptions are dominating the H0 inference. In Fig. 4 we
show posteriors on H0 for the galaxy catalog method calculated using several models for BBHs
population (top) and galaxy catalog treatment (bottom). We find that the H0 posterior is
sensitive to variations of the position of the BBHs excess in mass µg in agreement with the re-
sults presented in Sec. 3. In contrast, systematics introduced by different choices for the galaxy
catalog such as the usage of galaxies observed in the B-band or the K-band, does not modify
significantly the H0 estimation.

By combining the main result presented in Fig. 3 with the H0 estimation from GW170817
and its EM counterpart posterior (solid black curve), we find H0 = 68+8

−6km s−1 Mpc. This value
represents an improvement of 40% with respect to the GW170817 case 11. Although one should
note that, due to the high incompleteness of the galaxy catalog, the result is strongly dominated
by the population assumptions on BBHs.

5 Conclusions

Cosmology with GWs has started with the detection of GW170817 and its electromagnetic
counterpart. After three observing runs and almost 100 GWs detected from CBCs, GWs are
also becoming a new channel to study the cosmological expansions of the Universe. In this
review paper we have summarized the latest results on cosmological inference from GW sources
in GWTC–3. We have highlighted results from two methods able to infer the cosmological
parameters from populations of dark sirens.

We presented the first Hubble constant estimation from a population of BBHs using GW
alone. The measurement of the Hubble constant was possible thanks to the joint fit between
cosmology and source mass distribution of BBHs. Although the H0 precision obtained with this
method is not comparable with the one from GW170817 and its electromagnetic counterpart,
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Figure 4 – Systematic effects on the inference of the Hubble constant due to the choice of different values for the
mean µg of the Gaussian component in the source mass model, and other population model parameters (upper
panel) and different choices for the luminosity band and weighting scheme adopted for the GLADE+ galaxy
catalog (lower panel). The pink and green shaded areas identify the 68% CI constraints on H0 inferred from
the CMB anisotropies and in the local Universe from SH0ES respectively. Figure reproduced from its original
publication.

the increasing number of BBHs expected to be observed in the next data takings is expected to
bridge this gap. Using the population of BBHs, we have improved the H0 measure of 17% with
respect to the GW170817 value. We have also found that other cosmological parameters cannot
be constrained yet. The result that we obtain is also consistent with subsequent independent
analyses 23.

We have also presented an analysis based on the identification of possible host galaxies
from the galaxy catalog GLADE+. Using the GLADE+ galaxy catalog, we have employed 46
dark sirens from GWTC–3 to measure the Hubble constant. We have found that the current
result is strongly dominated by the population assumptions on BBHs distribution given the low
completeness of the galaxy catalog. However, the inclusion of the galaxy catalog slightly improves
the estimation of the Hubble constant with respect to the BBHs population assumptions alone.
Our results are consistent with other recent independent analysis that uses more complete galaxy
catalogs24,25 and different selection cuts and galaxy catalog treatments 26.
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22. G. Dálya, R. Dı́az, F. R. Bouchet, Z. Frei, J. Jasche, G. Lavaux, R. Macas, S. Mukherjee,

M. Pálfi, R. S. de Souza, and et al. GLADE+: An Extended Galaxy Catalogue for
Multimessenger Searches with Advanced Gravitational-wave Detectors. arXiv e-prints,

87



page arXiv:2110.06184, October 2021.
23. Michele Mancarella, Edwin Genoud-Prachex, and Michele Maggiore. Cosmology and

modified gravitational wave propagation from binary black hole population models. arXiv
e-prints, page arXiv:2112.05728, December 2021.

24. A. Palmese, J. deVicente, M. E. S. Pereira, J. Annis, W. Hartley, K. Herner, M. Soares-
Santos, M. Crocce, D. Huterer, I. Magaña Hernandez, and et al. A Statistical Standard
Siren Measurement of the Hubble Constant from the LIGO/Virgo Gravitational Wave
Compact Object Merger GW190814 and Dark Energy Survey Galaxies. ApJ, 900(2):L33,
September 2020.

25. Antonella Palmese, Clecio R. Bom, Sunil Mucesh, and William G. Hartley. A standard
siren measurement of the Hubble constant using gravitational wave events from the first
three LIGO/Virgo observing runs and the DESI Legacy Survey. arXiv e-prints, page
arXiv:2111.06445, November 2021.

26. Andreas Finke, Stefano Foffa, Francesco Iacovelli, Michele Maggiore, and Michele Man-
carella. Cosmology with LIGO/Virgo dark sirens: Hubble parameter and modified gravi-
tational wave propagation. J. Cosmology Astropart. Phys., 2021(8):026, August 2021.

88



Summary of Tests of General Relativity with GWTC-3
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Observations of gravitational waves (GWs) by the advanced LIGO–Virgo detectors provide us
with ground breaking opportunities to test predictions of Einstein’s theory of general relativity
(GR) in the strong field regime. In this article, we summarise the nine tests of GR performed on
the new GW signals included in the third GW transient catalog, GWTC-3. These tests include
overall and self-consistency checks of the signal with the data; tests of the GW generation,
propagation and polarizations; and probes of the nature of the remnant object by testing
the BH ringdown hypothesis and searching for post-merger echoes. The results from the new
events are combined with those previously published wherever possible. We do not find any
statistically significant deviation from GR and set the most stringent bounds yet on possible
departures from theory.

1 Introduction

For more than a century, Albert Einstein’s theory of general relativity (GR) has been our
dominant description of gravity. The theory postulates that gravity arises as a consequence of
interaction between the geometry of spacetime and its matter-energy content, and to date, has
passed all experimental challenges thrown at it 1. Observations of gravitational waves (GWs)
from relativistic mergers of black holes (BHs) and neutron stars (NSs) have however, for the
first time allowed us to study the nature of gravity in the highly nonlinear and dynamical
regime—a regime previously inaccessible with Solar System tests, binary pulsars or observations
around supermassive BHs at centres of galaxies. Since September 2015, the Advanced LIGO-
Virgo detectors 2,3 have observed 90 GW signals from mergers of such compact objects 4, and as
sensitivities have progressively improved over three separate observing runs, GW observations
have transitioned from being elusive to the routine.

GW signals from merging binaries tracks three distinct phases of evolution. The initial in-
spiral, when the two compact objects spiral in due to a backreaction of GW emission, can be
well-approximated through analytic approaches like the post-Newtonian (PN) 5 or the effective-
one-body (EOB) 6 formalisms. Such analytic approaches, however, start to break down near the
merger where an accurate description of the signal requires solving Einstein’s field equations nu-
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Table 1: This table summarises the names of the tests performed, the corresponding sections, the metrics by
which the test is quantified, and the improvement with regard to our previous analysis. The analyses performed
are: RT = residuals test; IMR = inspiral–merger–ringdown consistency test; PAR = parametrised tests of GW
generation; SIM = spin-induced moments; MDR = modified GW dispersion relation; POL = polarization content;
RD = ringdown; ECH = echoes searches. The last column provides the improvement in the bounds over the
previous analyses reported in 11. This is defined as XGWTC−2/XGWTC−3, where X denotes the width of the 90%
credible interval for the parameters for each test, using the combined results on all eligible events.

Test Section Quantity Improvement w.r.t. GWTC-2

RT 4.1 p-value Not applicable
IMR 4.1 Fractional deviation in remnant mass and spin 1.1–1.8
PAR 4.2 PN deformation parameter 1.2–3.1
SIM 4.2 Deformation in spin-induced multipole parameter 1.1–1.2

MDR 4.3 Magnitude of dispersion, |Aα| 0.8–2.1
POL 4.4 Bayes Factors between different polarization hypotheses New Test
RD 4.5 Fractional deviations in frequency (pyRing) 1.1

Fractional deviations in frequency and damping time (pSEOB) 1.7–5.5
ECH 4.5 Signal-to-noise Bayes Factor New Test

merically on supercomputers using techniques of numerical relativity (NR).7 The final ringdown
stage, when the newly formed remnant object settles down into a stable Kerr state through GW
emissions of exponentially damped sinusoids, is best described by BH perturbation theory 8.
Signatures of beyond-GR physics are expected to show up as modification to binary-dynamics.
However, in the absence of viable inspiral-merger-ringdown (IMR) waveform models of GWs
in alternate theories of gravity, we assume our underlying signal to be well-described by GR.
Any departure from this null hypothesis would hint at the existence of a class of exotic compact
objects (ECOs), or more alarmingly, a potential breakdown of GR itself.

In the latest “Tests of GR with GWTC-3” paper 9, henceforth referred to as “the main
paper”, the LIGO Scientific–Virgo–Kagra collaborations (LVK) use observations of GWs to test
the validity of the above approaches using nine different analyses. In the rest of this article, we
list the events on which these analyses are performed in Sec. 2, details about their parameter
inference in Sec. 3, a summary of the nine tests in the main paper9 in Sec. 4, and some concluding
remarks in Sec. 5. A top-level summary of these tests, their evaluation metrics and improvements
of results from previous analyses is provided in Table. 1.

2 Events

The latest GW Transient Catalog (GWTC-3)4 unveiled 35 new GW signals from the second half
of the third observing run (O3b). Out of these 35 GW signals, the main paper 9 considered only
those that have significance > 1/1000 yr and were observed in at least two GW detectors. The
15 selected events, which included 14 binary black hole (BBH) events and 1 BH-NS candidate
GW200115 042309 10, are listed in Table 2 along with some of their properties.

The nine tests of GR performed in the main paper 9 and outlined in Sec. 4 investigate
different aspects of GW generation, propagation and polarisation. Considering the wide range
of properties exhibited by the events in Table 2, not all events are suitable for all tests. The
last block of columns in Table 2 indicate which analyses are performed on a given event.The
selection criteria include a variety of quantities including the overall signal-to-noise ratio (SNR)
of a signal, the SNR in a specific portion(s) a test wants to target, the total mass of the source
or the measured spins of the compact objects. Finally, wherever possible, we combine results of
this paper with previously published results 12,11.
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Table 2: List of O3b events considered in the main paper 9 . The first block of columns gives the names of the
events and the instruments (LIGO Hanford, LIGO Livingston, Virgo) involved in each detection, as well as some
relevant properties obtained assuming GR: luminosity distance DL, redshifted total mass (1 + z)M , redshifted
chirp mass (1 + z)M, redshifted final mass (1 + z)Mf, dimensionless final spin χf, and network SNR. Reported
quantities correspond to the median and 90% symmetric credible intervals, as computed in Table IV in GWTC-
3 4. The last block of columns indicates which analyses are performed on a given event according to the selection
criteria outlined in Sec. 2 and 4.

3 Parameter inference

The analyses in the main paper 9 assume that the underlying GW signal is well described by
two families of waveform models as a BBH signal – (aligned) spinning effective-one-body (EOB)
models called SEOB 13,14,15 and phenomenological precessing waveforms called Phenom 16,17,18,19.
Both families include models with and without higher order moments of gravitational radiation.
For the BH-NS candidate GW200115 042309 10, matter effects of the NS are assumed to be
negligible (because of the asymmetry of the binary masses) and the signal is also assumed to
be well-described as the BBH signal. Using these waveform models we proceed to infer the
parameters of the source using a range of statistical tools encoded in the LIGO Algorithms Li-
brary21 – LALInference20,21, Bilby 22,23, pyRing24 and BayesWave25,26. Finally, wherever
possible, the main paper 9 combines information from multiple events to produce the strongest
bounds possible. In this regard, we use two approaches: a restrictive approach, which assumes
that these deviations appear identically across all events independent of their source proper-
ties 27, and a conservative hierarchical approach which assumes that the deviation parameters
are not identical but rather belong to some underlying Gaussian population 28.

4 Summary of Tests

The tests of GR performed in the main paper 9 belong to two main theory-agnostic classes: 1)
consistency tests which search for possible violations of GR by comparing the signal or portions
of the signal to the data without invoking any parametrization of deviations, and 2) parametrised
tests which introduce deviations from GR at the level of a gravitational waveform and use data
to bound or constrain these beyond-GR parameters.

4.1 Consistency tests

There are two consistency tests considered in the main paper 9 . The first one, called the
residuals test 29,12,11, checks for the overall consistency of the signal with the data. We measure
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the coherent residual SNR in the data after subtracting the best-fit GR waveform for all 15
events using the BayesWave software, and test whether it is consistent with detector noise.
We measure the distribution of SNRs in segments of noise immediately adjacent to the event,
and compute the p-values for the residuals to be consistent with this background distribution.
The presence of coherent noise in the residuals would indicate an inconsistency between the
signal present in the data and the GR template used. However, we find that the residuals are
consistent with our understanding of detector noise.

The second approach, the inspiral–merger–ringdown consistency test 30,31, checks whether
the low- and high-frequency content of the underlying signal are consistent with each other.
Each portion can be used to independently infer the mass and spin of the remnant object
which are expected to be consistent if the entire signal is well-described by GR. Alternatively,
any fractional deviation between these two estimates should be consistent with zero. This test
requires a minimum SNR in each portion to perform reliable parameter inference, and we restrict
the analysis to the 6 events which pass such ann SNR threshold. The joint posterior probability
distribution on the fractional deviations in final mass and spin for all the events is shown in
Fig.2 along with a comparison with previous results. We do not find a violation of GR and the
overall improvement in the results is upto a factor 1.8.
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Figure 1 – Distributions on the remnant mass (blue)
and spin (red) fractional deviation parameters ob-
tained by hierarchically combining the GWTC-3
events (solid trace). For comparison, we also show
the results obtained using GWTC-2 11 (dot dashed
traces) and GWTC-112 (dashed) events. The verti-
cal dashed line shows the GR prediction. Triangles
mark the GWTC-39 medians, and vertical bars the
symmetric 90%-credible intervals.

4.2 Tests of gravitational wave generation

Generic modifications

Additional fields or higher-order curvature corrections introduced in alternative theories of grav-
ity can alter the binary dynamics and leave an imprint on the GW signal.As mentioned in the
introduction, a GW inspiral is best described by PN theory, a perturbative expansion in powers
of v/c, with each O([v/c]2n) being referred to as of nPN order 5,6. Given the binary masses and
spins, coefficients of each nPN order term is uniquely specified in GR. The state-of-the art GR
waveform models (c.f. Sec. 3) carry terms upto the 3.5 PN order or n = 7 and we introduce para-
metric deviations to these coefficients 32,33,34. Using 9 (out of 15) low-mass inspiral-dominated
events, we place bounds on possible deviations of these parameters (Fig. 3), which generally
improve on previous results.

In GR, an inspiralling binary does not produce dipole radiation. By introducing a phe-
nomenological pre-Newtonian term, ϕ−2 (Fig. 3) to desribe this dipole radiation, we can bound
its contribution to the binary dynamics. Although still consistent with being zero, the main
paper 9 is able to improve the bound on the measurement by a factor of ∼ 2, the single largest
improvement for any PN parameter, compared to previously published results. This improve-
ment is dominated by the long-inspiral BH-NS candidate, GW200115 042309.
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Figure 2 – 90% upper bounds on the magnitude of the parametrised test coefficients from −1PN to 3.5PN order as
discussed in Sec. 4.2. Bounds marked by blue diamonds were obtained with a pipeline based on a SEOB waveform
combining all eligible events from O1, O2 and O3. Filled (unfilled) gray triangles mark analogous results obtained
with GWTC-2 data 11 using SEOB (Phenom) models. Horizontal stripes indicate constraints obtained with
individual events, with bluer (redder) colors representing lower (higher) total mass events.

Spin-induced quadrupole moment

A spin-induced deformation of a compact object like a BH or NS is expected to modify the GW
signal. A measurement of this physical effect can effectively help to identify the nature of the
compact object and distinguish BHs or NSs from classes of ECOs 35. Since, larger the spins of
the individual compact objects, more pronounced this effect is supposed to be, the main paper 9

uses the twin selection criteria of low-mass and spin measurements to select the events for this
test. These events (6 out of 15) are used to make a confident measurement of possible departures
of this spin-induced multipole parameter from the BH prediction, and do not find any non-BBH
evidence. The event GW191216 213338 provides the best single-event bound. Overall we are
able to restrict positive deviations more, and thus provide some meaningful bounds on certain
classes of boson stars.

4.3 Tests of gravitational wave propagation

In GR, GWs propagate non-dispersively at the speed of light. There are alternate theories of
gravity, like massive graviton theories, Lorentz-violating theories, etc, which predict dispersion
of GWs, i.e., different frequency components of the wave travelling at different speeds 36,37.
This is expected to affect the morphology of the signal, and lead to a measurable effective de-
phasing. Since this is a propagation effect, it is stronger for the more distant sources. We use a
parametrised dispersion relation 38:

E2 = p2c2 +Aαp
αcα (1)

where the first term on the right-hand-side is the GR term and the second term aims to capture
generic modifications. We place bounds on the magnitudes of dispersion |Aα| for different values
of α and find no evidence of a deviation from GR. The A0 coefficient stands out because a bound
(for A0 > 0) can be mapped onto a bound on the mass of the graviton, mg = A0/c

2. This bound
has now been improved with respect previous analyses 11, and currently stands 2.5 times better
than the Solar System bound, although observations are still consistent with the graviton being
massless.
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4.4 Polarizations

In GR, GWs can have two (tensor) polarizations, the plus (+) and the cross (×). However, a
general metric theory of gravity additionally permits two scalar and two vector modes 39,40. A
network of GW detectors allows us to probe beyond-GR polarizations. Using a linear combina-
tion of detector outputs which contains no GW signal, the null stream, the main paper 9 uses
a waveform-agnostic way to check if the residuals (described earlier in Sec. 4.1) are consistent
with our noise model for a particular assumption about the polarization content of the underly-
ing signal. While earlier analyses 11 tested hypothesis where only pure polarization states were
present (either all scalar, vector or tensor), the main paper 9 also investigates the possibility of
mixed polarizations. Combining all eligible events across all three observing runs and computing
the Bayes Factors in favour of a given hypothesis of signal polarization content 41, we do not
find evidence of beyond-GR polarization modes in the data.

4.5 Remnant properties

Ringdown

A consequence of the no-hair conjecture 42,43 is that a BBH ringdown can be uniquely described
by a superposition of exponentially damped sinusoids called the quasi-normal-mode (QNM)
spectrum 44 whose frequencies and damping times depend only on the remnant mass and spin.
Hence if one is able to measure these QNM frequencies independently, it would be a probe of
the remnant object and a test of the no-hair conjecture 45. In the main paper 9 two tests of BH
ringdown are presented. The first one, using the pyRing GW data analysis toolkit 24, studies
the post-merger portion of the signal and performs hypothesis testing against a continuum of
models with higher modes and/or overtones. It does not find evidence for higher modes46,47 and
among the events analysed (5), GW200224 222234 shows weak evidence for overtones. Using a
model where the frequency of the ` = 2,m = 2, n = 1 QNM‘ a is allowed to deviate from its GR
prediction, a marginal improvement of its bounds is found over previous analyses 11.

Figure 3 – The 90% credible levels of
the posterior probability distribution of
the fractional deviations in the frequency
and damping time of the ` = 2,m =
2, n = 0 QNM, (δf220, δτ220) and their cor-
responding one-dimensional marginalized
posterior distributions, for events from
O1, O2 and O3 passing a SNR thresh-
old of 8 in both the pre- and post-merger
signal. Posteriors for GW150914 and
GW200129 065458 are separately shown.
The joint constraints on (δf220, δτ220) ob-
tained using the restrictive method of
combination from individual events are
given by the filled grey contours, while the
hierarchical method of combination yields
the black dot dashed curves in the 1D
marginalized posteriors.

The other test of the BH ringdown makes use of a full GW inspiral-merger-ringdown (not
just post-merger) waveform model to measure the ` = 2,m = 2, n = 0 QNM frequency and

a(`,m, n) are the standard indices used to denote modes in spherical harmonics decompositions.
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damping time 48. In the baseline GR SEOB model with higher modes (c.f Sec. 3), the QNM
spectra is predicted from initial masses and spins using NR-inspired fitting formulae. In this test,
we allow these GR predictions to deviate and constrain these deviations from the data. Like the
other ringdown test, the pSEOB test focusses on high-mass events where the merger-ringdown
signal is expected to be prominent. Additionally, since this test uses the entire signal,it also
uses the overall SNR as a selection criterion. Fig. 4 shows results from the 6 new events from
O3b using these selectionn criteria, along with combined results from previous analyses. The
bounds on the fractional deviations improve by a factor 1.7-5.5 over the previous results 11. This
improvement is mainly down to the the large number of events considered in the main paper 9

over previous publications.

Echoes

Another way to test the BH nature of the remnant object is the search for GW echoes, repeating
pulses of gravitational radiation expected to be present in the post-merger signal if the remnant
is an ECO with a reflective surface instead of a classical BH with an event horizon 49,50,51. We
search for these echoes with BayesWave 25,26 using minimal assumptions about their shapes.
We compute the Bayes factors between the hypothesis that our data contains echoes verses it
is just noise. We also quantify the significance of our “with echoes”-hypothesis using p-values
for each event, similar to the residuals test from Sec. 4.1 52,53. We do not find any compelling
evidence for their presence in the post-merger signal.

5 Conclusions

These proceedings provide a summary of the “Tests of General Relativity with GWTC-3” paper
which includes the latest results with GW observations by the Advanced LIGO-Virgo detectors.
The paper focusses of events detected in the second half of the third observing run (O3b), but
wherever possible, combines information with events from previous observing runs to give the
tightest state-of-the-art bounds possible. The main paper outlines nine different methods which
are used to characterise deviations from GR. There is no statistically significant evidence found
for a possible deviation from GR.
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Modified gravitational wave propagation is a smoking gun of modifications of gravity at cos-
mological scales, and can be the most promising observable for testing such theories. The
observation of gravitational waves (GW) in recent years has allowed us to start probing this
effect, and here we briefly review two promising ways of testing it. We will show that, already
with the current network of detectors, it is possible to reach an interesting accuracy in the
estimation of the Ξ0 parameter (that characterizes modified gravitational wave propagation,
with Ξ0,GR = 1) and with next generation facilities, such as the Einstein Telescope, we can
get a sub-percent measurement.

1 Introduction

The window gravitational waves (GWs) opened on our Universe can lead to outstanding discov-
eries both in Fundamental Physics and Cosmology. In this context, modified GW propagation
has been understood as a particularly interesting property, characterizing all theories that mod-
ify General Relativity (GR) on cosmological scales. The best way to probe this effect is to use
the so-called “standard sirens”, i.e. GWs with an associated electromagnetic (EM) counterpart,
such as GW170817. Unfortunately, a counterpart measurement is expected only for a small
fraction of the GW signals, and more likely at small redshift, where the imprint left by modified
gravity is smaller. Other ways of extracting every ounce of information encoded in all detected
signals without a counterpart, the so-called “dark sirens”, turn out to be crucial. The paper is
based on the discussion in 1,2 and organised as follows: in sect. 2 we review the phenomenon
of modified GW propagation; in sect. 3 a way of extracting information from quadruply lensed
binries is presented; in sect. 4 we discuss a statistical method based on the BNS mass function.

2 Modified gravitational wave propagation

The phenomenon of modified GW propagation arises from a modification of the “friction term”
in the propagation equation of tensor perturbations (i.e. GWs) over a Friedmann-Lemâıtre-
Robertson-Walker (FLRW) background

h̃′′A + 2H[1− δ(η)]h̃′A + k2c2h̃A = 0 (1)

where GR is recovered for δ(η) = 0. A detailed review is present in 3,4 . The net effect of Eq.
1 is that, propagating across cosmological distances, the attenuation of the amplitude of GW
signals is different with respect to the ∝ 1/a behavior of GR. This means that what we measure
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through GWs is not the “standard” luminosity distance [which, following the literature, we refer
to as “electromagnetic” and denote by dem

L (z)], but a “GW luminosity distance”, which can be
parameterised for most of the best studied models as 3

dgw
L (z)

dem
L (z)

≡ Ξ(z) = Ξ0 +
1− Ξ0

(1 + z)n
. (2)

where Ξ0 = 1 in GR. Given that deviations from GR and ΛCDM, are constrained to percent
level for the background evolution and scalar perturbations by EM probes, such as CMB, SNe Ia,
BAO and LSS (e.g. deviations from w0 = 1 are bounded at 3% by Planck 2018 +BAO+SNe 5),
one could naively expect that, even in the tensor sector, the deviations from ΛCDM will be at
most of the same order. In contrast,for viable modified gravity (MG) models, it has been shown
that high values, such as Ξ0 = 1.8, are allowed, meaning that deviations can be as big as 80%,
and the resulting effect can be much bigger and easier to observe than a w0 which is 3% different
from -1. A first estimate of Ξ0 can be extracted from the results obtained using GW170817 6

and its counterpart, from which one gets Ξ0 . 14. More recent and stringent results have been
obtained by our group, using statistical methods: from the correlation with galaxy catalogs 7 we
find Ξ0 = 2.1+3.2

−1.2, and exploiting the BBH mass distribution 8, we find Ξ0 = 1.2± 0.7 (68% c.l.).

3 Modified GW propagation and quadruply lensed events

GWs can be lensed as any other signal when traveling across cosmological distances, but the
angular resolutions of GW detectors is not enough to spatially separate typical strongly lensed
images. Signals from coalescing binaries, however, have a short duration, thus strong lensing
will manifest itself as a series of repeated GW detections, separated by relative time delays of
orders of minutes to months for lensing by galaxies and up to years for lensing by galaxy clusters.
Moreover, the amplitude of the various images will differ, since they experience different amounts
of magnification or demagnification, but all the other parameters, such as the spins, chirp mass,
sky locations, etc., are the same. This allow to perform a Bayesian analysis, and find out
whether two or more GW signals belong to the same source 9,10. In particular, in the case of
a quadruply lensed event, having the four signals, it is possible to extract 1,9 a measurement of
the distance from the time delays, D∆t and four measurements from the amplitudes, which can
be used to perform a cosmological analysis. In particular, it can be shown 1,11 that the former is
not affected by the phenomenon of modified GW propagation, while the latter are, according to
Eq. 2, so their combination can be directly used to infer Ξ(z) without imposing any prior on H0.
Assuming that Nature is described by a MG model with Ξ0 = 1.8, the relative error ∆Ξ0/Ξ0

that can be obtained from a single quadruply lensed event, as a function of the source redshift
and the sum in quadrature of the errors on the luminosity distance coming from the four dgw

L

measurements and the time delay one, is presented in Fig. 1, for a redshift range appropriate
for both LIGO/Virgo/KAGRA and 3G detectors, such as the Einstein Telescope (ET).

4 Modified GW propagation and the BNS mass function

Together with the luminosity distance to the source, a GW detector also measures the redshifted
chirp mass of the binary, i.e. Mc = Mc(1 + z), where Mc is the source–frame chirp mass.
Assuming a cosmological model, it is possible to convert the dgw

L measurement into a redshift, to
extract Mc but, if Nature is described by a MG model with Ξ0 6= 1, assuming GR and ΛCDM,
one would get a reconstructed redshift, zGR, different from the true one, ztrue, and consequently
a bias in the estimation of the source–frame mass 2. Given the expected narrowness of the
NS mass function, which is also predicted to not evolve significantly with redshift 12, and the
impressive detection rate of BNSs achievable at ET and Cosmic Explorer, CE (of order 7× 104

ev/yr already for ET alone 13), with the possibility to detect these systems up to z ∼ 2− 3 for
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Figure 1 – Precision attainable on Ξ0 (assuming Ξ0 =
1.8) from quadruply lensed events, as a function of the
redshift and of the combined relative error on the dL
measurements. The lines set the limit for the 1σ, 1.5σ
and 2.5σ exclusion of Ξ0,GR = 1. Adapted from 1.

Figure 2 – Reconstructed values of Ξ0, the Madau–
Dickinson parameters and the mean of the mass dis-
tribution, with the method described in sect. 4.

ET14 and even z ∼ 10 for CE15 (where the effects of modified GW propagation are huge) among
them, within GR, there could not be a single neutron star with “standard” mass at large redshift,
for high values of Ξ0, like Ξ0 = 1.8. 2 Opening up the parameter space to include modified GW
propagation, one can then perform a hierarchical Bayesian analysis, using the BNS mass function
as a prior, to get an estimate of Ξ0, in the same spirit of what it has been done in the literature
for H0. 16 The posterior for the desired cosmological and population parameters, marginalised
over the overall rate, takes the form described in 17,18. The main source of error in this case
is the observational error on dgw

L , since the relative error on the redshifted chirp mass is of
order ∆Mc/Mc ∼ 1/Ncyc, where Ncyc is the number of observed inspiral cycles, expected to be
O(105). The GW likelihood can then be simply approximated as a Gaussian distribution, with
∆dL/dL = 2/SNR (the factor of 2 is added to account for the marginalisation over the inclination
angle) and we also include the error due to lensing as (∆dL/dL)lensing = 0.05z, following 13. For
the merger rate, we use a Madau–Dickinson profile with typical parameters 19, and include
a time delay distribution P (td) ∝ 1/td with td,min = 20Myr. We further adopt a Gaussian
distribution for the source–frame chirp mass, with µNS = 1.156M� and σNS = 0.056, obtained
from two independent Gaussians for the single masses with mean 1.33M� and standard deviation
0.09. 12 We perform our analysis on a single ET detector, with triangular shape, adopting the
public ET–D sensitivity curve b, and use only events with SNR > 12. The computation of the
selection effects induced by this choice, fundamental ingredient of this formalism, is performed
using a weighted Monte Carlo integration20, which allows to sensibly speed up the computation,
essential when using the large catalogs needed to forecast the capabilities of 3G detectors. The
posterior distribution for a set of parameters can be estimated with a MCMC sampling. Using
these prescriptions, we find that a percent measurement of Ξ0 could be obtained already with
∼ 4600 well localised events, as shown in Fig. 2, where we used Ξ0 = 1, while also estimating
the mass and rate distribution parameters with high accuracy.

bhttp://www.et-gw.eu/index.php/etsensitivities
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5 Summary and conclusion

Modified GW propagation is one of the most promising observables of MG on cosmological
scales. As we showed in sect. 3, in particular in Fig. 1, with a single quadruply lensed GW
event, the accuracy we can get in the estimation of Ξ0 is very interesting already with the
current network of detectors. Moreover, the error is expected to scale as 1/

√
N , with N being

the number of events, and at ET we could detect ∼ 25 quadruply lensed events in 4 years 21.
Another promising technique is the one presented in sect. 4 since, as we showed, MG can leave
a clear signature on GW events, especially at the resdhifts probed by 3G detectors. From Fig.
2 we see that, with only 4600 events, the accuracy we get on Ξ0 reaches the percent level, and
the posteriors are nearly Gaussian. Also in this case we then expect the error to scale as 1/

√
N ,

meaning that we could get a sub-percent measurement with less than 1 year of ET data.
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Cosmology and modified gravity with dark sirens from GWTC-3
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We present the latest measurements of the Hubble parameter and of the parameter Ξ0 de-
scribing modified gravitational wave propagation, obtained from the third gravitational wave
transient catalog, GWTC-3, using the correlation with galaxy catalogs and information from
the source-frame mass distribution of binary black holes. The latter leads to the tightest
bound on Ξ0 so far, i.e. Ξ0 = 1.2+0.7

−0.7 with a flat prior on Ξ0, and Ξ0 = 1.0+0.4
−0.8 with a prior

uniform in log Ξ0 (Max posterior and 68% HDI). The measurement of H0 is dominated by the
single bright siren GW170817, resulting in H0 = 67+9

−6 km s−1 Mpc when combined with the
galaxy catalog.

1 Introduction

Gravitational Waves (GWs) from coalescing binaries are direct distance tracers, as the luminos-
ity distance is measured directly from the GW signal 1. Combined with redshift information,
this allows at the same time to measure the expansion history of the Universe and to test
General Relativity (GR) at cosmological scales. The reason is that any modification of GR at
cosmological scales leads to extra friction experienced by GWs during their propagation, which
results in a modification of the notion of luminosity distance as measured by GWs (known as
“modified GW propagation”). On a ΛCDM background and at late times, such distance can be
parametrized as 2

dGW
L (z) =

[
Ξ0 +

1− Ξ0

(1 + z)n

]
× c

H0
(1 + z)

∫ z

0

dz̃√
Ωm,0(1 + z̃)3 + 1− Ωm,0

. (1)

The parameters (Ξ0, n) encode the effects of non-standard friction with respect to GR (defined
by Ξ0 = 1). The redshift of the source, whose knowledge is crucial to test the distance-redshift
relation (1), cannot be determined by the GW signal alone due to a well-known degeneracy
between source-frame mass and redshift in the GW waveform. In absence of a direct electro-
magnetic (EM) counterpart to the GW event, the source goes under the name of “dark siren”
and statistical techniques have to be adopted to obtain the redshift information.

In this contribution, we present the application of two such techhiques to the latest grav-
itational wave transient catalog GWTC-3 3 with new, fully independent, open-source codes:
the correlation with galaxy catalogs and the use of information from the source-frame mass
distribution of binary black holes.
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Figure 1 – Joint constraints on population and cosmological parameters assuming a feature in the BBH mass
distribution at a scale mbreak and a BBH merger rate evolution ∼ (1 + z)γ at low z. All the parameters not
appearing in the corner plots have been marginalised over. Left: constraint on H0 within ΛCDM (Ξ0 = 1). Right:
constraint on Ξ0, fixing the expansion history to Planck 2018.

2 Population studies and dark sirens

Statistical information on the redshift can be added within a hierarchical Bayesian analysis of
the population 4. The population of GW sources is described by a population function ppop(θ|Λ)
giving the probability that a source has parameters θ given hyperparameters Λ. This is known as
a distribution in redshift and source-frame masses b, parametrized by a set of parameters Λastro,
while GW experiments measure detector-frame quantities. The conversion between the two
relies on the distance-redshift relation (1), hence ppop acquires a dependence on the parameters
of this relation, that we denote by Λcosmo. Thus Λ = {Λastro,Λcosmo}. One can write a likelihood
for the parameters Λ by marginalising over the single GW event likelihood p(Di|θi), re-weighted
by the population prior, as follows 4:

p(D|Λ) ∝
Nobs∏
i=1

1

α(Λ)

∫
dθi p(Di|θi) ppop(θi|Λ) . (2)

In the above equation, the term α(Λ) is the the fraction of expected detections and corrects
for selection bias, i.e. the fact that the likelihood for a GW experiment to observe an event
varies strongly depending on the source parameters. Not accounting for this would result in a
biased measurement when analyzing a population, and a correct modeling of the latter has to
be included in any analysis 4. The interplay between detector- and source-frame quantities in
the likelihood (2) allows breaking the mass-redshift degeneracy and constrain the parameters
Λcosmo. Given the limited statistical power of current data, in this contribution we consider
separately two cases: (i) the expansion history is inferred within ΛCDM, i.e. Ξ0 is fixed to 1
and Λcosmo = {H0,Ωm,0}; and (ii) the expansion history is fixed by Planck 2018, and Λcosmo =
{Ξ0, n}.

3 Results from the binary black hole mass distribution

The mass distribution of stellar origin Binary Black Holes (BBHs) features a drop-off between
∼ 40 − 60M�, which reflects the imprint of the pair-instability supernovae process, according
to which BH remnants above this scale are not produced if the BH progenitor is a Helium star
in the ∼ 40 − 120M� range 6. This scale can be included in ppop to break the mass-redshift
degeneracy 5. We adopt a parametric form for the source-frame mass distribution given by the
“broken power law model”, where the mass scale is encoded in a parameter mbreak ∈ Λastro.

bIn this work we neglect the spins that can be treated in an analogous way.
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Figure 2 – Constraints from the galaxy catalog method and, for H0, from the detection of the EM counterpart
to GW170817. The colored lines are the posterior from individual events, while the black solid line the combined
constraint. The dark band shows the variation of the posterior if we vary the parameter γ of the Madau-Dickinson
rate within the allowed range obtained from the analysis of Sec. 3 (see the text for a discussion). Left: constraint
on H0 within ΛCDM (Ξ0 = 1). Right: constraint on Ξ0, fixing the expansion history to Planck 2018.

The parameters of the source frame distribution are not known a priori and are subject to
large uncertainties, so the sets {Λastro,Λcosmo} have to be inferred simultaneously. We apply
this technique to GWTC-3 using a sample of 35 events with network signal-to-noise-ratio (SNR)
larger than 12. We assume a parametric redshift distribution that follows the Madau-Dickinson
rate, scaling as ∼ (1 + z)γ at low redshift. We refer to Ref. 7 for all details of the analyis,
including methodology, precise definitions, prior choices, and computation of the selection bias.
Fig. 1 shows the constraints for case (i) (left) and case (ii) (right). c A mass scale is detected
around ∼ 30 − 45M�, which drives the constraint on the cosmological parameters. The rate
evolution remains instead much less constrained, in particular for case (ii), which is explained
by the fact that the effect of Ξ0 evolves with redshift and is thus more degenerate with the effect
of γ. d We obtain Ξ0 = 1.2+0.7

−0.7 with a flat prior on Ξ0, while using a prior uniform in log Ξ0 we

find Ξ0 = 1.0+0.4
−0.8 (shown in Fig. 1). For the Hubble paramter, we find H0 = 50+53

−26 km s−1 Mpc. e

4 Results from the correlation with a galaxy catalog

A way to obtain prior knowledge on the redshift is to include in the population function a
redshift distribution computed from a catalog of all the galaxies in the GW localization volume,
and marginalise over the choice of the galaxy 1. In principle, a joint inference including also
the BBH mass distribution as in Sec. 3 would be necessary, but the computational cost of such
analysis is currently too high. Hence, here we shall consider two special cases of case (i) and (ii)
above, where we further fix all parameters except either H0 or Ξ0. If the catalog is not complete,
either the prior distribution on redshift is supplemented by a suitable “completion” accounting
for the missing galaxies, or the analysis is restricted to events falling in complete regions. In the
latter case, however, this introduces an additional selection effect that must be accounted for
in the computation of the selection bias 8. The open-source code DarkSirensStat 8 allows both
possibilities. We refer to Ref. 8 for a thorough description of the methodology applied here and
implemented in the code. We analyse the GWTC-3 catalog using this code and the “GLADE+”
galaxy catalog10, with the same SNR threshold of Sec. 3 and restricting to events whose position
is in a region where the catalog is 100% complete f . In this case, we also include in the analysis
the event GW190814, which has a low secondary mass and for this reason was excluded in

cThe corner plot is restricted to the subset of the parameter space with physically relevant correlations to the
cosmological parameters, i.e. the scale mbreak and the rate evolution parameter γ. See Ref. 7 for the complete
results.

dSee Ref. 7 for a detailed study of this effect and the impact of Ξ0 on the reconstructed BBH merger rate.
eAll uncertainties quoted are max posterior and 68% HDI.
fOther settings for the analyisis, except those explicitly indicated here, are taken equal to the default settings

of the results in Ref. 8

103



the analysis of Sec. 3, but is currently the best localised dark siren. To obtain the population
parameters, we first analyse GWTC-3 with the technique of Sec. 3 using the open-source code
MGCosmoPop 7, including this time the event GW190814 g. Then, we run DarkSirensStat fixing
the population parameters to those obtained with MGCosmoPop h. Fig. 2 shows the results for
H0 (left) and for Ξ0 (right) fixing all the other parameters. In the case of H0, we also combine
with the result obtained from the detection of the Binary Neutron Star GW170817 and its
counterpart GRB 170817A 9, obtained as detailed in Sec. 4.1.2 of Ref. 8. To estimate the effect
of population uncertainty, we repeat the analysis varying the parameter γ describing the BBH
merger rate evolution with redshift (which is the one with the largest impact) within the 68%
C.L. obtained from the population analysis. For case (i) (H0 with fixed Ξ0), this is γ = 7.0+1.9

−1.9.

For case (ii) (Ξ0 with fixed H0), we have γ = 5.7+2.9
−3.3. Effects of the variation of γ are shown

in the gray band in Fig. 2. The result for dark sirens is largely prior-dominated, mostly due
to the large GW localization regions and to the incompleteness of the catalog, which limits the
useful events to only four. For the fiducial values of the population, we obtain Ξ0 = 2.2+2.9

−1.1 and

H0 = 67+9
−6 km s−1 Mpc (Max posterior and 68% HDI).i

5 Summary and outlook

We presented state-of-the-art constraints on H0 and on the parameter Ξ0 describing modified
GW propagation, obtained with dark siren techniques from the GWTC-3 catalog. The presence
of a feature in the BBH mass function gives the tightest bound on Ξ0, Ξ0 = 1.2+0.7

−0.7 (flat prior),

and Ξ0 = 1.0+0.4
−0.8 (prior uniform in log Ξ0). The main systematics to be addressed are the correct

modelling of the population (e.g. the possible evolution of the mass function with redshift) and
the presence of outliers. The tightest measurement of H0 is driven by the bright siren GW170817
combined with the galaxy catalog, which gives H0 = 67+9

−6 km s−1 Mpc (Max posterior and 68%
HDI). In general, the correlation with “GLADE+” alone is much less constraining due to the
large localization volumes of GW events, incompleteness of the catalog, and uncertainty in
the population model. The latter is treated so far as a source of systematic uncertainty, but
this should be turned in a statistical uncertainty within a joint astrophysical and cosmological
analysis, which however poses non trivial computational challenges. Addressing these challenges,
using more data from upcoming observing runs of the GW observatories, using more complete
catalogs, and exploring other statistical techniques and their combinations, are extraordinary
avenues for GW cosmology that can lead to substantial advances in the coming years.
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When two compact objects such as black holes or neutron stars merge they release a tremen-
dous amount of energy in the form of gravitational waves (GW). The detection of GW from
such processes has enabled us to probe the laws of physics in a new regime hitherto inaccessible
to previous experiments. Accurate waveform models that describe the evolution of compact
binaries are crucial for the detection of gravitational wave signals and subsequently carrying
out tests of GR (GR). The current state of the art is the parameterised test of GR within
the post-Newtonian (PN) framework. Once a gravitational wave event is detected, this test
estimates the deviation in PN coefficients from GR since a deviation from GR can manifest
itself into the PN coefficients. In this exercise, we want to take a step back and ask whether
the currently used waveform templates, that are predicted by GR, will be able to detect the
gravitational wave signal if the signal carries a significant departure from GR. We perform a
fitting factor calculation to address this question. We report that the currently used bank of
GR waveform templates will report a loss in SNR ≥ 3% for 20% of the population if there
exist beyond GR sources in the population.

1 Introduction

The detection of gravitational waves 1 (GW) has brought about a new era of gravitational wave
astronomy. Besides being an independent test of GR, it has provided us with a new tool to probe
gravity in the strong-field regime. This regime was inaccessible to classical experiments such as
perihelion precession of Mercury’s orbit, deflection of light by sun, and gravitational redshift of
photons. The results of the classical tests as well as the results of the gravitational wave tests
of GR have not reported any significant deviation from GR. This leads us to speculate that the
correct theory of gravity may not be too far from GR.

One of the detection methods, the template-based search, of GW and the subsequent tests
performed with it greatly relies on our ability to construct the waveform templates. The wave-
form templates describe the dynamics of the spacetime around the merging compact objects. Re-
cent developments in the higher order PN calculation, numerical relativity simulations, and black
perturbation theory have made it possible to generate accurate waveform templates that describe
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Table 1: The parameter space over which the GR template bank is constructed. The GR template bank is used
as a seed bank when we generate a non-GR template bank.

Parameter Limits

Compononent masses m1,2 ∈ [3, 100]M�
Total mass M ∈ [6, 100]M�
Mass ratio m1/m2 ∈ [1, 10]

Component spins χ1,2 ∈ [−0.9899, +0.9899]

Table 2: 95% confidence interval of the deviation parameters obtained by combining their posterior distributions
from the four events GW150914, GW151226, GW170104, GW170608, and GW170814. The eight-dimensional
non-GR intrinsic parameter space consists of the GR parameters shown in Table-1 and the post-Newtonian
deviation parameters shown here.

PN Deviation Parameter Limits

0.5PN δϕ̂1 ∈ [−0.345, 0.037]
1.0PN δϕ̂2 ∈ [−0.254, 0.011]
1.5PN δϕ̂3 ∈ [−0.071, 0.118]
2.0PN δϕ̂4 ∈ [−1.216, 0.456]

the merging binaries’ inspiral, merger, and ringdown2,3,4. Using these waveform templates pre-
dicted by GR, referred to as the GR waveform templates henceforth, the search pipelines were
able to detect tens of events to date. Using the same GR waveforms templates, the tests of GR
were performed on each of these events. One such tests is the parameterised test of the PN
theory 5, referred to as the TIGER 6 analysis henceforth. In TIGER analysis, one independently
measures the deviation in each of the 7 PN coefficients (δφi). The result of the TIGER analysis
performed using GWTC-17 events is shown in figure 1 (we have shown only first for δφi). The
dashed horizontal line at 0 corresponds to the GR value of the PN coefficients. We infer that
no significant deviation from GR was observed from the figure.

In this work, we want to take a step back and investigate whether we will be able to detect
GW signals which carry deviation from GR. The deviation is introduced by simultaneously
varying the four δφi and the value of the deviation is uniformly sampled from the 90% confidence
interval presented in figure 1. We refer to the waveform templates constructed in such a way
as the non-GR waveform templates. In what follows, we examine how well the GR template
waveform will be able to detect a non-GR signal. We also explore the possibility of using non-GR
template waveforms in the search.

2 Methods

The source parameters, such as masses and spins, of the incoming GW signal are not known to
us a priori. We have to use a bank of waveform templates to perform a search. The construction
of the template bank is an instance of the N-dimensional sphere covering problem, where the
sphere relates to the parameters space of masses, spins, and other parameters over which we want
to conduct our search. We expect to cover the sphere (the parameter space) with a minimum
number of points (templates) possible such that the distance between any two points is no more
than a fixed value, we refer to this value as the minimal match. The higher the minimal match
the more dense your template bank will be and at the same time the search will also be more
expensive. In the present exercise, we first construct a GR template bank and using the GR
template bank as the seed bank we construct a non-GR template bank. We use the recently
developed hybrid geometric-random template placement algorithm8,9. We fix the minimal match
at 0.97 for both banks. The parameters space spanned by the GR bank (θGR) is a subspace of
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Figure 1 – Combined posterior distribution for the deviation parameters δϕ̂i. We are considering only those events
which have FAR ¡ (1000 yr)−1 and exceed the SNR threshold in the inspiral regime (GW150914, GW151226,
GW170104, GW170608, and GW170814). The SNR constraint is due to fact that the PN approximation is not
very effective beyond the inspiral regime. The dashed line corresponds to the value predicted by GR. And the
vertical bar shows the 95% confidence interval.

the space spanned by the non-GR bank (θnonGR).

θGR = {m1,m2, χ1, χ2} (1)

θnon−GR = θGR ∪ {δϕ̂1, δϕ̂2, δϕ̂3, δϕ̂4} (2)

Where the mi and χi stand for component masses and spins respectively and δφi stands for the
deviation in the PN coefficients. We note that for a fixed match value of 0.97 the GR bank has
27,309 and the non-GR bank has 53,583 templates. Once the template banks are constructed
we conduct the simulation to get a quantitative estimate of how well it is covering the desired
parameter space. We report the result of this simulation in section 3.

3 Results

We simulate a population of 105 sources and for each source in the population, we find the best
fitting template in each of the template banks. The best-fitting template is the one that has the
maximum match value with the given source. The maximum match value is referred to as the
fitting factor henceforth. We consider three different cases: GR bank against GR population,
GR bank against nonGR population, non-GR bank against non-GR population. The result of
each case is shown in figure 2. From the figure 2 (center), we infer that the GR bank could
be missing signals in the high mass ratio region as the fitting factor drops as low as 0.6 in this
region. For comparison, the GR bank against GR population case (figure 2 (left)) has 0.7% of
the sources with fitting factor < 0.97. However, the GR bank against non-GR population case
(figure 2 (center)) has 20% sources with fitting factor < 0.97. So the GR bank could be missing
such non-GR sources. We would like to remind the reader that the non-GR population carry
a deviation that is allowed by the GW observations made so far and, in this sense, not wholly
arbitrary. To fill the holes in the GR template bank made apparent by the non-GR population,
we add non-GR waveform template waveforms into it. The non-GR bank constructed in such
a way has all the templates that are present in the GR bank plus some additional templates to
capture the non-GR sources. The non-GR bank reports (figure 2 (right)) only 0.3% sources with
a fitting factor < 0.97. From figure 2 (centre), we infer that the effect of the non-GR parameters
is prominent in total mass∈ [15, 50] and mass ratio ∈ [4.5, 10] but for the rest of the parameter
space both banks perform equally well.
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Figure 2 – Fitting factor plots in total mass and mass ratio plane for three cases. The colour bar shows the lowest
fitting factor in the respective hexagonal bin. The first plot shows GR injections in the GR bank. The second
plot shows GR injections in the non-GR bank. The third plot shows non-GR injections in the non-GR bank. We
infer that the region around Mass ratio ≥ 4.5 and Total mass ∈ [15, 50] has a low fitting factor.

4 Discussion

We present an approach to perform template-based search for gravitational wave signals from
binary blackholes beyond GR. The non-GR source population proposed in our work carries the
deviation in the phase of the wave at different PN orders. The amount of deviation injected is
within the 90% confidence interval of the measured posterior probability distribution for different
PN coefficients as reported in the GWTC-1 catalogue. In this sense the deviation we considered
is not wholly arbitrary in this sense. The fitting factor simulation figure 2 shows that we could
be missing the non-GR signal if it belongs to the high mass ratio and low total mass region (the
blue patch in 2 (centre)). Quantitively, ≈ 20% non-GR signals reported SNR loss more than
3% when we calculated their fitting factor against the GR. The percentage drops to ≈ 0.7%
when we use a non-GR template bank. In future, we would like to compare how both, GR and
non-GR, banks fare against a population of non-GR sources in presence of detector noise.
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LISA: observing gravitational waves Universe from space
(mission, objectives and status)

A. Petiteau on behalf of the LISA Consortium
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

LISA (Laser Interferometer Space Antenna) is the future large mission L3 at ESA (European
Space Agency) for observing the gravitational Universe. It has been approved in 2017 after the
success of the technological demonstrator LISAPathfinder and the detection of gravitational
waves (GW) by Ground-Based observatories LIGO-Virgo. LISA has completed its phase A
and will start soon the phase B1 (detailed definition) for an adoption in 2024 and a launch
mid-2030s. It will observe a large number and a large variety of Gravitational Wave (GW)
sources: SuperMassive Black Hole Binaries until very high redshift, Extreme and Interme-
diate Mass Ratio Inspirals, Stellar Mass Black Hole Binaries, Galactic Binaries, Stochastic
GW Backgrounds from early Universe and various foregrounds. It will have a huge scientific
impact in Astrophysics, Fundamental Physics and Cosmology. LISA is composed of 3 space-
crafts in heliocentric orbits and exchanging laser beams to measure spacetime deformations
via interferometry. While there is no critical technology, LISA requires very high precision
metrology and is a highly integrated instrument from hardware subsystems until on-ground
processing.
In this proceeding, first, the mission and the instruemnt are described as well as the data pro-
cessing. Then, the gravitational wave sources in the milliHertz band and scientific objectives
of LISA will be presented. Finally the organisation and the current status of LISA will be
detailed.

1 Introduction

Gravitational waves (GW) offer a new way to observe the Universe, relying only on the motion of
massive systems. They are complementary to other types of messengers (electromagnetic waves,
neutrinos, etc) providing us with unique information that allows us to make huge progresses in
our understanding of wide range of topics in astrophyics, cosmology and fundamental physics.

In 2015, the LIGO-Virgo collaboration detected the GW emitted by the merger of two black
holes of few tens of solar masses. It was the first direct observation of a GW source. Now, after
3 observing runs, this collaboration observed almost hundred GW sources, mainly black hole
binaries but also neutron stars binaries and neutron star - black hole binaries. The ground-
based instruments are limited to high frequency (> few Hertz) while we are expecting a large
number of sources at low frequency as for example stellar mass binaries far from the merger or
very massive systems. For the very low frequency, the Pulsar Timing Arrays will observe in the
nano-Hertz band. It will be sensitive to binaries composed of 108 solar mass black holes and
to stochastic backgrounds. We also expect a large number of sources in the milli-Hertz (mHz)
band. To access them, we need to go to space where we are not limited by seismic noises and
we can have observatories that are millions kilometers in size. It is the objective of the Laser
interferometer Space Antenna (LISA) mission. LISA is one of the tree large mission of the ESA
Cosmic vision program and the launch is expected mid-2030s.

LISA will be described first in section 2 then the GW sources in the mHz band will be
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Figure 1 – LISA Orbits (credits: LISA proposal 1)

reviewed (section 3). Finally the mission status and its organisation will be presented (section 4).

2 The LISA mission

2.1 Overview

LISA is composed of 3 spacecrafts on heliocentric orbits (see figure 1). The tree independent
orbits are such that the spacecrafts are forming a quasi-equilateral triangle of 2.5 million kilo-
meters on each side, inclined of 60 degrees with respect to the Earth orbital plane. The angle
between Earth and the center of the LISA constellation will vary between 10 and 30 degrees,
corresponding to a distance Earth – LISA constellation of between 50 and 70 million kilometers.
By exchanging laser beams between spacecrafts, multiple interferometers are formed to mea-
sure the distance fluctuations of about tens picometers between spacecrafts induced by GWs of
typical strain amplitude of the order of 10−21.

2.2 Being sensitive only to gravity

To be sensitive to the very small perturbations induced by GWs, the measurement points must
be shielded from fluctuating non-gravitational influences. The gravitational reference points
are gold-platinum cubes of 2kg and 4cm of side, so called test-masses (TMs). Each spacecraft
protects two TMs from external forces and always adjusts itself on it using micro-thrusters. The
readout of the position of the TMs with respect to the spacecraft is done with interferometry on
the sensitive axis, i.e. the axis pointing toward a distant spacecraft, and with capacitive sensing
for the other degrees of freedom. The Drag Free and Attitude Control System (DFACS) controls
the position of the spacecrafts and TMs, optimising the inter spacecraft beam alignment and
the non-perturbation of TMs along sensitive axes.

This system has been extensively and successfully tested and demonstrated in 2016-2017 by
the LISAPathfinder mission. The last main results of this ESA mission are presented in the
paper 2, with the figure 1 showing the residual acceleration obtained.

2.3 Interferometric measurements

Each LISA spacecraft host a LISA Core Assembly (LCA) and each LCA has two Moving Optical
Sub-Assembly (MOSA). A MOSA is pointing toward a distant spacecraft and is composed of
multiple elements:

• A Telescope to emit a laser beam of about 2 Watt and receive the hundreds pico-Watts
from the distant spacecraft,
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• An Optical Bench Assembly to combine multiple laser beams and perform interfero-
metric measurements. The Optical Bench Assembly is composed of a zerodur base plate
with optical elements and mechanisms (Beam Alignment Mechanism, Point-Ahead Angle
Mechanism, Fiber Switching Unit) on the passive side and Quadrant Photo-Receivers on
the hot side.

• A Graviational Reference System (GRS) to protect the TM and measure and control
its postion. The TM is in the center of its housing with an optical window for the inter-
ferometric measurement and electrodes for capacitive sensing and actuation. The caging
mechanism locks the TM during launch and the grabing/ungrabing mechanism is used to
realease the TM.

• MOSA Supporting Structure (MSS) to maintain the telescope, the optical bench and
the GRS together and aligned.

A large number of electronics elements are connected to the MOSA. The main one is the
phasemeter which receives the signals from all quadrants of the photodiodes, samples them at
80 MHz and measures the phases.

Each MOSA as tree heterodyne interferometers:

• InterSpacecraft Interferometer (ISI) between the received beam from the distant
spacecraft and the local beam;

• Reference Interferometer (RFI) between the beam from the other MOSA of the same
spacecraft and the local beam;

• TM Interferometer (TMI) between the beam from the other MOSA of the same space-
craft and the local beam after it bounces on the TM;

The six lasers are locked with frequency evolving over the time in such a way the heterodyne
frequency is always between 5 and 25 MHz, although the frequency of the beam received from
distant spacecraft is doppler shifted due to the relative spacecrafts motion.

The inter-spacecrafts laser beams are used for multiple purposes. Phase shift on the carrier
frequency is used to measure GWs. Sidebands are used to transfer the clock jitter between
spacecrafts and then correct it during the processing. A pseudo-random code is imprinted on
the beam in order to measure absolute interspacecraft length. The beam are also used to transfer
data so that all spacecrafts have all the data.

2.4 LISA data

Each day the ground stations communicate during about 8 hours with one spacecraft transfering
all data accumulated since the last communication. During this communication period, the core
scientific data will be transfered as they are taken in order to be search for strong GW signal
and in case of new detection or improvement of known GW sources, issue or update an alert in
less than an hour. Data received on ground are the phasemeter data sampled at 4Hz including,
the DFACS data, the science diagnositcs data (temperatures, magnetic fields) and the house
keeping data. The raw version of these data in form of packet are the L0 data. The usable
data, i.e. L0 corrected for transmission error and reformatted, are the L0.5. Basic sub-system
monitoring will be performed using housekeeping data.

The first step of the data processing consists in suppressing dominant noises, i.e. laser noises,
clock noises and tilt-to-length, using the Time Delay Interferometry (TDI) algorithms 3,4. The
TDI output data constitutes the L1 and are in the form of few time series. A first instrument
characterization is also performed using the L0.5 and the L1 data. The L1 data are processed in
order to extract the GW content. Given the large number of sources and the potential complexity
of these soures, multiple pipelines will run on a distributed infrastructure with multiple clusters,
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so called Distributed Data Processing Centre (DDPC). The development of the pipelines for
the GW sources extraction has already started since many years via the LISA Data Challenges
structure. The outputs of all GW analysis pipelines constitute the L2 data. Finally, the L2 data
are merged and processed in order to get the final product, the L3 data.

The L0 data are first received at the Mission Operation Center (MOC – ESOC in Darmstadt)
producing the L0.5 data. These L0.5 are received and analyzed by the Science Operations
Center (SOC – ESAC in Madrid) producing the L1 data and deciding about the operations to
be performed on the LISA spacecrafts. The L1 data are received and processed by the DDPC
to produce the L2 and L3 data. These L2 and L3 data are then sent to the SOC which is in
charge of the releases to the public. MOC and SOC are ESA centers; the DDPC is an entity of
the LISA Consortium with probably a NASA contribution.

2.5 Sensitivity

The expected noise level in the L1 data, i.e. the cleaned data to be used for GW extraction, is
presented on the top left plot of the figure 2. The low frequency are dominated by the acceleration
noises due to the residual motion of the TMs which are not in perfect free fall. The high frequency
part is dominated by the interferometric noises (shot noises, readout, modulation error when
correcting for clock noises, etc) and residual noises after TDI processing. The response of the
instrument to GWs is frequency dependent and is presented in the top right plot of the figure 2.
The sensitivity of LISA presented in the bottom plot of figure 2 is obtained by dividing the
noises by the instrument response to GWs. More information about the LISA sensitivity are
available in the reference technical note 5.

3 Gravitational wave sources in the mHz band

The compact object binaries are one of the main sources of gravational waves. There is a
large diversity of binaries emitting in the mHz band with a range of mass from less than a solar
mass to tens million solar masses and a range of mass ratio from 1 to thousands. Depending
on the distance and the mass of the sources LISA will observe either the insipral phase far from
merger (typically for light and nearby systems) or the Inspiral, Merger and Ringdow (typically
for heavy systems). The figure 3 is giving a schematic view of the distribution of the types of
binaries according to the masses. The stochastic GW backgrounds are another important
potential GW sources in the mHz band. They correspond to a broadband emission of a stochastic
signal mainly characterized by its spectral shape and its sky distribution. They are generated by
a direct emission or by a superposition of a large number of sources not individually resolvable.
GW bursts could be emitted in the mHz band such as GWs emitted by potential cosmic string
cusps. Finally, since LISA will be the first instrument observing in the mHz, unknown sources
could be detected.

A complete view of the LISA science will be available soon in five white papers from the
LISA Consortium Working Groups published in five living reviews on astrophysics 6, cosmology,
fundamental physics, waveforms and LISA Data Challenge.

3.1 Compact solar mass binaries

There is a large number of stars in binary system. These stars are evolving in white dwarf (WD)
and neutron stars (NS), forming binaries of WD-WD, NS-WD and NS-NS. In the Milky Way,
the estimated number of compact solar mass binaries is about 30 millions. When observed in the
mHz band, they are in the slow inspiral regime far from the merger, so the GW signal is quasi-
monochromatic and present during all observation time. For the resolved sources, the signal-to-
noise ratio is between 7 and 1000. It is expected LISA will detect about 25 000 sources. The
large number of unresolved sources forms a confusion noise. From electro-magnetic observations,

112



10 4 10 3 10 2 10 1 100

Frequency (Hz)

10 45

10 43

10 41

10 39

10 37

10 35

PS
D 

no
ise

 X
2.

0 (
1/

H
z)

Simulation (LISANode)
Analytic (Technical Note)
Reference points (analytic)

10 4 10 3 10 2 10 1 100

Frequency (Hz)

10 15

10 13

10 11

10 9

10 7

10 5

10 3

10 1

101

Re
sp

on
se

 to
 G

W
 X

2.
0

Simulation (LISACode)
Semi-analytic
Reference points (analytic)

10 4 10 3 10 2 10 1 100

Frequency (Hz)

10 20

10 19

10 18

10 17

10 16

10 15

10 14

S h
 : 

Se
ns

iti
vi

ty
 T

DI
 X

 6
 li

nk
s (

1/
H

z)

Figure 2 – The top left plot represents the Power Spectral Density of the required maximum noises in the TDI
data X second generation. The top right plot is the sky average response of the instrument to GWs for TDI data
X second generation. In these two plots, analytical approximation is compared to numerical simulation. The
bottom plot corresponds to the sensitivity of the LISA considering all inter-spacecraft links so two TDI channels.
For more informations, see the reference technical note 5.

To
tal

 m
as

se
s (

so
lar

 m
as

se
s)

Mass ratio

IMRI

SMBHB106

1

102

104

EMRI

106104

IMBHB

1 10

SOBHB/
SmBHB

WD-WD

10

NS-NS
NS-BH

Figure 3 – Schematic repressentation of the masses of the LISA binaries sources. BH: Black Hole; NS: Neutron
Star; WD: White Dwarfs; SMBHB: SuperMassive Black Hole Binaries; EMRI: Extreme Mass Ratio Inspiral;
IMRI: Intermediate Mass Ratio Inspiral; IMBHB: Intermediate Mass BH Binaries; SmBHB/SOBHB: Stellar
mass/Origin BH Binaries.

113



there are tens known systems emitting GWs which LISA will observe. These guaranteed sources,
so called verification binaries, are important for science but also to verify the performance of
the instrument.

3.2 Super Massive Black Hole binaries

The SuperMassive Black Hole Binaries (SMBHB) with a total mass between 105 and few 107

solar masses emit GWs in the mHz band during their merger or close to their merger. LISA will
observe the insprial, the merger and the ringdown. The event rate is expected to be between 10
to 100 events per year with signal to ratios which can reach few thousand. They are one of the
most powerful sources LISA will see. It is planned to detect them very quickly in order to issue
alerts and search for electro-magnetic counterparts. Regarding the waveform, the inspiral part
is well described analytically with the Post-Newtonian expansion. For the merger, the numerical
relativity is necessary. Finally, the ringdown is described by the black hole perturbation theory.

3.3 Extreme mass ratio inspirals

An Extreme Mass Ratio Inspiral (EMRI) is formed by the capture of a “small” object (for
example a tens solar mass black hole) by a SMBH. The mass ratio is higher than 1000. GW
will give information on the geometry around the black hole and on the General Relativity in
strong field regime. The frequency of an EMRI is between 0.1 and 100 mHz and they will be
observed by LISA for a few months to a year with a signal-to-noise ratio from tens to hundreds.
The event rate is very uncertain going from few to few hundreds per year. The waveform is
very complex and today there is no long and precise simulation or modeling for EMRIs. The
waveform contains multiple harmonics driven by tree key frequencies: the orbital frequency, the
precession frequency and the frequency of rotation of the periastron.

3.4 Cosmological backgrounds

There is a variety of potential cosmological sources for stochastic backgrounds in the mHz band.
Although their existence is hypothetical, their detection would constitute a major breakthrough
in our understanding of the Universe. For example, first-order phase transitions in the very early
Universe would produce such stochastic backgrounds and their observation will tell us about
particle physics at very high energy and physics Beyong the Standard Model. The background
produced by a network of cosmic strings is another example of potenial stochastic background
which could be seen by LISA, PTA and/or ground-based observatories. A review of the stochastic
background is done in 7.

3.5 LISA Science objectives

In order to set the mission requirements, the following science objectives have been defined in
the ESA Science Requirement Document 8 based on the LISA Consortium proposal 1:

SO1: Study the formation and evolution of compact binary stars in the Milky Way Galaxy;

SO2: Trace the origin, growth and merger history of massive black holes across cosmic ages;

SO3: Probe the dynamics of dense nuclear clusters using EMRIs;

SO4: Understand the astrophysics of stellar origin black holes;

SO5: Explore the fundamental nature of gravity and black holes;

SO6: Probe the rate of expansion of the Universe;
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SO7: Understand stochastic GW backgrounds and their implications for the early Universe and
TeV-scale particle physics;

SO8: Search for GW bursts and unforeseen sources.

This list of science objectives shows the broad range of scientific topics LISA will adress, covering
astrophysics (SO1, SO2, SO3, SO4 and SO8), cosmology (SO6, SO7 and SO8) and fundamental
physics (SO5, SO7 and SO8).

4 Mission status

4.1 Planning

The LISA mission has a long history. The first proposal to ESA and NASA was in 1993. After
multiple evolutions of the mission and the programmatic context, the scientific theme “The
gravitational Universe” has been chosen for the large mission L3 in the ESA Cosmic Vision
Program in 2013. The LISA mission has been approved by ESA Science Program Committee on
the 20th June 2017 after the success of LISAPathfinder and the detection of GW by ground-based
observatories. After a phase 0 in 2017, LISA entered in phase A in 2018 with studies of the core
instrument and ground segment by the LISA Consortium and in parallel, competitive mission
studies by two primes, Airbus Defense and Space and Thales Alenia Space. LISA just successfully
passed the Mission Formulation Review ending its phase A. This review (Oct-Dec 2021) covered
all the mission elements: constellation, spacecraft, payload, ground segment, launcher interfaces,
etc. Hundreds of documents from the LISA Consortium and the two primes have been submitted
to the ESA review panels. For the Consortium, the 105 submitted documents are covering
sub-systems (Gravitational Reference System, optical bench and phasemeter), ground segment,
mission, risks, schedule, instrument performances (noise budget), scientific performances, and
assembly integration validation and test.

The mission is now in a bridging phase and will start the phase B1 in May 2022 for an
adoption early 2024. At the adoption, the design will be defined and the responsibilities officially
shared between the contributors. The building of the MOSAs will take a long time since six
flight models have to be built with in addition the test models (qualification and engineering).
For some sub-systems the construction as even already begun.

The launch is planned for mid-2030s with Ariane 6.4. After 1.5 year of transfer, the space-
crafts will arrive on their final orbits Then, after 6 months of instrument commissioning (sub-
systems commissioning, constellation acquisition, etc), the science observation will start. The
nominal duration of the mission is 4.5 years with a duty cycle of 89% corresponding to 4 years
of usable scientific data. The mission could be extended for 6.5 more years.

The planning of the mission is presented in figure 4.

Phase A Phase B1 Phase B2/C/D 

	 Phase E

Phase E

Scope, 1st 
definition Definition Detailled definition, production, integration, tests, validation L Transfert	

C

C Operations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

Adoption Launch
Commissioning

…

…

…

…

…

…

MFR

Figure 4 – Current planning of the LISA mission.
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4.2 Organisation and LISA Consortium

LISA is an ESA led mission with most of the ESA member states contributing to it. NASA
is participating to the mission as a junior partner. Scientists and engineers contributing to
or interested in the mission are organised in the LISA Consortium. ESA member states and
partially US are also participating to the mission via the LISA Consortium.

For the space segment (hardware), the LISA Consortium is in charge of four Consortium
Furnished Items: the Interferometric Detection System, the Gravitational Reference Sensor,
the Optical Test Subsystem (Optical Metrology Qualification and Verification Ground Support
Equipments) and the Data Diagnostic and Control.

For the ground segment, the Consortium supports ESA with the development of the mis-
sion ground segment, specifically by providing a Distributed Data Processing Centre (DDPC),
by providing data processing softwares including TDI routines and by supporting the design
of science operations. The preliminary breakdown structure of the DDPC includes infratruc-
ture, system softwares and science softwares with the simulators, the noise reduction pipelines
(L0.5→L1), the alerts pipelines (low latency and deep analysis – L1→L2), the deep analysis
pipelines (global fits and components – L1→L2), and the L3 propduction pipeline (L2→L3).

The LISA Consortium has about 1500 members. There are about 700 full members already
committing time (or planning to commit time) to shape the mission. The others members are
associate members which are participating to the five Working Groups: Astrophysics, Cosmol-
ogy, Fundamental Physics, LISA Data Challenge, Waveforms. The registration to the LISA
Consortium is possible at https://signup.lisamission.org/.

5 Conclusion

LISA is a space-based interferometer to observe the Universe with GWs. It will observe a large
number and variety of GW sources in the frequency band 2×10−5 to 1 Hz (official requirement:
10−4 to 1 Hz). It has a huge scientific potential for astrophysics, cosmology, fundamental
physics. LISA is an ESA led mission which successfully passed the mission formulation review
and is starting now the phase B1. The next milestone is the adoption planned in February 2024.
The launch will be mid-2030s. This is a highly integrated mission requiring an extremely high
level of metrological accuracy. The scientific community supporting ESA is organised in the
LISA Consortium, which is providing core parts of the instrument (interferometry, gravitational
reference, test systems) and the Distributed Processing Computing Center (simulation and data
analysis). It also supports the scientific research around the mission.
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The LISA data challenges
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The future space-based gravitational-wave detector LISA will deliver rich and information-
dense data by listening to the milliHertz Universe. The measured time series will contain
the imprint of tens of thousands of detectable galactic binaries constantly emitting, tens
of supermassive black hole merger events per year, tens of stellar-origin black holes, and
possibly thousands of extreme mass-ratio inspirals. On top of that, we expect to detect the
presence of stochastic gravitational wave backgrounds and bursts. Finding and characterizing
many such sources is a vast and unsolved task. The LISA Data Challenges (LDCs) are an
open and collaborative effort to tackle this exciting problem. A new simulated data set,
nicknamed Sangria, has just been released with the purpose of tackling mild source confusion
with idealized instrumental noise. This presentation will describe the LDC strategy, showcase
the available datasets and analysis tools, and discuss future efforts to prepare LISA data
analysis.

1 Context

The Laser Interferometer Space Antenna (LISA) 1 is scheduled for launch in 2034, and will
explore the uncharted milliHertz frequency band of the gravitational-waves (GW) spectrum.
This ESA-NASA mission of a new kind is planned to operate during 4 years, with a possible
extension. A wealth of unprecedented science will flow from the analysis of its measurements,
providing exceptional insights about the nature of gravity, the history of black holes, the evolu-
tion of compact stars in our Galaxy, and the very early history of the universe, to name a few.
This science will only be enabled by a rigorous analysis of the data streams’ content, which calls
for novel processing techniques.

Unlike the monthly transient events detected by the current terrestrial detectors LIGO-
Virgo-KAGRA (LVK) 2, LISA will be sensitive to continuous sources mainly coming from the
ultra-compact binaries (UCBs) in our Galaxy. These sources will remain in their inspiral phase
during their observation, and constantly emit quasi-monochromatic waves. They are so nu-
merous (several tens of millions 3) that LISA can only resolve a fraction of them, which still
represents several tens of thousands of compact binary systems 4. The farthest and less massive
ones will create a confusion foreground which will stand above the instrumental noise between
about 0.4 mHz and 4 mHz. Large sky transient surveys have already identified many UCB
systems as LISA source candidates, called verification galactic binaries (VGBs) 5. In addition,
LISA will measure hundreds of transient GW signals. While the LVK network observes stellar-
mass black hole binary mergers up to a few hundreds of solar masses, LISA will detect, for the
first time, merging supermassive black holes (SMBH) with more than 105 solar masses 6, likely
testifying about the collision of distant galaxies. The signal-to-noise ratio (SNR) of these sources
can reach a few thousands, one order of magnitude more than the loudest LVK detections. Yet,
LISA might also detect stellar-mass black hole binaries in their early inspiral phase that LVK
could detect later on, allowing for multiband detections. Besides, LISA should detect between
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10 and 1000 sources of a very peculiar type, referred to as extreme-mass ratio inspirals (EM-
RIs) 7. EMRIs are composed of a small compact object orbiting a more massive black hole 8,
with mass ratios larger than 104 : 1. These systems will allow an in-depth understanding of
general relativity and of the dynamics prevailing in dense star clusters. Beyond the listed GW
emitters, there are more hypothetical and yet highly interesting sources LISA can reveal. Among
them are stochastic gravitational wave backgrounds (SGWBs) coming from the amplification
of the primordial quantum fluctuations in the early universe. Coming from well before the last
scattering surface, the detection of a primordial SGWB would offer a unprecedented way to peer
into the dark universe 9.

2 Purpose of LISA data challenges

The wealth of sources appearing in LISA measurements makes their extraction a unique chal-
lenge, which is a research subject of its own. The complexity of the data analysis comes from
the high number, the long-lived nature, the diversity and the high mixing of the sources present
in the observations. These features require special methodologies and strategies to perform the
global fit, i.e., to detect and characterize all resolvable sources. Particularly, one needs to inves-
tigate what are the best data representations to use depending on the type of sources, but also
how to combine different waveform models efficiently. An important aspect of this problem is
parallelism, especially the conditions allowing one to simultaneously analyze separate segments
of data (or separate domains of their representation) as well as different parts of the parameter
space. To complexify further their processing, artefacts may corrupt some of the measurements.
Besides the unavoidable presence of colored stochastic instrumental noise, spurious transients
(or glitches), data gaps, spectral lines and non-stationarities will probably arise, which have to
be taken into account in the data modelling.

The purpose of the LISA Data Challenges (LDCs) a is to provide a framework to tackle
various data analysis problems related to LISA, including the LISA global fit. LDCs are a
recent resurrection of the historical mock data challenges (MLDCs) 10 which now fits into the
structure of the LISA Consortiumb as a science working group. The LDCs’ goals are two-fold.
First, they mean to provide a productive playground to stimulate the community’s involvement
in LISA data analysis research. Second, they serve as a support to validate LISA’s science
ground segment and assess the performance of prototype analysis pipelines.

3 The LDC process

3.1 Measurement and pre-processing

LISA forms a network of laser interferometers onboard three satellites forming a 2.5 million
kilometer-wide constellation following a heliocentric orbit. Each spacecraft hosts two optical
movable assemblies (MOSAs), each one including 3 interferometers. All interferometers yield
light phase measurements, which can also be expressed as frequency variations with respect to
the lasers’ central frequencies. We call this quantity fractional frequency deviations.

When a GW travels through the constellation, it changes the laser light travel paths between
the satellites in a characteristic way. Each arm senses the projected space-time deformation along
its length, which is recorded by the interferometers. Their data are downsampled to 4 Hz and
then transmitted to Earth. Within the LISA distributed data processing center (DDPC), they
will then be pre-processed through the interferometer noise reduction pipeline (INREP) to per-
form linear combinations of delayed measurements tailored to cancel the dominant noises. This
process includes time-delay interferometry 11, a technique designed to mitigate the largest noise,
arising from the stochastic fluctuations of the laser frequencies. Prior to INREP processing,

ahttps://lisa-ldc.lal.in2p3.fr
bhttps://www.elisascience.org/articles/lisa-consortium
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Figure 1 – LDC data generation pipeline, including simulations tools like LISA Orbits 13, LISA Glitch 14, the
end-to-end simulator LISANode 15 and the post-processing code pyTDI 16.

laser noise dominates the GW signal by 8 to 9 orders of magnitude. The main INREP data
ouputs are called L1-level data and consist of the Michelson TDI variables X,Y, Z which are the
content of the LDC datasets.

The LDC generation pipeline implements both the physics of the measurements and the TDI
pre-processing up to simplifying hypotheses, as described in Fig. 1. This includes spacecraft
orbital motion, projection of GWs onto the constellation arms, generation of noisy instrumental
outputs, and realistic TDI processing. In addition, the pipeline can inject spurious transient
phenomena called glitches which were observed in LISA Pathfinder 12.

3.2 Publication of LDC simulated data sets

The LDC designs challenges addressing specific or general issues, like assessing the ability to
detect and characterize a particular GW source. Once a challenge is designed, the LDC then
produces the associated dataset, i.e., simulated L1 data along with their metadata. Usually,
the datasets come in two versions: a training version whose content is completely described
by the metadata, including GW source parameters, and a blind version whose injected content
remains undisclosed. After production, the LDC uploads the datasets on its website along with
their documentation. The website is open to anyone willing to analyse the data, with a simple
registration step to complete.

The community then analyzes the published datasets with their own tools. Each challenge
has a deadline associated to it, before which the participants can submit their results. Results
may be in the form of parameter posterior samples or point estimates, and the LDC encourages
labelling the parameters in the same way as the conventions adopted in the documentation. After
submission, the LDC members compare the results qualitatively and quantitatively. If strong
differences arises, they are reported to the participants who can investigate their analyses. After
investigations are completed, the LDC group publishes the results of the challenge in a living
review (see Section 5).

4 Ongoing challenges

The new LISA Data Challenge working group has already released 3 main challenges, each one
divided in sub-challenges. We list them below and describe their main characteristics.

4.1 Challenge 1: Radler

The LDC released the first challenge in 2019 under the code name Radler, which refers to a
beverage mixing beer and citrus juice, resulting in a low percent alcohol by volume that is
supposed to convey the difficulty level of the data analysis. The Radler challenge gathers 6
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sub-challenges with only one GW source type per dataset, including a merging SMBH binary,
an EMRI, ten VGBs, a simulated population of Galactic white dwarf binaries, a SGWB of
primordial origin, and a few stellar-mass black hole binaries. This format allows participants
to focus on source-specific data analysis methodologies. In addition, each challenge is fully
specified, i.e., all injection parameters are available.

Many participants addressed the analysis of the SMBH (6 groups) and VGB (3 groups) sub-
challenges and successfully retrieved the source parameters, usually using Bayesian stochastic
search techniques like Markov chain Monte-Carlo (MCMC) algorithms 17,18. Four participants
also tackled the SGWB sub-challenge, extracting the stochastic cosmological signal from the
noise using template-based and template-agnostic techniques 19,20. Two groups addressed the
full Galaxy dataset analysis, with one complete inference using a trans-dimensional MCMC
algorithm 4. One group also successfully performed the parameter estimation of 22 stellar-mass
black hole binaries 21, although the proper detection of this type of sources is not yet fully
addressed. The EMRI sub-challenge was partially addressed although a careful examination of
the submission remains to be done at this time. Radler ’s official deadline has passed, but the
LDC still accept new submissions.

4.2 Challenge 2a: Sangria

A new challenge was recently released with code name Sangria, suggesting an increased difficulty
with respect to the first challenge described in Sec. 4.1. The goal is to foster the research on the
global fit strategy and assess how massive black holes and Galactic binaries overlap. Sangria
contains two types of sources which are mixed together: a population of white dwarf binaries
representing the Galaxy and 15 SMBH binary mergers (see Fig. 2). The simulation also includes
instrumental noise. This challenge comes in two version: one with disclosed injected signal and
noise parameters, the other completely blind. The Sangria challenge is pending at the time of
writing, with an official deadline set for October 1st, 2022.

Figure 2 – Fourier-transformed Michelson TDI channel X from the Sangria simulated dataset, containing 30
millions of Galactic UCB sources (red) and 15 merging SMBH binaries (green). The simulation also features
instrumental noise (black power spectral density).

4.3 Challenge 2b: Spritz

Another challenge called Spritz was released shortly after Sangria, to address another aspect
of LISA data analysis, which is the presence of instrumental artefacts that we anticipate in
the measurements. Spritz includes three datasets, each one containing one GW source type
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hidden in data corrupted by instrumental glitches and data gaps. One dataset encloses a SMBH
binary merger burried in instrumental noise affected by a translation of the loudest glitches
observed in LISA Pathfinder. A similar dataset contains a SMBH binary merger with fainter
and longer glitches. Finally, a third dataset features VGBs sources with several glitches drawn
from a distribution representing LISA Pathfinder’s population. All datasets are affected by data
gaps whose pattern is defined by the current best estimate of the mission’s measurement cycle.
Spritz ’s deadline for submitting analysis results is the same as Sangria’s (see Section 4.2).

5 Prospects

The LDCs have set up a fruitful process and a framework to allow the community to work on key
issues of LISA data analysis, with the objective of fostering new methodologies and advancing
the research of science-extracting techniques for LISA. However, we are still a long way from
being able to solve the global fit problem. The LDC working group members are currently
writing the first issue of a living review picturing the current state of the art in LISA data
analysis. New research outcomes enabled by the LDCs will then be appended along the years
until the mission launches.

The goal we are setting for the current year is to complete the Sangria challenge which
mixes coalescing sources and continuous emissions from millions of compact binaries in the
Milky Way, together with the Spritz challenge which incorporates non-stationary instrumental
perturbations. This constitutes a major milestone that will be followed by other releases of
more complex enchiladas, blending more source types together. We will also pay a particular
attention to expected sources that are known to be difficult to detect, such as stellar-mass
black hole binaries and EMRIs. An upcoming challenge called Yorsh will address the extraction
of these specific signals. Regarding instrument simulation, future LDCs should feature more
realistic noises including correlations and non-stationarities. Besides, we also plan to assess the
flexibility and robustness of the developed methods, to allow for the discovery of new physics
from LISA data.
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The Laser Interferometer Space Antenna (LISA) is the 3rd large mission (L3) of the ESA pro-
gram Cosmic Vision planned to be launched around 2034. LISA will be the first space-based
gravitational wave observatory developed for observation of sources that produce gravitational
wave (GW) signals with frequencies in the mHz regime. LISA data are expected to be con-
tinuously dominated by the astrophysical signal rather than by the instrument noise. Thus,
quantifying and understanding the background instrument noise is an essential but difficult
task in order to maximize the observatory performance and to identify possible GW back-
ground noise. In this talk, we have revisited the Time Delay Interferometry (TDI) technique
aimed at suppressing the intense laser frequency noise that would otherwise completely cover
the astrophysical signal. We also analyzed applications of TDI to quantitatively characterize
and optimize the LISA instrument performance, considering the analysis of various channels
that are sensitive or insensitive to GW, and which can be used to characterize the instrumental
noise.

The Trento group is part of the LISA consortium activities aimed at studying methodologies
to calibrate the noise during the LISA mission operations and to distinguish spurious signals
from gravitational waves (GW). A key element of the LISA data production chain is the post-
processing technique called Time Delay Interferometry (TDI) aimed at suppressing the high
frequency noise of the laser.
As is well known, many possible TDI combinations suppressing frequency noise have been iden-
tified in the past 1, but since the instrument noise is expected to be characterized by several
independent sources, it is necessary to use all possible TDI combinations that could allow to
discern the different sources of noises from each other and to distinguish these sources from the
GW signals. We have thus revisited, in Ref. 2, all possible TDI combinations that suppress the
contribution of laser noise to the level required by LISA 3 and developed an algorithm to search
for all possible combinations that reduce the noise to the same level as the classical combinations
-second generation- named X, Y, and Z. In Fig. 1 it is possible to see the space time diagram
for the standard second generation X.

The algorithm calculates the delays using symbolic formulas that explicitly include satellite
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Figure 1 – Space-time schematic diagram of the Michelson interferometer combination (TDI X). The interferometer
is built by combining data from 16 one-way interferometric measurements (“links”). The big arrows 1,2 and 3
are the world-line of the spacecraft, the small blue and black arrows are the LISA links, the dots stand for events
of different nature: the black dot is an emission event, the red dot is a reception event, the cyan and green dots
are relay/transponder type of events.

velocities and accelerations up to the required order. Furthermore, once a combination is identi-
fied, the delays are verified by numerically solving the relevant equations using Keplerian orbits
and Shapiro delay corrections. This algorithm finds a total of 174 TDI combinations of which
12 are of 12 links, 24 are of 14 links and 138 of 16 links; this is in fundamental contrast to what
has been reported in the literature, where some of the combinations we found, were used there
4 in a way that did not meet the LISA mission requirements.

The LISA mission would likely be a signal dominated detector and the main challenges are
separating the different astrophysical sources, and distinguish between them and the instrumen-
tal noise. One of the goals of LISA is to probe the early Universe by detecting stochastic GW
backgrounds. As correlation with other detectors is not possible for LISA, discrimination of a
background from the instrument noise requires a good estimate of this one.
To this purpose in Ref. 2 we have revisited TDI to look for new TDI signal combinations that
fulfil the laser frequency noise suppression requirements. It is discussed in Ref. 5 the use of
special combined time-delay interferometry signals in LISA that are ideally insensitive to gravi-
tational waves and carry only instrumental noise information. Specifically, the new results5 have
identified many channels that have no sensitivity toward the GW signal, beyond those already
suggested in the literature.
In Ref. 5 are illustrated what are the noise properties that can be extracted by monitoring these
interferometry signals. We illustrate, that it is possible to do a linear combination of the new
TDI channels we found in Ref. 2, to find special null-combinations, in addition to the already
well known null-combination T in the literature 6, that suppress gravitational waves and mainly
carry information about instrumental noise.

All these new null combinations show that individual noise parameters, such as test-mass
acceleration noise or readout noise, are not well constrained, at least in principle, so the combi-
nations are only sensitive to the same type of signal which is a specific association of the different
readout contribution and of the residual test-mass acceleration noise for each optical bench.
More specifically, considering the peculiar triangular shape of the constellation, it is possible to
translate this signal into linear combinations of the modes of an equilateral spring-mass triangle
(see Ref. 7) and readily calculate that only rotation has a non-zero projection onto the LISA
links. This means that all these null-combinations, in the idealised LISA configuration of a per-
fect equilateral triangle, are all sensitive to a particular linear combination of the six test-masses
acceleration, similar to a rigid rotation of the LISA triangle.
In addition, if we consider that the LISA constellation can undergo to a small amplitude static
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Figure 2 – Sensitivity curves for TDI X, ζ and T for the ideal and non-ideal LISA case. The plot was made
considering a stochastic signal and accelerating noise with the six test masses having the same spectral amplitude.

distortion along any of the triangle normal modes 7, we can demonstrate that all null combina-
tions, to zero order, detect the rotational mode which is orthogonal to the a-mode that affects
the TDI X, which is the combination advertised in data analysis for detecting GW signal.

Thus all null combinations behave like an ideal Sagnac interferometer, all with the same
signal-to-noise ratio: two combinations measure the fourth derivative (of this signal that is a
linear combination of the six test-masses), one measures the third derivative, and all others
measure the second derivative which is, precisely, the acceleration. Considering the X channel,
the noise entering this channel is the second derivative but of some different combination of the
test-masses acceleration. It must said, however, that combination which measures the fourth
derivative, which strongly suppresses all signals, may be more prone to the effect of numerical
processing.

The results show that with combinations of 12, 14 and 16 links we are not able to distinguish
the individual contribution of each test-mass but are only able to detect a collective signal of the
six test-masses. This makes unfeasible the possibility of doing some noise correlation analysis
between the X channel and the noise-monitor TDI combination to constrain the stochastic GW
background, but more studies are pending. Moreover, in Ref. 5 it is shown that all information
regarding the acceleration noise are encoded in the Fully-Symmetric-Sagnac (ζ) combination.
Thus we only need one combination to measure the properties of this noise and to characterise
the instrument.
We show that in the case of a stationary, isotropic and very simplified GW stochastic back-
ground, and LISA with equal and constant arms, the Fully-Symmetric-Sagnac suppress GW
equally as the combination T. Besides, in the case of a constellation with not-equal but con-
stant arms, and a simplified GW stochastic signal coming orthogonal to the LISA plane, the
Fully-Symmetric-Sagnac suppress the signal more effectively than the combination T. This can
be observed in Fig. 2, where we have refered to 8 for the acceleration noise model.

Currently, methods of injecting signals into the LISA measurements to calibrate the instru-
ment during operations and to discriminate spurious signals from gravitational waves are under
investigation. In fact, the LISAPathfinder mission, that was a demonstration mission for LISA,
has shown to be affected by spurious force signals of unknown nature that affect the performance
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of the noise and limit its sensitivity 9,10. These types of spurious signal have been referred to
as glitches and have been distributed throughout the mission. We expect to have the same
spurious force signal in the LISA noise data, and one of the challenges for GW detection is to
find a method to separate astrophysical signals from instrument artifacts. Preliminary studies
have shown that the use of these null channels might help in distinguish between GW signal and
glitches, see Ref. 11.

In conclusion, we found that the null-channels are useful as LISA noise monitor, however
they show to be sensible just to the rotation of the constellation which means that we are not able
to measure with LISA the differential acceleration of the two test masses in one arm as it was the
case for LISAPathfinder. It has to be stressed that in case we loose one arm of the constellation
we cannot build these null-channels and we will just have the Michelson interferometer (TDI X)
strongly sensible to GW signal but not a good noise monitors.
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Gravitational waves radiated by magnetic galactic binaries and detection by LISA

In the context of the future Laser Interferometer Space Antenna (LISA) mission, galactic
binary systems of white dwarfs and neutron stars will represent the dominant source of Grav-
itational Waves (GWs) within the 10−4 − 10−1 Hz frequency band. It is expected that LISA
will measure simultaneously, the GWs from more than ten thousands of these compact galac-
tic binaries. The analysis of such a superposition of signals will represent one of the greatest
challenge for the mission. Currently, in the LISA Datacode Challenge, each galactic binary is
modeled as a quasi-monochromatic source of GWs. This corresponds to the circular motion of
two point-masses at the 2.5 post-Newtonian approximation. If this picture is expected to be
an accurate description for most of the galactic binaries that LSIA will detect, we nevertheless
expect to observe eccentric systems with complex physical properties beyond the point-mass
approximation. In this work, we investigate how a binary system of highly magnetic objects in
quasi-circular orbit could affect the quasi-monochromatic picture of the GW signal detected
by LISA. We demonstrate that the eccentricity generates additional frequency peaks at har-
monics of the mean motion and that magnetism is responsible for shifting each frequency peak
with respect to the case without magnetism. We provide analytical estimates and argue that
LISA will be able to detect magnetism if it can measure the main peaks at two and three
times the mean motion with a sufficient accuracy.

1 Introduction

Laser Interferometer Space Antenna (LISA) is the ESA L-class mission dedicated to the obser-
vation of Gravitational Waves (GWs) from space 1 in the frequency band from below 10−4 Hz to
above 10−1 Hz. Within this frequency range the main source of GWs are the Galactic Binaries
(GBs) which comprise White Dwarfs (WDs) and Neutron Stars (NSs) in various combination.
In LISA’s bandwidth the typical orbital period of GBs is ranging from minutes to several hours
which corresponds to semi-major axis between 104 km to 106 km. Therefore, LISA will observe
GBs during the inspiral phase, before the merger which can be detected by ground-based instru-
ments. Around ten thousands of inspiral GBs should be resolved by LISA 2. Among these, tens
of them are of a particular interest since they are guaranteed sources for LISA, with an expected
time scale of detection of the order of few weeks. These are called the “verification binaries”
and are already identified as GW sources with a high signal-to-noise ratio within LISA’s band-
width. They will serve for calibrating the detector, thus any mis-modeling while processing the
GW signal from verification binaries can potentially have an impact on the other extra-galactic
scientific objectives of LISA. Currently within the LISA Datacode Challenge (LDC) 3, GBs are
modeled as quasi-monochromatic sources of GWs. This corresponds to the circular motion of
two point-masses at the 2.5 Post-Newtonian (PN) approximation 4. However, it is expected that
eccentric GBs will be detected within the frequency band of the LISA mission 5. Furthermore,
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Figure 1 – Orientation of the orbit (left). Orientation of the magnetic moments (right).

we could also expect to observe a more complex signal than the monochromatic approximation
as a consequence of perturbations due, for instance, to internal processes occurring inside WDs
and NSs. As a matter of fact, WDs and NSs are among the most magnetized objects in the
universe, with magnetic fields that can reach up to 109 G for WDs and up to 1015 G for NSs 6.

2 Origin of magnetism in white dwarfs and neutron stars

It is expected that 20% of the total WD population 6 possess strong magnetic fields in the range
between 106 G−109 G, while highly magnetic NSs with magnetic fields between 1014 G−1015 G
(i.e., the magnetars) should represent around 10% of the total NS population 7. The origin of
these strong magnetic fields is still debated and many scenarios have been proposed but none of
them can fully explain the all set of electromagnetic (EM) observations so far 8.

The “merging scenario” states that highly magnetic WDs or NSs are formed from the merger
of a binary system consisting of a preliminary WD and a mass transferring companion. The
main observational motivation comes from the fact that highly magnetic WDs and magnetars
are mainly observed either isolated or in cataclysmic variable but not in binary systems with a
detached low-mass main-sequence companion 7. Nevertheless, highly magnetic objects in binary
system with a detached companion may be rare but do exist as pointed out by Bagnulo et al 9.

The “fossil-fields” scenario states that the emergence of highly magnetic fields results from
a mechanism of magnetic flux conservation during the stellar evolution off the main-sequence 10.
The main observational motivation in favor of the “fossil-field” hypothesis comes from the range
of magnetic fields in Ap/Bp stars, and in some stars of spectral type O, that matches perfectly
the range of magnetic fields observed in highly magnetic WDs and NSs, respectively 10,11. This
scenario is an attractive possibility, however, it cannot properly explain why highly magnetic
objects are mostly observed individually and not paired with a detached companion. Neverthe-
less, numerical investigations by Braithwaite et al 12 seem to favor the “fossil-fields” scenario.
Indeed, magnetohydrodynamic simulations have shown that a stable dipolar magnetic field can
develop from an arbitrary initial magnetic field and persist over the lifetime of the compact stars
without requiring a preliminary merger.

By complementing the EM observations, LISA will potentially bring precious informations
about the nature of magnetism inside WDs and NSs. To do so, the influence of the magnetism
on the GW signal must be properly investigated for the lifetime of the LISA mission.
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3 Secular dynamics of magnetic compact binaries

In a recent work 13, we have derived analytically first-order analytical estimates for the secular
evolution of the rotational and orbital motion of a compact binary system of total mass m =
m1 + m2, where m1 and m2 are the masses of the primary and secondary, respectively. We
considered a relativistic description of the motion up to the 2.5PN approximation in order to be
coherent with the loss of orbital energy and angular momentum that is carried away from the
source by GWs. We considered magnetism of both stars through the dipole-dipole interaction. In
agreement with the “fossil-fields hypothesis”, we assumed static dipolar magnetic fields for both
stars. In addition, while focusing on the inspiral phase, we also assumed that the internal electric
currents that generate the magnetic fields are not significantly distorted by the magnetic field
of the companion. We considered, for simplicity, that the directions of the magnetic moments
of both stars (called µ1 for the primary and µ2 for the secondary) are aligned with their spin’s
axis. Within this framework, we derived the secular equations of motion for the evolution of
orientations of the magnetic moments and for the orbit of the binary system. We used the
Lagrange planetary equations for non-singular orbital elements, namely (a, z, ζ, L), where a is
the semi-major axis, z is the imaginary eccentricity vector (z = e ei$ with e the eccentricity and
$ the longitude of the pericenter, i.e., $ = Ω+ω, where Ω is the longitude of the ascending node
and ω is the argument of the pericenter), ζ is the imaginary inclination vector (ζ = sin(ι/2) eiΩ

with ι the inclination), and L is the mean longitude (L = $+M with M the mean anomaly) (see
figure 1). The so-obtained equations are valid even for small eccentricity and small inclination.
First-order solutions for the orbital motion (a(t), z(t), ζ(t), L(t)) are as follows:

a(t) = a0 + ȧGRt, z(t) = e0 eėGRt/e0ei$(t), ζ(t) = ζ0 + ζ̃M(t), (1a)

L(t) = L0 + L̃M(t) + (n0 + L̇GR + L̇M)t− 3n0

4a0
ȧGRt

2, (1b)

where the longitude of the pericenter is $(t) = $0+$̃M(t)+($̇GR+$̇M)t. The “tilde” denotes a
periodic contribution while a “dot” is used for a secular rate of change. The subscripts “M” and
“GR” are employed to denote a magnetic effect and a relativistic contribution (not shown here),
respectively. The subscript “0” is employed to denote an initial condition (e.g., a0 = a(t = 0)).
The parameter n0 is the initial mean motion. The main contribution to retain from the magnetic
interaction is the secular drift on the mean longitude which scales as

L̇M =
3µ0

4π
√
G

√
m

m1m2

µ1µ2

a0
7/2

(
1 +
√

1− e0
2
)

(1− e0
2)2

cos ε10 cos ε20, (2)

where ε10 and ε20 are the obliquities of the magnetic moments of primary and secondary, re-
spectively. G is the gravitational constant and µ0 is the permeability of vacuum. In addition,
we mention the secular contribution on the longitude of the pericenter which is used hereafter
and which reads as follows: $̇M = L̇M/(1 +

√
1− e0

2).
Equation 2 shows that a system of double WD in compact orbit is more likely to feel the

effect of the magnetic interaction since it is proportional to µ1µ2 and evolves as the inverse of
the semi-major axis to the power 7/2. (Magnetic moments are higher for WDs than for NSs 14).

4 Gravitational mode polarizations

For a binary system of two point-masses, the Einstein’s quadrupole formula can be expressed in
term of the regular orbital elements. The mode polarizations h+ and h× are conveniently given
by the following Fourier’s decomposition:

h+(t)− ih×(t) = h(a(t))
+∞∑

k=−∞
ck(z(t), ζ(t)) eikL(t), (3)
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where ck are the Fourier’s coefficients (|k| = 2 terms are ∝ e0, |k| = 1, 3 terms are ∝ e1, |k| = 2, 4
terms are ∝ e2, . . .). The amplitude is h(a) = 2η(a/D)(Gm/c2a)2 with η = m1m2/m

2 the mass
parameter and D the distance between the source and the field points.

After inserting the orbital first-order secular solutions (derived in the previous section) into
Eq. (3), we derive the expression for the mode polarizations at zeroth-order in eccentricity (we
provide the explicit form of the “+” polarization): h+

(0)(t) = h0(1 + cos ι0) cos(φ(0) + Φ(0)t +
Φ̇(0)t2), where φ(0) = 2L0, and where the frequency and the frequency shift are given by

Φ(0) = 2n0

(
1 +

L̇GR

n0
+
L̇M

n0

)
, Φ̇(0) = −3n0

2a0
ȧGR. (4)

Thus, the form of the mode polarization h+
(0) is actually similar to LDC’s. Therefore,

at zeroth-order in eccentricity the LDC modeling already accounts for magnetic binary cases.
However, if one wants to interpret the measured frequency Φ(0) in term of the physical content
(e.g., the masses), one has to consider magnetic corrections if σΦ(0) < Φ(0)L̇M/n0, where σΦ(0) is
the uncertainty of the measured frequency. Considering a binary of WDs with magnetic fields
at the level of B1 = B2 = 109 G, we find σΦ(0) < 7× 10−8 Hz for Φ(0) = 10−1 Hz. Some of the
verification binaries are already known with a precision at the level of 10−10 Hz.

At first-order in eccentricity, the magnetic perturbation translates into the following addi-
tional signal (we provide the explicit form of the “+” polarization): h+

(1)(t) = (9e0/4)h0(1 +
cos ι0) cos(φ(1) + Φ(1)t + Φ̇(1)t2) + . . . The phase reads as φ(1) = 3L0 − $0, and the frequency
and the frequency shift of this new component in the GWs signal are given by

Φ(1) = 3n0

(
1 +

3L̇GR − $̇GR

3n0
+

3L̇M − $̇M

3n0

)
, Φ̇(1) = −9n0

4a0
ȧGR. (5)

The “ellipses” in the expression of h+
(1) represent first-order terms in eccentricity that have a

frequency different than Φ(1). These terms have a smaller amplitude than Φ(1).
We see that the form of the mode polarization h+

(1) is actually similar to the LDC’s zeroth-
order term in eccentricity. It will thus be interpreted as a different source of GWs than the zeroth-
order component, whereas it is just an harmonic at ∼ 3n0. If this secondary frequency peak,
Φ(1), can be detected and measured by LISA, the following linear combination: 1.5Φ(0)−Φ(1) =
$̇GR+$̇M, should permit to fully extract the magnetic fields information since $̇M ∝ µ1µ2/a0

7/2.
Let us emphasize that the contribution from general relativity is well known and can be easily
modeled at 1PN order: $̇GR = 3n0(Gm/c2p0) with p0 = a0(1− e0

2).
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LISA relies on a post-processing technique called Time-Delay Interferometery (TDI) to sup-
press otherwise overwhelming laser frequency noise. In the standard literature application of
TDI, it is typically assumed that all data is given in a global reference frame, like the BCRS.
We show both analytically and with numerical simulations that TDI variables can instead
be directly constructed from the un-synchronized raw data provided by the satellites. The
procedure directly utilizes the highly precise on-board pseudo-ranging measurements, which
allow to correct for clock noise while constructing the TDI combination, without the need of
an additional clock-noise correction step. We envision to use this alternative approach to TDI
as part of a full L0-L1 pipeline for LISA, to be developed at SYRTE.

1 Overview

The Laser Interferometer Space Antenna (LISA) is an ESA led mission1 with an expected launch
date in 2034. Three spacecraft in a nearly-equilateral triangular formation will trail the Earth
on its heliocentric orbit. Each spacecraft will host two free-falling test masses and monitor their
relative motion using laser interferometry. In a simplified model, we can assume each of the
LISA spacecraft to host a single laser, and assume that we have a set of six one-way phase
measurements of the form

ηij(τ) = DijΦj(τ)− Φi(τ), (1)

where Φi is the total phase of the laser on spacecraft i. Here, i is the index of the spacecraft
receiving the laser beam, j of the emitting spacecraft, and Dij a delay operator which given a
time of reception of the laser beam on spacecraft i evaluates the function it is applied to at the
corresponding time when the laser beam was emitted from spacecraft j.

We expect that various noises of instrumental origin will enter the measurements at levels
that violate the requirements., most notably laser frequency noise which would otherwise be
orders of magnitude above the requirements. To reduce these noises to acceptable levels, a
number of data processing algorithms are being developed as part of the multi-step initial noise
reduction pipeline (INREP).
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Figure 1 – Comparison of standard noise reduction pipeline known from the literature and the alternative presented
in this paper. We omit other noise suppression steps, such as the removal of spacecraft jitters.

The core piece of the INREP is an algorithm called time-delay interferometry (TDI), in which
the ηij are combined to produce virtual equal-arm interferometers in which the overwhelming
laser frequency noise cancels.

2 Time frames and pseudoranging measurements

The standard formulation of TDI 2 is usually presented assuming that all data is given on a
common timescale, like the Barycentric Coordinate Time (TCB). By contrast, the actual data
provided by the spacecraft will be recorded and timestamped according to on-board clocks,
which will deviate from TCB both due to relativistic effects and instrumental imperfections.

In more detail, the two lasers interfering to produce the measurements ηij(τ) will have
frequency differences of up to 25 MHz, while the desired GW signals are encoded as a µcycle
phase fluctuation in the recorded beatnotes. Any timeshift directly applied to these beatnotes,
such as when they are recorded onboard the spacecraft according to the imperfect spacecraft
clocks, will cause a phase error proportional to the beatnote frequency. We can deduce a timing
requirement of 40 fs/

√
Hz to reach µcycle phase resolution in a 25 MHz beatnote, which is far

out of reach of existing space-qualified oscillators. To compensate, LISA will rely on dedicated
on-board measurements 3 to determine differential errors between the different spacecraft clocks
to the required precision. These measurements will be realized by different modulations on
the laser beams, specifically a combination of a pseudo-random noise (PRN) binary code and
GHz sidebands. The PRN has relatively high noise (≈ 1 ns RMS), but allows an absolute
ranging measurement at roughly 1 m accuracy, while the GHz sidebands are required to meet the
40 fs/

√
Hz timing requirement. Together, these allow a very precise and accurate measurement

of the pseudo-range, which is defined as the difference between the onboard clock times of the
receiving and emitting spacecraft, evaluated at the respective times of reception and emission
of a laser beam.

3 TDI with desynchronized clocks

The standard approach previously presented in the literature to perform TDI accounting for
the different spacecraft clocks is to first synchronize all data to a common timeframe using a
combination of the pseudo-ranging measurements as well as the on-ground spacecraft tracking
data 4. Given the uncertainties in those auxiliary measurements, some additional processing
steps are required in INREP, like the removal of large phase ramps and clock-noise correction 5.
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Figure 2 – Amplitude spectral densities of the second generation Michelson TDI combinations computed from
numerical simulations. All simulations include laser frequency noise, PRN noise, as well as clock offsets, drifts,
and jitters. The blue curve additionally includes the main limiting noise sources limiting LISA after INREP
(’secondary’ noises), as well as noise in the GHz sideband modulation and a deterministic bias in the PRN. Its
level is well explained by the analytical model of the coupling of the secondary noises into TDI. The orange curve
contains just the GHz sideband modulation noise and deterministic bias, while the green curve is generated with
just the bias. Both are well explained by the analytical models for most of the frequency band. At low frequencies,
we hit a numerical noise floor, which we estimated by running another simulation with all noises disabled (not
shown). This noise-free simulation also contains the deviation from the analytical model and the small peak in
the green curve slightly above 10−3 Hz. Therefore, we conclude that this deviation is a numerical artifact.

We show in fig. 1 and alternative pipeline, in which we directly operate on the total phase
or frequency of the MHz beatnotes. In this pipeline, TDI with full laser noise reduction can be
achieved without preliminary clock synchronization and without relying on ground data from
spacecraft tracking. The underlying reason for this is that TDI does not fundamentally require
the choice of any reference frame, as recently pointed out in the literature 6. To illustrate that
point, we can consider a very simple toy-model TDI combination,

X0(τ) = η12(τ) +D12η21(τ)− η13(τ)−D13η31(τ) = (D12D21 −D13D31)Φ1(τ). (2)

As discussed above, the delay operators appearing in this equation relate the emission and
reception events of the laser beams appearing in the different measurements. The key realization
is that this equation remains valid also if the different quantities appearing in it a expressed in
different time frames. As long as the timeshifts applied to η21 and η31 in eq. (2) are identical to
those appearing in the definition of η12 and η13, we will formally get the same result (D12D21−
D13D31)Φ1(τ), which represents the phase evolution of the phase of the laser on spacecraft 1
between the two events marked by the difference in propagation time for a roundtrip of a photon
along the arms connecting S/C 1 to each of the other two spacecraft, respectively. In the case
both arms are equal, this will be exactly vanishing, regardless of which time frames are used to
mathematically model the measurements a.

In particular, we can redefine the ηij such that they are given according to the receiving
spacecrafts clock, while each laser phase term is expressed in the clock frame of the spacecraft
it is housed in. The delays applied by Dij then represent the difference between the emitting

aThe real LISA orbits will not allow perfectly equal arms, such that more complicated interferometric combina-
tions are used. However, the same arguments on reference frames apply for TDI combinations of any complexity.
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spacecrafts clock at event of emission and the receiving spacecraft clock at the event of reception,
which is exactly what we can measure to high precision using the on-board pseudo-ranging
measurements.

We show in fig. 2 simulation results demonstrating that this same principle also applies to
proper second generation TDI combinations, which are sufficient to cancel laser noise assuming
realistic orbital dynamics. We include in this simulation a simple ranging processing step to
combine the local sideband and PRN measurements to achieve a high precision measurement of
the pseudo ranges.

4 Conclusion

We showed that TDI variables can be constructed directly from unsynchronized LISA data.
The necessary delays can be directly extracted form the onboard ranging measurements at the
required 40 fs/

√
Hz precision, which allows to drastically simplify the INREP for LISA. We

remark that the resulting TDI variables still need to be synchronized to TCB, but at a much
lower precision.

A more detailed description of this work can be found in 7.
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The qBounce collaboration built over the last years a new Ramsey-type Gravitational Res-
onance Spectroscopy (GRS) experiment. After commissioning between 2016 and 2018, the
setup was able to measure the Ramsey transitions with GRS for the first time. Here we
present a search of the hypothetical charge of the neutron as an application of GRS to study
nonstandard model interactions. This article will describe the measuring principle and the
setup in detail.

1 Introduction

The qBounce collaboration uses ultra-cold neutrons (UCN) in order to study gravitation in the
micrometer range. UCNs are ideal test probes. As all neutrons they interact electromagnetically
only via their magnetic moment of their spin. Shielding the setup from magnetic fields is enough
to suppress all electromagnetic disturbances. A special property of the UCN is that they hardly
penetrate matter because their kinetic energy is lower than the Fermi pseudo potential of the
material (e.g. aluminum: VF = 54 neV). They are ideally reflected under any angle. On flat
surfaces (e.g. mirrors) UCNs have to bounce off and gravity pulls them back towards the
surface. Due to this confinement quantum mechanics predicts bound states which are known as
the Quantum Bouncer. The existence of these states was observed in 20021. The last decades the
techniques to manipulate these states improved a lot. Especially, the Gravitational Resonance
Spectroscopy (GRS) 2 allowed to study state transitions and test different Dark Matter or Dark
Energy models 3.

The last major experimental step forward was the implementation of a Ramsey-type GRS
setup4,5. This experiment has been installed at the PF2 beam site of the Institut Laue-Langevin
(ILL) since 2016. With the Ramsey-type setup we were able to search for the electric charge of
the neutron as suggested in 2011 6.

A Ramsey-type setup consists of five regions as seen in figure 1. Region 1 selects only UCNs
in the lowest gravitational bound states. They are further guided through the lane of mirrors
to the last region. There again only the lowest states can pass through and reach the detector.
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Figure 1 – Measurement principle of the electric charge of the neutron with a Ramsey-type GRS setup (source 6)

Mechanical oscillation applied in region 2 and 4 can induce state transitions to higher states if
the frequency and amplitude correspond to the transition energy. These higher state cannot pass
region 5 and at resonance a drop in the count rate is observed. Within a Ramsey setup region
2 only excites to superposition of both states. This further evolves in region 3. For the electric
charge measurement an applied electric field in region 3 induces a phase shift if a hypothetical
non zero charge of the neutron exists. This would be measured as a change of the transition
frequency.

2 Theory

The Schrödinger equation (Eq. 1) describes the motion of an ultra-cold neutron (UCN) above a
flat surface (withmi andmg as the inertial and the gravitational mass, g as the local gravitational
acceleration). It already includes the effects of a hypothetical electric charge of the neutron qn

in an applied electric field | ~Ez|:(
− h̄2

2mi

∂2

∂z2
+
(
mgg ± qn| ~Ez|

)
z

)
ψ(z) = Eψ(z) (1)

With a coordinate transformation z̃ = z/z0 and Ẽ = E/E0 the Schrödinger equation can be
rewritten as the dimensionless Airy equation. The needed characteristic length and energy scale

are z0 = 3

√
h̄2

2mimgg
and E0 = mggz0 =

3

√
h̄2m2

gg
2

2mi
respectively in the case of a purely gravitational

interaction. Taking an hypothetical electric charge of the neutron into account, they change

to z0 = 3

√
h̄2

2mi(mgg+qn| ~Ez |)
and E0 = mggz0 =

3

√
h̄2(mgg+qn| ~Ez |)

2

2mi
. For a neutron on the Earth’s

surface the characteristic scaling parameters are z0 = 5.689 µm and E0 = 0.602 peV.
The Airy functions Ai and Bi solve the dimensionless Airy differential equation 7. Only the
Airy functions Ai fulfills the boundary conditions ψ(0) = ψ(∞) = 0. The corresponding wave
functions are parts from this function (from a root (AiZ) to infinity):

ψn(z) =
(−1)n+1Ai

(
z
z0

+ AiZ(n)
)

√
z0Ai′ (AiZ(n))

(2)

As seen in figure 2 the wave functions are microscopically large but the energy of the bound
state En = −E0AiZ(n) is five orders of magnitude lower than the average kinetic energy of an
UCN. However, neutrons with nearly all their kinetic energy in the horizontal momentum plane
can populated even the lowest bound states.

The energy states are non equidistant and their differences are converted to unique frequen-
cies which have are typically in the range of 100-1000 Hz or higher. In order to induce a state
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Figure 2 – Neutron’s wave functions in the linearized Newtonian gravitational potential on the surface of the
Earth

transition we apply a mechanical oscillation to the mirror below. This correspond to introducing
a time-depending periodic change of the boundary condition expressed as an additional potential
VGRS(t) = a sin(ωt+ φ)Θ(−z)VF (with the Heaviside function Θ(z) as the boundary condition
and a, ω and φ as the amplitude, angular frequency and the phase of the applied oscillation).
This method is called Gravitational Resonance Spectroscopy (GRS).
Only having one oscillating region between two selector regions is a Rabi-type setup. The
transmission Tfi of a low state i near a transition frequency ωfi to an higher state f which
cannot pass the second selector can be calculated as (using the matrix element of the transi-

tion Vfi =
∫
ψf (z)∂zψi(z) dz, the Rabi frequency ΩR =

√
a2ω2V 2

fi + (ω − ωfi)2 and cfi for the

state-population depending contrast):

Tfi(t) = 1− cfi
(
aωVfi

ΩR

)2

sin2
(

ΩRt

2

)
(3)

Within a Ramsey type setup two half Rabi pulses with an intermediate free propagation region
act on the neutron wave functions. This changes the transmission to the more complicated form
with the advantage of a higher energy resolution 8 (with t and T as the flight times of a UCN
through one oscillating region or region 3):

Tfi(t, T ) = 1− cfi4 sin2
(

ΩRt

2

)(
aωVfi

ΩR

)2 (
cos

(
ΩRt

2

)
cos

(
(ω − ωfi)T

2

)
−(ω − ωfi)

ΩR
sin

(
ΩRt

2

)
sin

(
(ω − ωfi)T

2

))
(4)

The goal of GRS is to determine the transition frequency ωfi in order to check for the consistency
of the underlying theory (Eq. 1). For the measurement of the neutron charge we also take into
account the potential VEz(z) = ±qn| ~Ez|z. A none vanishing charge qn will change the transition
frequency depending on the strength of the applied electric field:

∆ωfi = ω0
fi − ωE

fi = ω0
fi

1− 3

√(
1 +

qnEz

mng

)2
 ≈ ω0

fi

2qnEz

3mng
(5)

Vice versa, measuring the transition frequencies at different electric field strength can determine
the electric charge or at least set limits to it if no statistically significant change of the transition
frequency is observed:

qn ≈
∆ωfi

ω0
fi

3mng

2Ez
δqn ≈ qn

√(
δω0

fi

)2
+
(
δωE

fi

)2

∆ωfi
(6)
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3 Setup
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Figure 3 – The new Ramsey-type GRS setup called RamseyTR

As seen in figure 3 the heart of the Ramsey-type setup are five regions. Each consists
of a coarse adjustment, a piezoelectric table and a mirror on top. The mirrors are made of
borosilicate glass. The lengths of all regions are 152 mm except region 3 which has a length
of 340 mm. The piezoelectric stages align the mirror surfaces down to step heights between
them below 0.5 µm. An arbitrary function generator can induce mechanical oscillations to the
stages of region 2 and 4. Region 1 and 5 have an additional glass plate with a rough surface
clamped around 25 µm above the mirror. UCNs in a higher state have a higher probability to
be close to this rough surface. Therefore, they have a high chance of either being scattered out
of the system or absorbed on the surface. Only the lowest states can pass these regions and
travel through the complete system. The central region 3 also acts as an electrode (parallel
plate capacitor). Its mirror surface is the ground electrode and a titanium-coated second mirror
is placed ≈ 200 µm above as the HV-electrode. Three fine-threaded screws connect the upper
electrode to its bearing and enable to align the electrodes parallel to each other with a desired
distance.
In order to monitor the alignment and the oscillation of the mirrors, a large gantry above the
mirror lane moves different sensors. Capacitve sensors close to the mirrors monitor the alignment
of the mirrors and measure the step height between the regions. The feedback of this system
can be used to readjust the piezoelectric table below the mirrors in order to minimize the step
height. Large prism attached to the gantry deflect beams of laser interferometers, which monitor
the oscillation strength, frequency and phase, on to the mirrors.
All equipment is mounted on a massive granite block with a surface waviness below 2 µm within
the complete area of 1900 mm x 700 mm. This is needed to precisely place the equipment
relatively to each other. The granite also acts as a passive vibration damping stage against
external disturbances. Three piezoelectric motors below the granite rock and a two-axis tilt
sensor on top level the surface horizontally. The relative error of this alignment is below 1 µrad
and due to analog calibrations the absolute error is 10 µrad.
Due to the strong absorption of UCN in air they are guided from the PF2-turbine (high flux
UCN source) via evacuated steel or glass tubes to the experiment which has to be within in
a large vacuum chamber. The reached vacuum pressure of 5 × 10−5 mbar is also necessary for
insulating the gap between the electrodes. A µ-metal shielding within the vacuum chamber also
suppresses external magnetic fields which would disturb the GRS measurements.
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Between entering the vacuum chamber and region 1 a horizontal aperture selects the neutron
velocity spectrum used for the measurement (5-13 m/s). All stray neutrons are blocked and
absorbed by a boron shielding housing the aperture. Only neutrons passing the aperture and all
five regions can reach the detector at the end. This neutron detector is a proportional counter
tube with a very low background (0.5 mcps). Expected measurements rates are around 20 mcps.
This leads to measurement times of few hours per data point. Therefore, the setup is capable
to stay at stable measurements conditions over days and weeks.

4 Measurements

Before and after the actual electric charge measurement of the neutron, we conducted many
test with the different electrodes. The focus before was on the choice of the electrode mate-
rial (copper, titanium or coated glass). The final design used aluminum coated mirrors due to
their smooth surfaces and their high break down fields tested with small electrodes of around
20 kV/mm. Additionally, they have been already used within the system for guiding the neu-
trons. The upper electrode was coated additionally with titanium for an electronic connections.
After the neutron measurement we studied in detail the used electrode in order to find its limiting
breakthrough voltage which also destroyed the coating of the electrode. The final breakthrough
voltage was measured to be at 10 kV/mm.

The preparatory neutron measurements were the determination of the velocity spectrum
and the state population. Varying the slit setting of the aperture probed different parts of the
velocity spectrum. The detector measured directly after the first region the neutron flux. The
used aperture slit setting corresponded to velocity intervals of 1 m/s (blue) or 2 m/s (orange).
The measured values can be seen in figure 4. A Maxwell-Boltzmann distribution (red) was fitted
to the measured spectrum. The resulting spectrum is convoluted with theory functions of Eq.
3 and Eq. 4 to calculate the flight times t and T for neutrons with different velocities.
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Figure 4 – Measured velocity spectrum 2018

To determine the state selection, CR-39 detectors are placed after the first region with either
region 1 or region 5 in place. These detectors have a spatial resolution below 2 µm and therefore
they can image the density distributions of the wave function (Eq. 2). The state population of
each selector region is (47 % |1〉, 40 % |2〉, 13 % |3〉). The high contribution of the second state
opened the possibility to drive transition from it to higher states.

A Rabi-type arrangement with only the regions 1,2 and 5 was the first attempt for GRS
within the new setup and observed three transitions (|2〉 → |4〉, |1〉 → |3〉, |2〉 → |5〉).

The first two transition were also studied with the completed Ramsey setup. Which were
the first ever measurements of this kind. The final measurements9 for the search for the neutron
charged used only the transition |2〉 → |4〉 as seen in figure 5. The voltage settings were 1000 V
and 1750 V at a distance of 207(1) µm which corresponds to electric field strengths of 4.8 kV/mm
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and 8.4 kV/mm. We can estimate a statistical uncertainty of the transition frequency in the
order of δωfi ∼ 10−3 from the counted neutrons of the measurement 10. This corresponds to a
limit of the neutron charge in the order of 10−17 elementary charges.
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Figure 5 – Neutron charge measurements 2018 with a Ramsey GRS setup 9

5 Conclusions

We commissioned a new Ramsey-type GRS setup during the last years. Following the proof of
principle measurements with the complete setup 5 we used our novel approach to search for the
neutron charge. The data analysis to extract statistical and systematic limits is ongoing.

The refinements with the setup since the charge measurement in 2018 suggests that the
limit could be further improved with the current setup by a factor of 36: measuring bipolar (2),
decreasing the gap size and increasing the field strength (2), increases in statistics (

√
10) and

changing the transition to |1〉 → |7〉 (2.85). In the future, storing neutrons in the central region
could improve the energy resolution enough to be able to probe the neutron charge below 10−21

elementary charges challenging the current best limit 11.
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qBounce is using quantum states of ultra-cold neutrons in the gravitational field of the Earth
to investigate gravitation in the micrometre range. We present current measurements taken
in 2021 at the Institut Laue-Langevin (ILL) to determine energy differences of these states
by mechanically induced transitions. This allows a determination of the local acceleration
g using a quantum measurement. The data presented here results in g = 9.8120(18) m/s2.
The classical local value at the experiment is gc = 9.8049 m/s2. We present an analysis
of systematic effects that induces shifts of the transition frequency of order 100 mHz. The
inferred value for g at the experiment shows a systematic shift of δg ≈ 3.9σ.

1 Introduction

Neutrons are excellent probes to test gravity at short distances – electrically neutral and only
hardly polarizable. Very slow, so-called ultra-cold neutrons (UCN) form quantum states bound
by the gravity potential of the Earth. This allows combining gravity experiments with powerful
resonance spectroscopy techniques, as well as tests of the interplay between gravity and quan-
tum mechanics. Recently, the qBounce collaboration has finished commissioning its Ramsey
spectrometer at the ultra-cold and very cold neutron facility PF2 at the Institut Laue-Langevin.
Here, we present first precision measurements, its result and an analysis of systematics effects.

A schematic overview of the experiment can be seen in Fig. 1. The neutrons have a horizontal
velocity of vx ≈ 8 m s−1 and a vertical velocity of vz ≈ 0 m s−1. They are trapped by the gravity
potential and form bound states2. In section I neutrons enter the system on top of a flat surface.
They form bound states in the gravity potential with energies in the order of peV for details see
contribution by J. Bosina in this volume. The Fermi pseudo potential of the mirror is ≈ 100 neV
and the ground state extends ≈ 15 µm above the mirror, with higher states extending further
up. On top of section I a rough glass plate (absorber) is placed at a distance of l ≈ 25 µm which
causes high states to be scattered. This scattering happens on the random surface structure
and is non specular. The scattered neutrons have a random velocity in the x-y plane and do
not enter the detector at the end of the experiment. The scattering probability of low state
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Figure 1 – Schematic view of the Ramsey spectrometer. UCNs enter from the left and are detected on the right.
The probability density function of the neutron in the setup is shown in false colour.

neutrons is lower and after section I the wavefunction is in a superposition of the first three
states with (P (1), P (2), P (3))T ≈ (0.70, 0.25, 0.05)T . A detailed discussion can be found in 3.
In section II the mirror oscillates with a specific frequency, displacement and phase where the
surface position is given by zII(t) = aII sin (ωIIt+ φII). In Fig. 1 the transition |1〉 → |6〉
is depicted. This is the transition (mainly) investigated in 2021. If the lower and the excited
state have an equal probability at the end of section II the applied excitation is called a π

2 -flip.
Section III is stationary and the neutron propagates without perturbation. In section IV the
mirror is oscillating with zIV (t) = aIV sin (ωIV t+ φIV ), where ωIV and aIV are tuned to be the
same frequency and displacement as in section II. If sections II and IV are in phase, such that
φIV = φII the excitation to the higher state is completed. If φIV = φII + π the neutron returns
to the ground state. In section V the same selection as in section I is performed. This enables us
to perform Ramsey type spectroscopy using Gravity states a technique called Gravity Resonance
Spectroscopy (GRS). From data on the measured transition probability the local acceleration of
the neutron can be determined.

2 Theory

The evolution of the system can be described by the Schrödinger equation:

ih̄∂tψ = Ĥψ (1)

For a linear potential the solutions can be given in terms of shifted Airy functions. With
linearised Newtonian gravity the solutions only depend on the local acceleration g and the mass
of the neutron mn.

qBounce involves infinitely many states which makes precise numerical calculations neces-
sary. The dominant contribution for this dataset is |1〉 → |6〉 (and |2〉 → |7〉). A simplified two
state system, the lower energy one is called |p〉 and the higher one |q〉 can be solved analytically.
The detailed derivation of the transition probability from one state to the other can be found
for example in 1. For this as an illustrating example the probability to remain in the lower state
is given by

P (|p〉 → |p〉) =
∣∣∣aIIaIV − bIIbIV ei(δIV (T+τ)−δIIτ−(χII+χIV )+φIV −φII)

∣∣∣2 ,
ΩR,i =

√
δ2
i + (aωi|Vpq|)2, χi = arctan

(
δi

ΩR,i
tan

(
τ

ΩR,i

2

))
, δi = ωi − ωqp = 2π (νi − ν0)

ai =

√
cos2

(
τ

Ωr,i

2

)
+

δi
ΩR,i

sin2

(
τ

Ωr,i

2

)
, bi =

aωi|Vqp|
ΩR,i

sin

(
τ

Ωr,i

2

)
,

(2)

where aωi, ωi = 2πνi, νi = ωi
2π are the oscillation velocity, the angular frequency and the

frequency for the i-th section respectively, Vqp is the overlap integral for the perturbation, ν0 =
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Figure 2 – Determination of the optimal π/2-flip by increasing the oscillation strength aω. ∆φ = 0 in blue and
∆φ = π in orange. The solid lines show the theory function fitted to the measurements.

ωqp

2π is the transition frequency, τ is the interaction time in sections II and IV and T is the free
propagation time in section III. Simplifying to the case that both sections oscillate with the
same strength aωII = aωIV = aω and frequency νII = νIV = ν and ν − ν0 is small, gives

P (|p〉 → |p〉) = 1− sin2 (aω|Vpq|)
2

(
1 + cos

(
2π(ν − ν0)

(
T +

tan(
aω|Vpq |

2 τ)
aω|Vpq |

2

)
+ ∆φ

))
(3)

where ∆φ = φIV − φII . In the case that section II and IV are not oscillating with the same
vibration strength roughly at resonance ν = ν0 eq. (2) for two different vibration strengths
simplifies to

P =

∣∣∣∣cos

(
τ
aωIIVpq

2

)
cos

(
τ
aωIV Vpq

2

)
− sin

(
τ
aωIIVpq

2

)
sin

(
τ
aωIV Vpq

2

)
ei∆φ

∣∣∣∣2 ,

⇒P (|p〉 → |p〉) = cos2

(
τVpq

2
(aωII ± aωIV )

)
,

(4)

with the upper sign for ∆φ = 0 and the lower sign for ∆φ = π.

3 Experiment

During the second reactor cycle at PF2 at the ILL in 2021 the transition |1〉 → |6〉 was studied
in detail. As an initial guess the transition frequency was calculated using the classical value
of g ≈ 9.805 m/s2 gives an energy of E1 = 1.407 peV E6 = 5.428 peV which results in the
transition frequency ν16 = 972.345 Hz. The oscillating sections were set to the same frequency
and amplitude with a phase difference of ∆φ = 0 in (4), all of which was measured with an
interferometer. The oscillation strength was increased until a minimum in the transmission rate
through the setup was observed. As a consistency check the same frequencies were also measured
using ∆φ = π. These measurements can be seen in Fig. 2 with the rate given in counts per
1000 seconds [mcps].

Then the vibration strength was fixed and the frequency was varied. Again both 0 and π
phase measurements were taken. The π phase provides an inverted transition probability as can
be seen in orange in Fig. 2 and Fig. 3.

This complete dataset can then be fitted to the theory to determine the transition frequency
ν16. The value for the local acceleration g can be determined from the transition frequency. In
addition the transition |2〉 → |7〉 was measured. This also provides a check on possible shifts
for a single transition. The theory gives ν27 = 865.821 Hz for the transition frequency. Fitting
both of these results in Fig. 3 with parameters for the fit given in Tab. 1. This results in
g = 9.8120(18) m/s2 which is 3.94σ off the classical measured value of gc = 9.804 925 m/s2. The
value for gc was determined in 2021 next to the qBounce experiment.
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Table 1: Resulting parameters for the fit to the complete dataset.

Parameter Result Stat. error (1σ) Units

P(1) 0.61 0.02 [1]
P(2) 0.22 0.03 [1]
P(3) 0.04 0.04 [1]
Pbg 0.14 - [1]
g 9.812 0.0018 m/s2

r0 17.27 0.165 mcps

χ2 74.4
neff 73

4 Systematic effects

qBounce uses high precision frequency measurements to determine the transition frequency
between gravity states. To do this a Rb-clock is used as a frequency standard and an interfer-
ometer monitors the applied oscillation to the mirrors with a high accuracy. Nevertheless, there
are frequency shifts observable for such measurements. One advantage of qBounce is the fact
that the energy splitting of states is dependent on the local acceleration g and not a controllable
quantity such as an applied B-Field as in NMR. Intrinsical shifts still present for qBounce are
the Bloch-Siegert shift, the spectator state shift, and Coriolis forces arising from the movement
of the neutron beam.

4.1 Spectator state shift

Equation (2) uses a two state system for illustrative purposes. In reality there are infinitely
many states contributing to the transition probability. This leads to a shift of the theoretically
predicted curve when compared to the simple two state case, called Spectator state shift and
arises from neighbouring transitions that are weakly addressed by a driven transition 4. It has
to be evaluated numerically and is taken into account by simulating a 30 state system. For
|1〉 → |6〉 this shift is ∆ν ≈ 0.03 Hz when compared to the simple two state analysis.

4.2 Bloch-Siegert shift

In deriving (2) the mirror movement z(t) = a sin(ωt + φ) was split into terms containing e+iωt

and e−iωt terms. In combination with the Eigenfrequencies of the states there is one fast and
one slow oscillating term. In the so called rotating wave (RWA) or secular approximation the
fast oscillating term is dropped. This results in a frequency shift when compared to the full
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model 5. Evaluating this shift for the transition |1〉 → |6〉 gives ∆ν ≈ 15 mHz. In the numerical
30-state simulation the excitation is not split and includes this shift.

4.3 Rotation of the Earth

By far the largest contribution to the acceleration is the centrifugal force at the surface of
the Earth. This is the classical correction necessary going from a stationary to a rotating
frame. In the case of the qBounce experiment the neutrons are moving as well, which leads
to an additional shift due to Coriolis forces. All apparent effects in the rotating frame can be
calculated by transforming the Schrödinger equation to a rotating frame 6. This results in the
Hamiltonian

Ĥ =
p2

2mi
− L ·Ω + V (r) (5)

where p is the momentum vector of the neutron, Ω is the angular velocity of the Earth and L

is the angular momentum of the neutron. The gravity potential V (r) = −mgr2Eg0
r ≈ −mgrEg0 +

mgg0(r − rE) + O
(
(r − rE)2

)
where rE is the radius of the Earth, mg the gravitational mass

of the neutron and g0 is the acceleration on the surface of the Earth. −L · Ω is constant for
a non accelerated neutron. Expanding the contribution from angular momentum to first order
L2

2mir2
≈ − L2

2mir2E
+ L2

2mir3E
(r − rE) + O

(
(r − rE)2

)
, where L2 is the total angular momentum

squared. Extracting the linear part and plugging in the expression for L2 gives

g = g0 −
L2

mimgr2
E

= g0 −
mi

mg

(
2ωvy sin(χ) + rEω

2 sin2(χ) +
v2

rE

)
(6)

where ω is the angular velocity of the Earth, χ is the angle of the position of the particle to
the north pole (χ = π − latitude), vy is the velocity of the neutron in western direction and
v2 is the square of the velocity in the lab frame. The velocity independent terms are included
in a stationary measurement of the local gravitational acceleration, whereas the Coriolis force
applies to the neutrons since they are moving. For qBounce at the ILL in Grenoble we have
χ ≈ π

2 , vy ≈ − sin(0.33) 8 m s−1 ≈ 2.6 m s−1, ω ≈ 2π
86400 ≈ 7.3× 10−5 s−1 and rE ≈ 6.37× 106 m.

Now for mi = mg this gives

g ≈ g0 −
(
−2.6× 10−4 + 1.68× 10−2 + 1× 10−5 m/s2

)
≈ g0 − 1.66× 10−2 m/s2 . (7)

For UCN with v = 8 m s−1 in the lab frame, the additional contributions from the Coriolis and
centrifugal force attributed to the proper motion is suppressed by two orders of magnitude.

4.4 Phase offset

From equation (3) an uncertainty δφ in the relative phase ∆φ between section II and IV leads
directly to a shift in the transition frequency

δν0 = − δφ

2π

(
T +

tan
(

aωVpq
2

τ
)

aωVpq
2

) . (8)

For a perfectly tuned π/2-flip, aωVpqτ = π
2 . The average neutron has v ≈ 8 m s−1, T = 0.34

v ≈
0.0425 s and τ = 0.152

v ≈ 0.019 s. The relative phase is measured with a decoupled interferometer
which reaches an accuracy of |δφ| ≤ 1° which results in

δν0 ≤ −
δφ

0.419
≈ ±4.16× 10−2 Hz (9)

The gravitational acceleration has been measured by a stationary measurement with a falling
corner cube. This is the effective acceleration also including the rotation of the Earth. From this
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the movement by the neutron and the quantum nature of the measurement introduce additional
shifts. A summary of the described systematic shifts can be seen in Tab. 2 where in the last
line the difference to the corner cube measurement is shown.

Table 2: A summary of the discussed systematic effects. In the last line the expected deviation from reference
measurement using a corner cube is given. This is valid only when comparing to the two state approximation, in
an analysis using a multi-state system some of the shifts are already included.

Effect δg [m/s2] δf [Hz]

Rotation of the Earth (centrifugal) −1.6 · 10−2 −1.06
Phase offset ±6.2 · 10−4 ±4.16 · 10−2

Spectator shift 4.5 · 10−4 3 · 10−2

Coriolis (movement of the neutron) 2.6 · 10−4 1.7 · 10−2

Bloch-Siegert shift 2.3 · 10−4 1.5 · 10−2

Centrifugal (movement of the neutron) −1 · 10−5 −6.6 · 10−4

Total −1.5 · 10−2 ± 6.2 · 10−4 −1± 4.16 · 10−2

Total (∆ to corner cube measurement) 9.3 · 10−4 ± 6.2 · 10−4 6.1 · 10−2 ± 4.16 · 10−2

5 Conclusion

The qBounce experiment has used Ramsey GRS to probe the gravity states of neutrons
bound to the surface of mirrors using mechanical oscillations to induce transitions. The tran-
sition |1〉 → |6〉 was observed in detail together with |2〉 → |7〉. A transition frequency of
ν16 = 972.81(12) Hz was determined which corresponds to g = 9.8120(18) m/s2. A selection of
systematic effects contributing to the transition frequency was described and their magnitude
is given in Fig. 2. The value found for the local acceleration determined by qBounce for this
dataset as compared to a classical measurement of gc = 9.8049 m/s2 using a falling corner cube
deviates by a systematic offset of δg ≈ 3.94σ.
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AEḡIS: Status and Prospects

R. Caravita on behalf of the AEgIS collaboration
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The progresses of the AEḡIS collaboration on its way towards directly measuring the gravita-
tional free-fall of neutral antimatter atoms are reviewed. The experiment recently developed
the first pulsed cold antihydrogen source and entered in its second phase, aiming at the first
proof-of-concept gravitational measurement. Several major upgrades were deployed, including
an upgraded antihydrogen production scheme and a fully-redesigned antiproton trap. AEḡIS
re-started its operation on the new CERN ELENA decelerator in late 2021, capturing its
first antiprotons and commissioning its new antiproton energy degrading system and hard-
ware/software control systems.

1 Introduction

The main goal of the AEḡIS experiment at CERN’s Antimatter Factory is to measure the
gravitational acceleration of antimatter atoms with a pulsed beam of cold antihydrogen (H̄)1.
The method chosen by the collaboration is that of directly sampling the trajectory of free-falling
atoms both in space and time, so to invert their (newtonian) equation of motion ∆y ∝ ḡ∆t2

to work out ḡ, Earth’s gravitational acceleration experienced by antihydrogen atoms. Time-
controlled antihydrogen production is realized by a charge-exchange process between trapped
antiprotons (p̄) and laser-excited Rydberg Positronium (Ps) atoms, whose cross-section is σCE ≈
10−15 nPs

4 cm2 and nPs is the principal quantum number of Rydberg Ps (Ps*, from now on)2. Ps
atoms are obtained by implanting bursts of keV positrons (e+) in a nanochanneled mesoporous
e+-Ps silica converter3.

2 Review of AEḡIS phase 1 results

During the first phase of the project (lasting approximately until the end of 2018, see Figure 2)
AEḡIS aimed at three main objectives: assess experimentally the effectiveness of its selected
gravitational sensor, establish Ps* production in its 1T magnetic field environment, and use it
to first produce H̄ in a pulsed fashion following its original charge-exchange scheme (see1, also
shown in Figure 1, left).
First, the possibility to adopt a moiré deflectometer (the classical counterpart of a Mach-Zehnder
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interferometer) was investigated. keV p̄ were let go through a set of two 40 µm-period gratings
and detected by a nuclear emulsion detector4. Comparing the so-obtained p̄ fringe pattern with
a light reference, it was established that the device preserved its alignment in the cryogenic
vacuum of the experiment, and that forces down to the aN sensitivity could be measured on a
baseline of roughly 20 cm5.
Second, Rydberg Ps production via two-step laser excitation in the 1T magnetic B⃗ field of the
experiment was realized. The maximum nPs that could be reached was nPs = 18 as, for higher
levels, significant self-ionization of the atoms was observed. This resulted from the effect of an
effective electric field experienced by the Ps* atoms in their co-moving frame of reference at
velocity v⃗Ps: the so-called motional Stark effect, or E⃗MS = v⃗Ps × B⃗. This electric field caused
efficient field-ionization of Ps* higher than a certain threshold: the maximum excitable nPs,
corresponding to a field-ionization rate of ≈ 1GHz, was nPs ≈ 600 (9 vPsB sin θ)−1/4 ≈ 19,
where θ = π/2 is the trajectory angle between the individual Ps* trajectories and the magnetic
field.6.
Last, a first pulsed cold H̄ source was realized by letting nPs = 17 Ps* atoms impinge on a cloud of
≈ 106 p̄ at 400K, held in a Malmberg-Penning trap with an entrance grid in the upper part of the
central electrode to let Ps* fly through. H̄ formation was established by comparing p̄ annihilation
rates in the few µs after Ps* production with and without the presence of antiprotons, positrons
and the excitation laser. A significant excess of annihilations when both antiprotons, positrons
and laser are enabled was observed, compatible with a production rate of 0.05 H̄ atoms per cycle
of the experiment (110 s)7.

Figure 1 – Left: orthogonal H̄ production scheme of AEḡIS Phase 1: here Rydberg Ps atoms (Ps*) propagate on
average orthogonal to the B field orientation, incurring in the maximal motional Stark effect (see text). Right:
collinear H̄ production scheme of AEḡIS Phase 2: here the Ps* atoms propagate on average parallel to the B field,
cancelling the motional Stark effect.

3 AEḡIS Phase 2

The success in realizing a first ≈100 ns-pulsed cold H̄ source motivated the AEḡIS collaboration
to continue its H̄ physics program for a second major phase of the experiment (Figure 2), whose
main goal is to achieve the first proof-of-concept inertial measurement with pulsed H̄. The
main limitations of the AEḡIS phase 1 approach were identified to be the following: the H̄
source intensity has to be increased by 2 ÷ 3 orders of magnitude; the temperature of the p̄
plasma/produced H̄ atoms has to be reduced by 1 order of magnitude; the experiment should
be designed for the free-fall to take place in the most homogeneous magnetic field region of the
experiment to limit systematic effects due to the magnet fringe-field. These sub-goals, together
with the experience gained in producing and exciting Ps* in high magnetic fields, led to a major
revision of the experimental scheme used to form H̄.

A collinear production scheme (shown in Figure 1, right) is adopted for AEḡIS phase 2,
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Figure 2 – Outlook on the AEḡIS physics programs, underpinning the CERN decelerator schedules (first row), the
leading antihydrogen physics program with its Phase 1 and Phase 2 (second row), and the seconday positronium
and antiprotonic ions physics programs (third and fourth row).

where the e+-Ps silica converter target is installed on the same axis as that of the trap. This
scheme offers several advantages, at the modest price of a limited opening loss in transmission.
First and foremost, the motional Stark effect is cancelled to first order in the trajectory angle θ,
as on average the Ps* atoms’ distribution has ⟨θ⟩ ≈ 0. This allows increasing nPs and excite Ps
to Rydberg levels as high as nPs = 32, being limited only by the second-order angular spread of
the distribution to cover efficiently the p̄ plasma in the trap: a cross-section gain of a factor of 16
is thus realized. Secondly, an up-to 50-fold increase in p̄ numbers is expected from the reduced
p̄ energy of the ELENA accelerator with respect to the former Antiproton Decelerator, leading
to a much higher trapping efficiency8. Combining these two enhancements, the H̄ production
rate will be brought to 1 ÷ 10 atoms for every experiment cycle. Lastly, the final trap of the
experiment was fully redesigned: to reduce the number of electrodes and liberate ≈ 20 cm of
flight space for the deflectometer; to minimize the RF noise footprint on the electrodes; to enforce
a fully cylindrical symmetry and enhance the plasma stability; to embed an active alignment
system at cryogenic temperatures to accurately align its axis to that of the magnetic field. These
upgrades are meant to reach the state-of-the-art plasma temperatures in traps of ≈ tens of K.

4 First antiprotons from ELENA

AEḡIS restarted operation on October 20th, 2021, date on which the experiment took its first
p̄ beam from the ELENA decelerator, equipped with a fully upgraded trap electronics and
control system. This was a major upgrade step performed in 2020 (despite the difficulties
imposed by the ongoing COVID-19 pandemic), consisting in the transition from a fully custom
solution to a semi-standard LabVIEW/ARTIQ/Sinara software/hardware ecosystem, featuring
the high flexibility of the Python-like programming interface of ARTIQ, combined with the
ns-scale hardware synchronization capability of the Sinara hardware and with the solidity of a
distributed LabVIEW control system based on the Actor Model of concurrency.
The 2021 run allowed AEḡIS to test its upgraded control system, upgraded energy degraders
and detection system. Antiprotons from ELENA were successfully imaged and steered on a
micro-channel plate detector (MCP) (Figure 3, right), which allowed careful determination of
the optimal beam steering for energy degrading. The energy degrading effect from its overall
1600 nm thickness of Parylene N foils was observed, with ≈ 15% of the energy distribution of
p̄ transmitted by the degrader lower than 10 keV, the threshold for trapping with the current
high-voltage electrodes9. The first trapping of keV p̄ was achieved, as shown in Figure 3, left.
Trapped p̄ were held in the catching trap for a few seconds, before being slowly released and
imaged by a scintillation detector by ramping down the high-voltage trapping electrodes in about
5 s.
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Figure 3 – Left: first antiprotons caught by AEḡIS from ELENA during the 2022 run. Antiprotons were held
in the trap for 5 s and released by turning off one of the two high-voltage electrodes used for capture, whose
potential decreases in about 5 s. Right: a micro-channel-plate (MCP) image of the primary ELENA beam, chosen
to emphasize the imaging capabilities of this detector to 100 keV antiproton annihilations.

5 Outlook and future prospects

AEḡIS has recently entered in its second phase (see Figure 2), after the successful demonstration
of the first pulsed source of cold H̄, aiming at the first proof-of-concept gravitational measurement
with antimatter atoms. In the near future, the collaboration aims at showing that an enhance-
ment in the H̄ atoms flux from its source by up to a factor of 100 is possible, as well as reducing
the produced atoms’ temperature. As the following step, AEḡIS aims at forward-boosting the
produced H̄ to ≈ 103 ms−1, by collectively accelerating the p̄ plasma right before the charge-
exchange occurs, to impress on the p̄ a common axial momentum that is then transferred to the
H̄ atoms. This will effectively realize a pulsed, forward-boosted beam of transversally-cold H̄,
the necessary ingredient for attempting a first gravitational measurement, which is thus possible
in the mid future. The parallel development of a suitable deflectometer/interferometer is already
ongoing, to develop an instrument able to measure the tiny vertical deflection due to gravity:
δy ≈ 0.2 µm for 103 ms−1 H̄ in the 20 cm baseline available for the experiment.
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Status and plans of the Gravitational Behaviour of Antihydrogen at Rest
experiment

Philipp Blumer on behalf of the GBAR collaboration

ETH Zurich, Institute for Particle Physics and Astrophysics
Otto-Stern-Weg 5, 8093 Zurich, Switzerland

The GBAR experiment aims to directly test the Weak Equivalence Principle of ultracold
antihydrogen in Earth’s gravitational field. The gravitational acceleration g will be measured
to a precision of 1 % using a classical free fall of the anti-atoms from a fixed height. Reaching
a precision of 10−6 is planned by performing a ”quantum free fall” experiment by detecting
quantum interference of H due to quantum gravitational bound states above a reflecting
surface. Additionally, a H Lamb shift measurement is being prepared in parallel that will
allow to determine the antiproton charge radius at the level of 10 %.

1 The GBAR experiment

Neutral antihydrogen atoms (H), consisting of one antiproton (p) and one positron (e+), are
used to test the behaviour of antimatter in the terrestrial gravitational field at the AD facility
at CERN. A first direct approach by releasing H from a magnetic trap constraints the ratio of
the gravitational to the inertial mass of H between −65 and 100, with the sign of the gravita-
tional acceleration g undetermined 1. The unique approach of the Gravitational Behaviour of
Antihydrogen at Rest (GBAR) experiment is to synthesise positively charged antihydrogen ions

(H
+

) that can be trapped in a Paul trap and sympathetically cooled to a few µK temperature
by coupling them to laser-cooled Be+ ions, minimizing their initial velocities 2. The excess e+ is
then photo-detached using a 1640 nm laser and the now neutral H experiences a classical free fall
from a fixed height. By measuring the time of flight and annihilation position the acceleration
g can be determined in a first phase with a precision of 1%. In a second phase measuring quan-
tum interferences, due to quantum gravitational bound anti-atoms above a reflecting surface,
will allow to reach a 10−6 precision 3. GBAR’s unique formation of ultracold H and H

+
may

open the way for new exciting possibilities, such as optical trapping of ultracold anti-atoms 4

and the production of molecular anti-ions 5. Those experiments will result in an unprecedented
sensitivity to test Lorentz and CPT symmetry, helping to shed light on the observed baryon
asymmetry.

As a byproduct of the free fall experiment, the H Lamb shift, i.e. the energy difference of
the 2S1/2 and 2P1/2 states, can be measured. Measuring the Lamb shift with an uncertainty
of 100 ppm will determine the antiproton charge radius at the level of 10% and probe CPT by
looking for a difference in the energy levels from ordinary hydrogen atoms 6.
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Figure 1 – General scheme of the H and H
+

production and the experimental setup for the H Lamb shift
measurement.

2 Production of antihydrogen atoms and ions

The H
+

is fabricated inside a so-called reaction chamber via two charge-exchange processes

p + Ps→ H + e−

H + Ps→ H
+

+ e−.
(1)

The upgrade to the antiproton decelerator at CERN, the Extra Low ENergy Antiproton
(ELENA) storage ring delivers every 110 s a bunch of about 5 × 106 p at a kinetic energy
of 100 keV. They have to be efficiently decelerated to a few keV energies for an optimal H
production. This is done using a drift tube that can switch from −100 kV to 0 V when the p
bunch is inside the tube. With this technique it was shown that the beam can be decelerated
to 8 keV, though it increases the beam emittance 8.

The GBAR LINAC produces electrons with a kinetic energy of 9 MeV in a pulse width
duration of 2.85µs and a repetition rate of up to 300 Hz. Positrons are then generated via pair
production of high-energy γ’s due to electrons impinging on a tungsten target. At a LINAC
rate of 200 Hz the positron flux is about 4× 107 e+/s 9. The e+ are then accumulated in a buffer
gas trap, and afterwards stacked in a ultra-high vacuum high field trap. Routinely trapping
1.5 × 108 e+/110 s has been achieved in the fall of 2021 and a maximum of 1.4 × 109 e+ within
1100 s has been demonstrated. The accumulated e+ are then ejected onto a porous silica film
inside a cavity, forming a positronium (Ps) cloud in vacuum. The conversion probability of
e+ to ortho-Ps with a lifetime of 142 ns is about 30 %. Due to losses in the e+ transport
onto the target about 1 × 106 Ps were formed during an ELENA cycle inside the cavity of size
2 mm× 2 mm× 20 mm in 2021. The low energy p flying through the Ps cloud will first form H
and then H

+
as described in Eq. 1. It follows that a high density of the order of 1011 Ps/ cm3

is needed to form a single H
+ 2. As a byproduct to the H

+
production many neutral H atoms

are formed and a parasitical Lamb shift measurement can be undertaken. Thus, the resulting
beam of p, H and H

+
exits the reaction chamber, passes through the Lamb shift setup and is

afterwards split in an electrostatic field to dedicated detection systems, as is shown in Fig. 1.

3 Lamb Shift measurement as a byproduct of antihydrogen production

A fraction of the produced H will be in the metastable 2S1/2 state. When passing through
two microwave field regions they can be excited to the 2P1/2 state depending on the resonance
frequency. Since the transition frequencies of the hyperfine states are close to each other it is
beneficial to remove unwanted states using a state selector and subsequently scan the isolated
2S1/2(F = 0,mF = 0) → 2P1/2(F = 1,mF = 0) transitions with a MW transmission line, see

Fig. 1. Remaining H(2S) are quenched to the 2P state in a static electric field where they relax
to the ground state with a 1.6 ns lifetime emitting a Lyman-α photon with a wavelength of
122 nm. With the surrounding CsI-coated MCP detectors the Ly-α photons are counted as a
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Figure 2 – GEANT4 rendering of the classical free
fall simulation with the tracks of the H atoms
(blue) inside the free fall chamber (red). The 6 Mi-
cromegas triplets and 4 TOF detectors are shown
in grey.

Figure 3 – Micromegas detector used for tracking
of charged pions from H annihilations in the GBAR
experiment 16.

function of the MW frequency thus determining the H Lamb shift. The setup was commissioned
with Muonium at PSI where the detection efficiency was validated to be ε = εLyA× εGeo/Qnch =
16% 11,12. This includes the geometrical and quenching efficiency εGeo/Qnch = 40% simulated
using SIMION and the MCP efficiency with a quantum efficiency of 50% to convert a photon
to a free electron εLyA = εMCP × εQE = 40% 13,14.

4 Capture and cooling of antihydrogen ions

After its production the H
+

is captured and cooled to ultracold temperatures in two steps. First,
the single H

+
is trapped and sympathetically cooled by Coulomb interaction in a RF Paul trap

filled with a laser-cooled Be+ ion cloud. An efficient sympathetic cooling process is needed to
circumvent a possible photo-detachment of the excess e+ by the 313 nm laser used to cool the
Be+. It is most efficient when the mass ratio of the ions is small which is not the case for Be+ and
H

+
with a ratio of 9/1. Simulations show that HD+ ions can be added to reach a temperature

in the range of 5− 100 mK within a cooling time of a few ms 15. To further cool the H
+

ion, it is
then transported to a precision trap to form a Be+/H

+
ion pair. Applying ground state Raman

sideband cooling to the ion pair will cool the H
+

to 10µK temperature corresponding to initial
velocities of ∼ 1 m/s 2,15.

5 Classical free fall

A laser pulse with a 1640 nm wavelength ionizes the H
+

, triggering the start of the free fall ti.
The now neutral H is no longer held by the precision trap and falls from a height of zi = 30 cm
inside a so-called Free Fall Chamber (FFC), see Fig. 2. The initial velocity of the anti-atom
directly affects its trajectory and recent simulations have shown that a hexagonal FFC maximizes
the vertical flight path while having the best mechanical stability. The H will inevitably come
in contact with the vacuum vessel and annihilate, producing on average three charged pions π±.
Surrounding position sensitive Micromegas detectors track the trajectory of the pions, allowing
for the reconstruction of the H annihilation position with a focus on the vertical zf -component.
The Micromegas detectors of size 50 cm × 50 cm are arranged in groups of three, of which at
least two must record a pion hit to reconstruct its flight path 16. Additionally, TOF scintillator
bars are forming the outer layer of the detection setup, and are used to measure the precise free

155



Figure 4 – Two dimensional scheme for the detec-
tion (red line) of quantum interference due to quan-
tum reflection of H on a mirror surface (blue line)3.

Figure 5 – Probability distribution on the detection
plane of the interference pattern in one dimension3.

fall time tf and help reject cosmic ray signals17. The gravitational acceleration is then extracted
from the classical formula

zf = zi + viz(tf − ti) +
1

2
g(tf − ti)2 (2)

where the initial vertical velocity viz is a priori unknown. Detailed simulations of the initial
position and velocity distributions are ongoing and using a realistic GEANT4 simulation an
advanced analysis of the reconstruction is studied.

6 Quantum reflection and the quantum free fall

The phenomenon of quantum reflection of H on a surface rather than being annihilated, plays
an important role for the GBAR experiment 18. It has to be taken into consideration in the
analysis of the classical free fall experiment since H can be reflected on the free fall chamber
and thus increase the measured time of flight. But the effect can also be exploited to reach a
g precision of 10−6 by detecting the interference pattern produced by anti-atoms bouncing on
a mirror surface before experiencing a classical free fall 3,18. The experimental idea is based on
the concept of the neutron whispering gallery experiment 19. A sketch of this simplified scheme
considering only two dimensions (X and Z) is shown in Fig. 4. The H atoms are dropped from
a small height and bounce on a mirror of length d and height H above the detection plane. The
dashed lines represent the H quantum states due to the gravitational and mirror potential. The
different possible paths through these states create an interference pattern in momentum space.
By letting the atoms free fall from the end of the mirror results in a detectable interference
pattern in position/time space as shown in Fig. 5.

7 Summary

The unique approach of the GBAR experiment to measure the free fall of H in the Earth’s
gravitational field, consists of synthesizing H

+
and cooling it to a few µK temperature, before

photo-detaching the excess positron and releasing the neutral anti-atom. It has been shown
that the individual p deceleration works as proposed. However, reliably producing, trapping
and transporting positrons and consecutively forming Ps must be improved for the beamtime in
2022 to get H and H

+
in a second step. In parallel the H Lamb shift setup has been commissioned

with hydrogen and is ready for measurements with the anti-atoms as soon as those are available
in GBAR. Detailed simulations of the classical and quantum free fall have been undertaken.
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Campus Pierre et Marie Curie, 75005 Paris, France

An accurate evaluation of the gravity acceleration g from the timing of free fall of anti-hydrogen
H atoms in the GBAR experiment requires to take into account obstacles surrounding the anti-
matter source. These obstacles reduce the number of useful events but may improve accuracy
since the edges of the shadow of obstacles on the detection chamber depends on gravity,
bringing additional information on the value of g. We perform Monte Carlo simulations to
obtain the dispersion and give a qualitative understanding of the results by analysing the
statistics of events close to an edge. We also take into account the effect of specular quantum
reflection of H atoms on detection surfaces.

1 Introduction

The principle of GBAR experiment is based upon an original idea of Walz and Hänsch 1. Anti-
hydrogen ions H` are cooled in an ion trap by using laser cooling techniques. The excess positron
of H` is photo-detached with a laser pulse, forming a neutral H atom, and this marks the start of
the free fall time 4,5. At the end of this free fall, the H atom annihilates on the detection surface
of the free fall chamber producing secondary particles, the detection of which makes it possible
to reconstruct the time T and position R of the annihilation event. The free fall acceleration g
is deduced from a statistical analysis of annihilated events.

We have first analysed the accuracy on g to be expected in a simple geometry for the GBAR
experiment 3, taking into account the impact of the photo-detachment process on the initial
velocity distribution and the statistics of annihilation events. We thus got a relative uncertainty
of about 3%, approaching the 1% target of the experiment 2.

We then went further in this analysis by taking into account the obstacles surrounding the
H source. These obstacles, such as the electrodes of the ion trap 4,5, intercept some trajectories
of H atoms, leading to an improved accuracy on the measurement of g thanks to the additional
information gained from events close to the edges of the shadow of obstacles.
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2 Design of the free fall chamber

The source of H atoms is placed at the centre of a cylindrical vacuum chamber (radius Rc “ 25 cm
and free fall height Hf “ 30 cm) in which the free fall measurement is performed. This source is
surrounded by obstacles such as the electrodes of the trap 4,5 necessary for the experiment. We
define a cleaner geometry by hiding obstacles behind two symmetrically positioned disks of radius
Rd placed above and below the trap at a distance Hd. The resulting geometry is schematized on
Fig.1, with trajectories to the surfaces of the chamber represented as red lines.

Disk 

Disk 

x 

z 

y 

Hd 

Hd 

Figure 1 – a - Cylindrical chamber with two disks symmetrically positioned above and below the trap at distance
Hd. Trajectories to the surfaces of the chamber are represented as red lines. b - Schematic representation of the
ion trap. Electrodes are in red, the lenses are in purple and the two disks are in blue. The structure that supports
the trap is not represented.

The symmetrical configuration produces a simple geometry for the Monte-Carlo simulations
of the experiment to be presented below. We work with a horizontal polarisation of the photo-
detachment laser, in order to launch the atoms preferably in the free interval between the two
disks. The photo-detachment energy recoil is taken as δE “ 30 µeV, and the frequency of the
trap is f “ 1MHz.

The evaluation of g from the analysis of annihilation data involves the calculation of the
probability current JpR, T q (number of atoms per unit of surface and unit of time) to detect a
particle at position R in space and T in time. The expression of this current is given in 3.

3 Quantum reflection on detection surfaces

Ultra-cold H atoms falling onto the detection plate suffer a quantum reflection (QR) on the
Casimir-Polder potential arising before they touch the surface and this is expected to affect the
free fall measurement 6.

The probability of quantum reflection depends on the component of velocity orthogonal to
the plate and on the optical properties of the material. Here we assume that the boundaries of
the free fall chamber are well polished stainless steel plates behaving as mirrors of good optical
quality. A good approximation of quantum reflection probabilities is thus obtained by taking
the values calculated for mirrors perfectly reflecting electromagnetic fields 6.

We will use an interpolation formula which has been designed to reproduce accurately the
full range of numerically calculated curves for QR probability:

|r|2 “ exp

˜

´4κ
M

˜

1`
ακ2{3

1` βκ´1

¸¸

, (1)

κ ” k|b| “
m|b|

~
|VK| , α » 0.7088 , β » 0.5163 .
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Here k is the atomic wave-vector determined by the orthogonal velocity VK, and b the imaginary
part of the scattering length deduced from the optical properties of the surfaces. For a mirror
perfectly reflecting electromagnetic fields 7, |b| » 28.75 nm. The constants α and β have been
obtained by a least-squares fit on the numerically calculated curves.

We show on Fig.2 the current on the walls as function of time t and vertical position z. The
essential information on this plot is that quantum reflection allows atoms to reach the shadow
zone which is forbidden when quantum reflection isn’t taken into account. We also observe that
there remains a small forbidden zone which cannot be reached by any trajectory.

0.1 0.2 0.3 0.4
t (s)

0.5

0.4

0.3

0.2

0.1

0.0

0.1

0.2

z (
m

)

0

10

20

30

40

J (
s

1 m
2 )

Figure 2 – Particle current J incident on the walls calculated taking into account quantum reflection. The limit
of the shadow zone is represented by dotted lines.

For the configuration of cylindrical chamber with disks, with parameters f “ 1MHz, δE “
30µeV and horizontal polarisation of the laser, the fraction of atoms that reach the surfaces of
the detection chamber is about 66% (the other 34% are annihilated on the disks and useless
for the measurement of g) while „18% of the atoms annihilated on the surfaces of the free fall
chamber have been reflected on another surface before their detection.

4 Simulations and estimation of the uncertainty

We have used a Monte-Carlo method to estimate the accuracy to be expected in the experiment.
This method is presented in details in 3,8.
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Figure 3 – Sample of normalised likelihoods including quantum reflections calculated for independent random
draws of 1000 atoms 8.

We represent on Fig.3 the likelihood functions calculated for random draws of N “ 1000
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H atoms. We clearly see that the likelihoods are not Gaussian and contain different steps, in
particular due to interception of some trajectories by the disks. For this reason, we have chosen
to define the estimator pg as the average of the likelihood function (Mean Likelihood Estimator),
as explained in details in 8.

We show on Fig.4 an histogram of the estimators pg obtained by repeating the estimation
process a high number of times. We deduce the standard deviation σg of the estimators of g,
which has a relative value σg{g0 of 0.54%. We also checked that the average µg of the estimators
of g corresponded to a not significant relative statistical bias µg ´ g0q{g0 of 0.03%.
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Figure 4 – Normalised histogram of 10000 estimators pg calculated by accounting for quantum reflection. The solid
orange curve represents a Laplace distribution, a good approximation of the histogram with the parameters used
here.

For completeness, we also evaluated the confidence intervals containing 95% of the probability
in the histogram of the estimators pg: I “ r9.739; 9.891s.

The solid orange curve on Fig.4 represents a Laplace distribution, which we have shown to
be a fair approximation of the histogram when obstacles play a dominant role 8.

5 Conclusion

We have modelled the GBAR free fall chamber with disks surrounding the antihydrogen source,
by taking into account quantum reflection processes on the Casimir-Polder potential above matter
surfaces. The Monte-Carlo simulation for N “ 1000 antihydrogen atoms used in the experiment
leads to a relative uncertainty of σg{g of about 0.54%, which is below 1% (the goal of the GBAR
experiment). We note that the accuracy is improved compared to the case without disks thanks
to the additional information on the value of g gained from the presence of shadow edges, the
positions of which depend on g.
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INPOP Planetary ephemerides and applications in the frame of the BepiColombo
mission including new constraints on the graviton mass and dilaton parameters
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We present here the new results obtained with the INPOP planetary ephemerides and Bepi-
Colombo radio-science simulations. We give new constraints for the classic General Relativity
tests in terms of violation of the PPN parameters β and γ and the time variation of the
gravitational constant G. We also present new limits for the mass of the graviton and finally
we obtain new acceptable intervals for the dilaton parameters α0, αT and αG. Besides these
tests of gravitation, we also study the possibility of detecting the Sun core rotation.

1 INPOP planetary ephemerides and Bepi-Colombo simulations

The INPOP20a planetary ephemerides has several modifications relative to INPOP19a13: the
addition of 5 Jupiter positions deduced from the Juno perijove PJ19 to PJ23, leading to a
coverage of more than 4 years of observations with an accuracy of about tens of meters on
the Earth-Jovian barycenter measurements. Two important changes have also been brought to
the dynamical modeling : first the introduction of the Lense-Thirring acceleration and second,
a more realistic modeling of the accelerations induced by the Trans-Neptunian objects on the
outer solar system. A full description of the INPOP20a modele and fit can be found in14,15.
INPOP21a14 and INPOP22a are two updates of INPOP20a with more Juno and MEX data.

1.1 Sun core rotation and Lense-Thirring effects

When comparing the estimations of the Sun oblateness, J�2 , obtained with planetary ephemerides
to values obtained by helio-seismology3,25, it is important to keep in mind that an additional
contribution must be included in order to compare consistent estimates: the effect of the Sun
rotation on the space-time metric22. With the accuracy of the Bepi-Colombo mission, it is
important to include the Lense-Thirring in the INPOP equations of motion as18 estimated that
it contributes to 10% of the dynamical acceleration induced by the quadrupole of the Sun in
General Relativity (GRT). The acceleration induced by the Lense-Thirring effect generated by
a central body (at the first post-Newtonian approximation) is given by

~aLT =
(γ + 1)G

c2r3
S[3

~k.~r

r2
(~r ∧ ~v)− (~k ∧ ~v)] (1)
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where G is the gravitational constant, c the speed of light, ~S is the Sun angular momentum such
as ~S = S~k where ~k is the direction of the Sun rotation pole defined according to the IAU right
ascension and declination4. ~r and ~v are the position and velocity vectors of the planet relative
to the central body (here the Sun) and γ is the PPN parameter for the light deflection. The am-
plitude of the Sun angular momentum S, implemented in INPOP depends on the hypothesis for
the Sun rotation. As the rotation of the convective layers is well constrained by helio-seismology
and composed about 80% of the total rotation rate21, the remaining uncertainty on the Sun
rotation comes from its core rotation11. For the very center of the Sun, the helioseismology
based on acoustic modes is less precise. Several solutions presented in Table 1 exist from a slow
rotation rate8 , an uniform rate at 435 nHz to a fast26 and a very fast rate16. This very fast
rotating core was suggested to explain a recent, but still debated, claim of g-mode detection.
The way we derive the amplitude of Sun angular momentum S from the Sun core rotation is
explained in15 and derived from the following equation :

S =
1

2

∫ R�

0
r2dm

∫ 1

−1
(1− cos2 θ) Ω(r, θ) d cos θ, (2)

where Ω(r, θ) is the rotation rate of the sun that can be split into the contribution of the
convective layers given by helioseismology27 and the contribution of the core. For the core
rotation (r < 0.25R�), we used Gaussian profiles that fit the different heliosesimic solutions
proposed in8,16,26 or we set a constant rotation at 435 nHz (see Table 1). For each value of the
Sun angular momentum, an INPOP adjustment is done and J�2 is fitted. The J�2 obtained with
INPOP20a in considering the Sun angular momentum from helioseismological measurements25

is given on the first line of Table 1. This value, (2.21 ± 0.01)×10−7, is very close from the values
deduced from SOHO (2.22 ± 0.009)×10−7 and GONG (2.18 ± 0.005)×10−7 3. It is also in good
agreement with the previous analysis of the same data made by25 giving as an average estimate
between GONG and SOHO, (2.18 ± 0.06) ×10−7. We emphasize that there is an important
correlation (80 %) between S and J�2 when both parameters are estimated in a global planetary
fit. Because of this high correlation, the Sun angular momentum S is not fitted in the INPOP
adjustment instead we use the value from25. The same choice has been made by17 who focused
on using Messenger data for constraining Mercury and Earth orbits. Their obtained value of
J�2 is also given in Table 1 and is consistent with our estimate as well as with25. Using these
different angular momenta to account for the Lense-Thirring effect in our global ephemerides
fit, we extract the corresponding gravitational J�2 , as shown in Tab. 1. Our fitted values are in
good agreement with those inferred from helioseismology3,25 with a value close to 2.2 × 10−7.
We emphasize that our value obtained using the very fast core (e.g. following16) is smaller than
the J�2 ≈ 2.6×10−7 found in Scherrer and Gough 28 , who used the same very fast solution. The
reason of this difference is due to their large extent of the fast rotating core. Our differences
in J�2 coming from the different core rotations are much smaller than our error bars, which
prevents us to disentangle these core rotations with the current planetary ephemerides. We
will see that with the inclusion of the Bepi-Colombo simulations (BC), this conclusion could be
different (Sect. 2.2).

1.2 Bepi-Colombo simulations

In using INPOP20a as a reference planetary ephemerides, we simulate possible range bias be-
tween Mercury and the Earth as they should be obtained by the radio science MORE experiment
on board the Bepi-Colombo (BC) mission. Based on the assumption that the radio tracking in
KaKa-Band keeps the 1 cm accuracy that has been monitored during the commissioning phase
of the Bepi-Colombo mission in 2019 and 202019, we suppose a daily acquisition of range track-
ing data29 during a period of 2.5 years, from 2026 to 2028.5. The simulated residuals obtained
in using INPOP20a provide a reference against which can be tested the ephemerides integrated
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Table 1: Sun Angular Momentum and oblateness. Is given in Column 3, the values of Sun J�
2 obtained after

fit using the values of the amplitude of the angular momentum given in Column 2. Different models of rotation
(identified in Column 1) are used for estimating S. On the first line, are given the results obtained for INPOP20a.
See Sect 1.1 for the significance of the different rotation hypothesis. The final two columns give the results
obtained after the introduction of BC in the fit sample. In particular in Column 5, we give the differences ∆J�

2

between the reference J�
2 fitted using25 angular momentum value and the J�

2 obtained after fit using different
values for the amplitude of the angular momentum given in Column 2. The uncertainties are given at 3-σ.

Type of rotation S ×1048 J�
2 wo BC ∆J�

2 w BC
g.cm−2.s−1 ×107 ×1010

INPOP20a 1.90 2.218 ± 0.03 0.0 ± 2.3
17 1.90 2.2710 ± 0.003

Slow rotation 1.896 2.208 ± 0.03 -2 ± 2.3
uniform rotation at 435 nHz 1.926 2.210 ± 0.03 0 ± 2.3
Fast rotation 1.976 2.213 ± 0.03 2 ± 2.3
Very fast rotation 1.998 2.214 ± 0.03 3 ± 2.3

with non-GRT parameters (i.e., PPN β 6= γ 6= 1 and µ̇/µ 6= 0 or accounting for a massive
graviton or a massless dilaton). The capability of these alternative ephemerides to have a good
fit with the GRT simulated observations tell us what constraints can be obtained on the PPN
parameters. In the same manner we have tested the sensitivity of the BC simulations to any
change in the values of the Sun angular momentum (see Sect 2.2).

1.3 WRSS filtering

By construction, the planetary ephemerides cannot disentangle the contribution of the PPN pa-
rameters β, γ and the Sun oblateness J�2

12. The introduction of the Lense-Thirring effect helps
for individualizing the signature induced by PPN γ but correlations between these parameters
stay high. This is the reason why a direct adjustment of these three parameters together in a
global fit leads to highly correlated determinations and under-estimated uncertainties. The de-
tailed method of the Monte Carlo simulations for building the Weighted Residual Sum of Squares
distribution is explained in15. It is based on the study of the instrumental noise variability of
the INPOP adjustment and its impact on the WRSS estimation following the equation

WRSS =
1

N

N∑
i=1

((O − C)i)
2

σ2i
(3)

where (O − C)i is the difference between the observation O and the observable C computed
with INPOP (postfit residual) for the observation i, σi is the a priori instrumental uncertainty
of the observation i and N is the number of observations. We obtain an experimental WRSS
distribution from which we can estimate the probability of a postfit WRSS to be explained by
the instrumental uncertainties. We derive the quantiles corresponding to the 3-σ of the WRSS
distribution and we can estimate a confidence interval [WRSS max:WRSS min] that contains
99.7% of the distribution. We used these WRSS max and WRSS min as thresholds for the
selection of alternative ephemerides (estimated with non-GRT parameters) compatible at 99.7%
with the observations. We proceed in the same manner with the Bepi-Colombo (BC) simulations.
We add BC simulations to the INPOP20a data sample in radomly sampling Mercury-Earth range
bias with 1 centimeter instrumental uncertainty.
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2 Results

2.1 PPN tests without Bepi-Colombo

About 6000 runs are estimated with values of PPN β and γ different from unity and µ̇/µ different
from 0. For each of these runs, alternate planetary ephemerides are integrated and fitted over
the same data sample as INPOP20a in an iterative process. When the iterations converged, the
obtained WRSS is compared to the INPOP20a confidence interval. Only 23% of the runs with
β and γ different from unity have WRSS encompassed in this confidence interval and 60% with
non-zero µ̇/µ.

Table 2 gives the deduced intervals for the three quantities and the Sun oblateness based
on the WRSS filtering. These intervals are all compatible with GRT and can be compared with
the one obtained by direct least square fit (non-GRT LS), based on the INPOP20a data sample.
The non-GRT LS are obtained by adding (β, γ, µ̇/µ) to the full INPOP20a adjustment together
with the 402 other parameters (including the mass of the Sun and its oblateness, constrained
by helio-seismology values). As for the WRSS filtering, these estimations are also consistent
with GRT. As a first consequence of important correlations induced between these parameters,
J�2 and planet semi-major axis, in the global fit including β and γ, the LS uncertainties are
under-estimated and the WRSS intervals are systematically larger than the LS results.

Table 2: PPN β, γ, µ̇/µ and J�
2 confidence intervals given at 99.7 % of the reference WRSS distribution, with and

without Bepi-Colombo simulations. The first column indicates the method being used for obtaining the results
given in Columns 4 (with INPOP20a) and 6 (with INPOP20a and BC simulations). LS stands for Least squares
estimations.

(β − 1) (γ − 1) µ̇/µ J�
2

×105 ×105 ×1013 yr−1 ×107

3-σ WRSS INPOP20a -1.12 ± 7.16 -1.69 ± 7.49 -1.03 ± 2.28 2.206 ± 0.03
non-GRT LS INPOP20a -1.9 ± 6.28 2.64 ± 3.44 -0.88 ± 0.29 2.165 ± 0.12

3-σ WRSS INPOP20a + BC 0.32 ± 5.00 0.09 ± 0.40 -0.19 ± 0.19 2.206 ± 0.009
non-GRT INPOP20a + BC ± 1.06 ± 0.23 ± 0.01 ± 0.013

2.2 PPN tests with Bepi-Colombo

The first aspect to consider when one introduces BC simulations in planetary adjustments
is the impact on the determination of planetary orbits by the means of the evolution of the
covariance matrix of the planetary orbit initial conditions and other parameters of the fit. On
Fig. 1, we plotted the ratio between the standard deviations (defined as the square root of the
diagonal terms of the covariance matrix deduced from the least squares adjustment) for the 402
parameters of INPOP20a in GRT obtained in including the BC simulation (σ w BC) and without
the BC simulation (σ wo BC). As one can see on this figure, the highly improved parameters,
besides the Mercury and the Earth-Moon barycenter orbits, are the Earth-Moon mass ratio, the
mass of the Sun and its oblateness. As secondary perturbers of the Mercury-Earth distance,
Venus sees also its orbit improved as well as Mars. At a lower level, Jupiter and Saturn orbits
are also better estimated when the Main Belt asteroid masses are marginally improved. This
indicates a slight reduction of the mass uncertainties for some of the perturbers.

In GRT, the results of the J�2 LS adjustment including BC simulations for different models
of Sun core rotations are given in the Column 4 of the Table 1. One can notice a significant
reduction of the 3-σ LS uncertainty from 3×10−9 with INPOP20a to 2 ×10−10 when including
the BC simulations (as noticeable in Fig. 1 as well). At this level of accuracy, the differences
between Sun core rotation modes appear to be detectable . More precisely, despite the fact that
the estimated values for the Sun oblateness are still consistent at 2σ with3, they differ from
one Sun core rotation mode to another by a maximum of 5 ×10−10 (between the slow and the
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Figure 1 – Distribution of the ratio between
the parameter uncertainties obtained with and
without BC simulations in log scale.The colors
and shapes indicate the different types of pa-
rameters considered in the INPOP adjustment :
Me,V,Ma,Ju,Sa,UN, EMB represent the ratio of the
uncertainties for the 6 orbital initial conditions for
Mercury, Venus, Mars, Jupiter, Saturn, Uranus,
Neptune and the Earth-Moon barycenter respec-
tively. J�

2 , Sun GM, EMRAT and TNB give the
ratios for the Sun oblateness and mass, the ratio
between the Earth and the Moon masses and the
mass of the TNO ring respectively. Finally AstGM
indicates the ratio for the 343 Main Belt asteroid
masses.

very fast rotations) , which is more than 2 times bigger than the 3-σ LS uncertainty. This can
indicate the possible disentangling of the different (uncertain) solution of helioseismology in the
core thanks to the addition of the BC data. If we consider the direct fit of J�2 together with the
non-GRT parameters or the WRSS J�2 determination given in the last columns of Table 2, the
obtained 3-σ LS or WRSS uncertainties are improved relative to the solutions without BC, but
they remain larger than the uncertainty obtained in GRT. In this context, the detection of the
different models for the Sun core rotation appears then to be out of reach when we consider a
simultaneous estimation of non-GRT parameters and J�2 but detectable in a direct LS estimation
in GRT.

On Table 2 are also given the results obtained by adding the BC simulations to the INPOP20a
data sample for PPN parameters. A first striking result is that BC will improve drastically the
constraint on the possible violation of GRT through the PPN parameters β and γ. For the 3-σ
WRSS filtering, the most spectacular is the estimation of the γ parameter which gains a factor
19 in comparison with the INPOP20a results. The constraint on β is less improved, of about a
factor 1.5. We also note an improvement of the LS results with and without BC of about a factor
6 for β and 15 for γ. For µ̇/µ the introduction of the BC simulations induces an improvement
of about a factor 12 with the WRSS filtering and 30 in the direct LS. With such a constraint,
in the perspective of measuring Ġ/G, it will be important to have independent and accurate
constraints for the Sun mass loss which has currently a higher uncertainty (0.61× 10−13 yr−1).

2.3 The massive Graviton

In following5,6, the hypothesis of a massive graviton is introduced in INPOP in considering an
additional acceleration agrav given by with the equation :

δagrav =
1

2λ2g

∑
B 6=A

GMB
xA − xB
|xA − xB|

+O(λ−3g ) (4)

where λg is the Comptom length, related to the mass of the graviton mg by h/(c ×mg). Al-
ternative ephemerides are integrated including agrav and fitted to the INPOP22a data sample
with and without Bepi-Colombo. A selection of acceptable alternative ephemerides is done fol-
lowing the WRSS filtering and a limit in the maximum of the Compton length value is obtained
and given in Table 3. Two regimes of detection are possible for the mass of the graviton: the
dynamical mode with the detections of gravitational waves and the static mode with the inter-
action of the mass of the static graviton with planetary orbits. With the first round of analysis

169



of the Virgo-Ligo catalog (GWTC-11), the Compton length measured by gravitational waves
was closed from the obtained with INPOP19a6. But the accuracy of the third version of the
Virlo-Ligo catalog GWTC-32 induces a better constraint on the graviton mass compared to the
present INPOP measure (i.e. in Table 3, GWTC-3 versus INPOP22a wo BC). However, the
addition of the BC simulation seems to push the INPOP result at the level of GWTC-3. We
also note that the results obtained with the WRSS filtering give a limit compatible with the
one obtained by10 with a covariance analysis including independent BC simulations . Interpre-
tations in terms of Yukawa potential constraint are also given in Table 3 following the potential
approximation V (r) = VNewton(r)(1 + αexp(−r/λ)) with r/λg << 1 and α < 1

Table 3: Limits obtained for the Compton length λg in km as defined in Eq. 4. Are also given the corresponding
values in term graviton massmg in eV/c2. Are also indicated for comparisons the values obtained with INPOP19a6

and10 as well as the estimations for the dynamical mode from Virgo-Ligo GWTC-11 and GWTC-32

GW INPOP19a INPOP22a 10

TC-11 TC-32 6 wo BC with BC with BC
CL 0.90 0.90 0.90 0.90 0.90

Yukawa suppression
λg ×10−13 [km] 2.6 9.77 3.93 5.50 8.32 8.8
mg ×1023 [eV/c2] 4.7 1.27 3.16 2.17 1.51

Fifth Force

λ/
√
|α| for α > 0 [km] 3.93 5.50 8.32

λ/
√
|α| for α < 0 [km] 3.77

2.4 The massless dilaton in linear coupling

As in7, we introduce the modified equation of motion for the planetary and lunar ephemerides
accounting for three matter-field couplings depending on the nature of the bodies and derived
from the theory of the massless dilaton firtly proposed by9 and then adapted to planetary
ephemerides by23 and7. These three parameters are α0, the universal coupling, αG for the
gazeous planets and αT for the telluric planets. The same method as for the PPN parameters
and the massive graviton is used. We first sample randomly the dilaton parameters introduced
in INPOP (α0,αT ,αG). For each tuple, we then built a planetary and lunar ephemeris by
integration of the modified EIH and fit to the observations (INPOP22a with and without Bepi-
Colombo simulations). A selection based on the WRSS value is done. The distributions of the
selected ephemerides in terms of (α0,αT ,αG) are given in Table 4. The improvement brought
by the Bepi-Colombo simulations is clearly visible, especially for the telluric constraint αT for
which the intervalle of possible values is divided by a factor about 10. For α0, the improvement
is about a factor 2 and about factor 1.5 for αG. Are also given the deduced constraint on γ as

γ =
1−α2

0

1+α2
0

Table 4: Intervals of possible values for the 3 dilaton parameters: α0, the universal coupling, αT the telluric
planet coupling and αG the gazeous planet coupling. For comparisons are also given the values obtained by7 with
INPOP19a.

INPOP19a7 INPOP22a with BC
this work

Confidence: 90% 99.5% 99.5%
α0(×105) −0.94± 5.35 1.01± 23.7 ±11.29
αT (×106) 0.24± 1.62 0.00± 24.5 ±2.80
αG(×105) 0.01± 4.38 −1.46± 12.0 ±8.29
(γ − 1)× 108 0.2 ± 6 0.2 ± 11.2 ±2.5
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3 Conclusions

New constraints on PPN parameters β,γ, possible time variations of the Sun gravitation mass
are given using the latest versions of the INPOP planetary ephemerides and WRSS filtering.
Lense-Thirring acceleration has been added to the INPOP equations of motion opening the door
to the detection of the Sun core rotation mode, especially in the frame of the Bepi-Colombo
mission. The first Mercury flyby by BC occurred in October 2021 and the radio science data
obtained during this first flyby are currently analysed by the MORE team. They will be included
in INPOP soon, allowing new GRT tests and measures of the mass of the graviton and the three
coupling parameters of the massless dilaton. These estimations will be compared with the
simulations proposed here.
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The results obtained with the GRAVITY instrument on the Galactic Center are presented in
this paper. The GRAVITY data combined with spectroscopic data have allowed to accurately
measure the gravitational redshift experienced by the star S2 at pericenter passage in 2018,
a first confirmation of general relativity in the potential of a supermassive black hole. A
second successful test was the measurement of the Schwarzschild precession of the star S2 in
2020, recently improved with new data on S2 and more stars. Observations of orbital motions
provided constraints on the size of the central object at the scale of the horizon.The upgrade
of the instrument into GRAVITY+ opens prospects for new tests and measurements.

1 Introduction

General relativity has been validated with very high precision in the gravitational field of low-
mass objects. Detections of gravitational waves in 2015 with LIGO 1 and then with VIRGO 2

have opened the way to tests in the field of very compact objects but still limited to a few tens of
solar masses. General relativity remains to be tested in the environment of compact objects of
extreme mass like the putative super massive black holes at the center of galaxies. Such tests are
also tests of the black hole paradigm. GRAVITY is a second generation instrument of the ESO
Very Large Telescope Interferometer and has been designed to study the super massive compact
object Sagittarius A* at the center of the Milky Way 3. It combines the four 8 m telescopes
of the VLT to perform imaging and reach an angular resolution of 3 mas at 2.2µm with the
Unit Telescopes (UTs) of 8 m diameter. It can also combine the Auxiliary Telescopes (ATs)
of 1.8 m. It is equipped with infrared adaptative optics and fringe tracking at high sensitivity
with the UTs. A 5 nm accuracy metrology system allows to reach an astrometric accuracy of
a few 10µas, commensurate with the Schwarzschild radius of the central object. GRAVITY
has been collecting observations on the Galactic Center since 2017. Infrared adaptative optics
using GCIRS 7 as a reference source make it possible to servo the fringes on one of the GCIRS
16 sources located an arcsecond away from Sgr A*. The stabilization of the fringes with the
fringe tracking system allows integration times of a few minutes which are indispensable to
observe sources as faint as the star S2 or fainter like Sgr A*. Two interferometric fields are
simultaneously observed with GRAVITY: one with the reference source for the fringe tracker
and one with the science source. The size of the science field is primarily set by the diffraction
limit of the 8 m telescopes, about 60 mas. Several science fields can be observed around the
fringe tracker reference source. Astrometry can be performed either between sources in a given
science field or between sources in different science fields thanks to the metrology system.
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2 The gravitational redshift of S2

The star S2 is one of the closest stars known to orbit Sgr A*. Its 16-year period and 0.88
excentricity make it the best known star to serve as point mass for general relativity tests in the
gravitational field of Sgr A*. The distance of S2 to Sgr A* at pericenter passage is only 17 light
hours (120 astronomical units) or 14 mas. Positions for S2 have been obtained through speckle
interferometry in the 90s (SHARP at ESO/La Silla) and by adaptive optics since the early 2000s
(NACO at ESO/VLT)4. The pericenter passage was anticipated for 19 May 2018 based on orbital
data. The GRAVITY observations gave the accurate astrometry of S2 relative to Sgr A* and
were combined with spectroscopic data to detect the gravitational redshift. The spectroscopic
data consist in observations of the atomic hydrogen line Brackett-γ in the astronomical K band
(2-2.4µm). The accurate astrometry of GRAVITY is important to disentangle the line shift
due to the projection of the orbital velocity on the line of sight and the gravitational effect on
radiation. At the time of the GRAVITY observations, S2 and Sgr A* were detected in the same
field of view with an astrometric accuracy as good as 30µas. The astrometric and spectroscopic
data were compared to a 15-parameter model describing the frame for the non-GRAVITY data
(position and velocity), the orbit, the distance to and the mass of Sgr A*, and a test parameter
fRS where the measured redshift is equal to zK + fRS(zGR − zK), where fRS equals 1 for pure
GR and 0 for a pure Keplerian orbit. zGR is the sum of the transverse Doppler effect of Special
Relativity and of the gravitational redshift of GR in the first-order parametrized post-Newtonian
formalism, each equally contributing to the effect. With the data collected until 2018, the fRS

parameter was measured to be 0.90± 0.09 and updated with the 2019 data to 1.04± 0.05 5. The
measurements are therefore consistent with both General and Special Relativity and inconsistent
with pure Keplerian orbits.

3 The Schwarzschild precession of S2

The second GR effect measured by GRAVITY is the Schwarzschild precession of the orbit of S2.
For a mass of ∼ 4.3 M� and the parameters of the orbit of S2, the precession acts as a prograde
12.1 arcmin tilt of the orbit around pericenter with an astrometric difference at apocenter of
780µas. It is therefore a tiny effect that requires very high precision orbital data to be detected.
As for the detection of gravitational redshift, single-telescope data were used before 2017 while
GRAVITY data were used from 2017 on. These were complemented with spectroscopic data to
get a 3D orbit. Both Sgr A* and S2 are systematically detected in the GRAVITY data while
this is not the case for single-telecope data: Sgr A* is visible during bright flare events but when
it is not the case, the S2 astrometric data need to be tied to an infrared reference frame whose 5-
parameter (2 positions and 3 velocities) determination is part of the fitting procedure. The same
principle was followed as for gravitational redshift and a 15-parameter model was fitted to the
data, one of them being fSP to fit the amount of Schwarzschild precession and fSP = 1.10±0.19
was found, therefore once again rejecting a pure Keplerian orbit and confirming compatibility
with general relativity8.The amount of precession can be changed by the spin and the amount of
mass outside the black hole and within the apocenter distance. The effect of spin on precession,
about 50 times smaller than the Schwarzschid precession, is too small to be measured at this
stage. But the presence of an extended mass within the orbit of S2 would have a retrograde
effect on the precession and would require only a few fractions of percent of the central black hole
mass to be measurable. These data show that the extended mass cannot exceed 3000 M� at 1σ.
An upper limit of 1000 M� can also be set for the mass of a compact object in the central arcsec
around Sgr A*. The characteristics of precession due to extended mass can be disentangled from
the other sources of precession which will be important to measure the spin by this method 9.
Thanks to sensitive detection with GRAVITY 10, the close-to-pericenter orbital data of 3 more
stars (S29, S38, and S55) could be added in 2021. A 31-parameter fit was performed with the
data from these stars and S2 (the 2021 data were added to the previous dataset). The use of
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Figure 1 – GRAVITY results at the Galactic Center. Top left: orbital data of S2 6. Top right: measurement
of gravitational redshift of S2 (red curve: model with fRS = 1, dashed curve: with fRS = 0) 5. Bottom left:
measurement of the Schwarzschild precession of S2 (red curve: model with fSP = 1, grey line: with fSP = 0) 6.
Bottom right: orbital motion during a flare around Sgr A* 7. The Schwarzschild radius is 10µas and the red cross
marks the location of Sgr A* as deduced from the orbit of S2.

data on 3 additional stars reduces the effects of the Sgr A* and frame parameters on the fit. In
addition, these extra data allowed to discard the AO data close to pericenter which are subject
to confusion biases due to the insufficient angular resolution. Overall, this allowed to improve
the fit to fSP = 0.99 ± 0.15 and further reduce the 1σ extended mass to 2400 M� 6.

4 The orbit of flares around Sgr A?

The stars of the S cluster have allowed to perform fundamental and unprecedented tests of
general relativity in the gravitational potential of a supermassive compact object, likely a black-
hole. But these stars are still several light-hours away from the central object, too far to prove
that the central mass is enclosed in the horizon. The astrometric accuracy of GRAVITY is
commensurate with the Schwarzschild radius and can therefore detect motions in the vicinity
of the horizon. The Roche tidal radius 11 for a solar-type star is equal to 0.6 astronomical unit
or 6RSch, it is of the order of 10RSch for a star like S2. In principle, stars orbiting very close to
the black hole could allow to constraint its size down to a few Schwarzschild radii at most but
no such star has been detected yet. Another possibility is to observe infrared flare events which
are known to occur on time scales as short as 17 minutes 12. Flare invents are not predictable
and therefore difficult to observe. 3 bright flares were however observed with GRAVITY in 2018
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as they occurred during observations of the Sgr A*-S2 pair 7. Their brightness (comparable to
S2 or half of S2 at maximum) allowed to observe in polarized light to constrain the evolution
of the magnetic field during the flares. All three flares showed evolutions on timescales of or-
der 45 minutes and clear astrometric motions. One of the flares (one of the two brightest and
observed in the best conditions) showed an orbital motion around the position of Sgr A* as
deduced from the S2 orbit. The fitting of the flares with ray tracing codes yielded an orbital
radius of 3.50± 0.25RSch and an orbital period of 40± 8 minutes assuming a non-spinning black
hole. The measured magnetic field is compatible with a poloidal field whose variations during
the flare are sensitive to the inclination of the orbit. The absence of evidence of relativistic
beaming and the polarization measurements are both compatible with orbits seen by the pole
with an upper limit on inclination of 30o. All three flares orbital parameters are compatible with
a 4 million solar mass black hole. Flare events likely to be produced by magnetic reconnection
in the plasma are however not as good test masses as stars due to their large size (comparable
to the Schwarzschild radius) and to their sensitivity to interactions other than pure gravitation.
A super Keplerian motion has been observed on the best constrained flare with a bias towards
a lower orbital period. Recent general relativistic particle-in-cell simulations have brought a
possible explanation by considering a current sheet in the plasma where magnetic reconnection
occurs. The orbital velocity is given by the footprint of the separatrix in the disk of plasma at
about 2RSch for a 0.7 spinned black hole seen pole on and hot spot locations varying between
4 and 8RSch during the flares thus confirming that the flares observed with GRAVITY bring
constrains on the volume of the central mass very close to the event horizon 13.

5 Conclusions and outlook

The results of GRAVITY on Sgr A* are bringing unique constraints on the nature of the central
object and allow to perform tests of general relativity in a regime of high gravitational potential
and high mass for the central object never explored so far. GRAVITY can use stars as point
masses to perform tests of GR at several hundreds RSch and possibly a few tens if closer stars are
discovered. GRAVITY can also test the black hole paradigm of the central object at the horizon
scale. As such it is a good complement to the Event Horizon Telescope which can provide direct
images at this scale but not on timescales as short as a few minutes as GRAVITY does with
some unique dynamical information 14. GRAVITY will continue searching for stars closer to
Sgr A* and monitor the orbits of the ones already known with the goal to eventually constrain
the spin and the quadrupole moment to test the no-hair theorem. The instrument is currently
upgraded to GRAVITY+ to enhance its sensitivity and accuracy 15.

References

1. B.P. Abbott, R. Abbott, and T.D. Abbott et al. Observation of gravitational waves from
a binary black hole merger. Physical Review Letters, 116(6), February 2016.

2. B.P. Abbott, R. Abbott, and T.D. Abbott et al. Multi-messenger Observations of a Binary
Neutron Star Merger. Astrophys. J. Lett., 848(2):L12, October 2017.

3. Gravity Collaboration (Abuter et al.). First light for GRAVITY: Phase referencing optical
interferometry for the Very Large Telescope Interferometer. A&A, 602:A94, June 2017.

4. Gravity Collaboration (Abuter et al.). Detection of the gravitational redshift in the orbit
of the star S2 near the Galactic centre massive black hole. A&A, 615:L15, July 2018.

5. Gravity Collaboration (Abuter et al.). A geometric distance measurement to the Galactic
center black hole with 0.3% uncertainty. A&A, 625:L10, May 2019.

6. Gravity Collaboration (Abuter et al.). Mass distribution in the Galactic Center based on
interferometric astrometry of multiple stellar orbits. A&A, 657:L12, January 2022.

7. Gravity Collaboration (Abuter et al.). Detection of orbital motions near the last stable

176



circular orbit of the massive black hole SgrA*. A&A, 618:L10, October 2018.
8. Gravity Collaboration (Abuter et al.). Detection of the Schwarzschild precession in the

orbit of the star S2 near the Galactic centre massive black hole. A&A, 636:L5, April 2020.
9. G. Heißel, T. Paumard, G. Perrin, and F. Vincent. The dark mass signature in the orbit

of S2. A&A, 660:A13, April 2022.
10. Gravity Collaboration (Abuter et al.). Deep images of the Galactic center with GRAVITY.

A&A, 657:A82, January 2022.
11. B. Carter and J. P. Luminet. Tidal compression of a star by a large black hole. I

Mechanical evolution and nuclear energy release by proton capture. A&A, 121(1):97–113,
May 1983.

12. R. Genzel, R. Schödel, T. Ott, A. Eckart, T. Alexander, F. Lacombe, D. Rouan, and
B. Aschenbach. Near-infrared flares from accreting gas around the supermassive black
hole at the Galactic Centre. Nature, 425(6961):934–937, October 2003.

13. I. El Mellah, B. Cerutti, B. Crinquand, and K. Parfrey. Spinning black holes magnetically
connected to a Keplerian disk – Magnetosphere, reconnection sheet, particle acceleration
and coronal heating. arXiv e-prints, page arXiv:2112.03933, December 2021.

14. Event Horizon Telescope Collaboration (Akiyama et al.). First M87 Event Horizon Tele-
scope Results. I. The Shadow of the Supermassive Black Hole. Astrophys. J. Lett.,
875(1):L1, April 2019.

15. Frank Eisenhauer. GRAVITY+: Towards faint science. In The Very Large Telescope in
2030, page 30, July 2019.

177



178
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About 40 years ago, the neutrino was ruled out as the dark matter particle based on several
arguments. Here I use the well-established concept of quantum uncertainties of position and
momentum to describe the decoupling of neutrinos from the primordial plasma, which took
place about half a second after the Big Bang. In this way I show that the main arguments
against the neutrino are either wrong or have loopholes, and conclude that the neutrino
urgently needs to be reconsidered, not as a ‘hot’, but as the ‘cold’ dark matter particle.

1 Introduction

One of the greatest mysteries in astrophysics and cosmology is the nature and the origin of cold
dark matter, which makes up more than 84% of the mass in the Universe. Dark matter creates
and reacts to gravity and determines the dynamics of stars around galactic centres, however it
does not absorb or emit electromagnetic radiation. As early as the 1930s, the existence of dark
matter was inferred from the movements of galaxies in galaxy clusters, and it was posited that
most of the matter in the Universe could be dark 1.
A candidate for the particle of cold dark matter should have non-zero rest mass and be neutral
but not baryonic. In the late 1970s, the neutrino seemed to be a likely candidate, but already
in the early 1980s, the neutrino was essentially excluded as the dark matter particle 2,3,4. First,
neutrinos are fermions, and the Pauli exclusion principle sets an upper bound to the number
density for neutrinos with a given momentum spread. This consideration results in a lower
bound for the particle mass, which is orders of magnitude higher than the estimated neutrino
mass 2,4. Second, the neutrino as the dark matter particle lost more power of persuasion when
computer simulations showed that the highly abundant, ultra-relativistic neutrinos are too ‘hot’
to produce the observed scale of galaxy clustering 3. The actual dark matter particle needs to
be ‘cold’. The third argument against the neutrino as the dark matter particle is no less vital.
Due to the expansion of the Universe, the neutrinos should have basically lost their relativistic
mass. The rest mass of all neutrinos in the Universe, however, is about two orders of magnitude
lower than the mass of the dark matter. The neutrino has thus been ruled out. Unfortunately,
there are no other known particles that suit as the dark matter particle. The search for novel,
hypothetical particles began many years ago, but has so far not been successful 5,6,7,8,9,10.

2 The neutrinos at decoupling

Neutrino decoupling took place about half a second after the Big Bang (tνd = 0.5 s), when the
thermodynamic temperature of the Universe was about Tνd ≈ 3·1010 K 12. The term ‘decoupling’
describes a rather instantaneous process, after which the collision rate between a neutrino and
any other particle was basically zero. Neutrino decoupling was caused by the expansion of the
Universe and the associated reduction of energy density and thermodynamic temperature 13. At
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decoupling temperature Tνd, the (weak-force) interaction rate of the neutrinos dropped below the
relative one-dimensional expansion rate of the Universe, which meant that the interval between
two momentum-changing interactions started to exceed the age of the Universe 13.

Whether the neutrinos at decoupling had to be considered as a Fermi gas rather than a
Maxwell-Boltzmann gas can be estimated by comparing the average neutrino distance d as
derived by the (fully classical) Boltzmann equation with twice the standard deviation of the
Gaussian position uncertainty 2∆x̂. The average one-dimensional distance between two identical
neutrinos reads 13,14

d ≈ 3

√
1

6π · ζ(3)
· hc

kBTνd
≈ 0.35 · hc

kBTνd
≈ 1.7 · 10−13 m , (1)

with ζ(3) ≈ 1.2 and h is the Planck constant, c is the speed of light, and kB is the Boltzmann
constant. The thermal de Broglie wavelength for ultra-relativistic particles, for which collision
rates can be neglected compared to the annihilation and creation rates, reads λth ≈ hc/(kBT )
for one dimension. Half this wavelength corresponds to the smallest particle position spread. Di-
viding by π approximates the standard deviation of a Gaussian uncertainty, i.e. ∆x̂ ≈ λth/(2π),
which yields

2∆x̂νd ≈
λthνd
π

=
1

π
· hc

kBTνd
≈ 0.32 · hc

kBTνd
≈ 1.5 · 10−13 m . (2)

The almost identical values imply that the neutrinos at decoupling were at the transition to
a quantum degenerate Fermi gas. The neutrino momentum distribution followed the Fermi-
Dirac statistic for relativistic particles. According to this, the average momentum is a good
approximation for the distribution’s full width(fw) 〈p〉th ≈ ∆fw

thp ≈ kBT/c, see for instance Fig. 1
in Ref.15. It turns out that the neutrinos at decoupling do not have different classes of momenta
because the entire momentum spread is given by quantum uncertainty, and the position and
momentum uncertainties of the neutrinos at decoupling correspond to a pure kinetic state, since
the uncertainty product is close to the lower bound of the Heisenberg uncertainty relation 16

∆x̂νd ·∆p̂νd ≈
λth,νd

2π
·

∆fw
thpνd
2

≈ 1

2π

hc

kBTνd
· kBTνd

2c
=

h

4π
. (3)

The meaning of the finding in Eq. (3) is the following. When the neutrinos decoupled, almost
their entire momentum spread was given by quantum uncertainty. The momentum of every
single neutrino was not directed and had expectation value zero. Due to the spherical momentum
uncertainty, the position uncertainty increased in a spherical way. It can be shown that in turn
the momentum uncertainty reduces during this expansion, keeping the product of the position
and momentum uncertainties at the minimum of the Heisenberg uncertainty relation. (A simple
argument is that the product is a monotonically increasing function of the kinetic temperature,
which cannot increase due to energy conservation.)

3 The neutrino interference after decoupling

After decoupling, the free evolution of the Gaussian neutrino modes was fundamentally different
from the classical concept of free, particle-like propagation. The free evolution of a neutrino mode
was described by the Schrödinger equation with a flat potential (of quasi-infinite expansion):
the position uncertainties increased almost at the speed of light due to the ultra-relativistic
momentum uncertainties. The inevitable consequence was mode overlap and the emergence
of neutrino indistinguishability, realised simply by interference in such a way that the Pauli
exclusion principle was not violated. This resulted in a delocalised three-dimensional standing
wave, a delocalised ‘neutrino crystal’, in which nodes of the standing wave spatially separated the
fermionic neutrinos. The wavelength of this ‘crystal’, or Fermi sea, was just slightly longer than
the thermal De Broglie wavelength at decoupling (λFs & λth,νd). In the nodes, the probability of
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finding a neutrino was zero. The locations of nodes and neutrinos, however, were not determined
with respect to the primeval plasma. Most importantly, all neutrinos were smeared out over the
entire dimension of the emerged macroscopic quantum system and indistinguishable, but their
uncertainty had internal quantum correlations in such a way that residual decoherence, e.g. due
to a collision with an electron of the primeval plasma, never localised two identical neutrinos in
the same antinode.

4 Gravity-supported condensation and Cooper pairing

At decoupling, the neutrinos’ kinetic uncertainties corresponded to an almost pure state. Their
momentum expectation value was extremely close to zero, and their kinetic energy was exclu-
sively due to momentum uncertainty. While the position uncertainties subsequently increased,
the momentum uncertainty naturally decreased, maintaining the pure state characteristics.
While the neutrino crystals reached galactic dimensions, the entropy of the neutrinos as well as
their kinetic temperature naturally approached zero. The mass of the neutrinos, however, had
to maintain relativistic and was given by

mrel = h/(cλFs) . h/(cλth,νd) ≫ m1,2,3 , (4)

with m1,2,3 being the three neutrino rest masses. The massive neutrino field obviously had to
sense its own gravitational potential. Since the neutrino collision rate was already extremely
close to zero, they condensed into the ground state of the Fermi sea. I provide a quantitative
description of the neutrinos’ kinetic temperature after decoupling in Ref.17.
Using the concept of pairing provides a complementary view on a neutrino Fermi sea, which is
that of a Bose-Einstein condensate. Pairing of particles in a Fermi sea naturally occurs if there
is a weak force of attraction between them. This is the assertion of the Bardeen, Cooper and
Schrieffer (BCS) theory18, which was formulated to describe the formation of Cooper pairs from
initially distinguishable electrons 19 and superconductivity in metals at low temperatures. My
proposal is that pairs of neutrinos can also be interpreted as bosons because of the gravitational
potential of the macroscopic Fermi sea.

5 The loophole in the ‘too low total neutrino mass’ argument

Today’s average neutrino/anti-neutrino number density amounts to 3.4 · 108 m−3, taking into
account two spin and three mass values13,14. Using the upper bound for the average neutrino rest
mass of 0.04 eV/c2 (≈ 7 ·10−38 kg) 20 the average rest-mass density is less than 2.4 ·10−29 kg/m3.
Any relativistic component of the neutrino mass seems negligible today due to the past expansion
of the Universe. The average dark matter mass density is about a hundred times higher, namely
about 2.3 · 10−27 kg/m3 21. This discrepancy has been a strong argument against the neutrino
as the dominating dark matter particle.

The estimation of today’s neutrino mass density, however, has a loophole for the following
reason. It is very plausible, that the degenerate gigantic neutrino Fermi seas around the emerged
super-massive black holes – see Ref.17 – acted locally against the expansion of the Universe. Only
in locations free from dark matter, i.e. in the gaps between the dark matter scaffolding, could the
Universe ‘freely’ expand. This might already be confirmed by observations since galaxy clusters
are known to be stable against the expansion of the Universe 22. My hypothesis would also
explain the origin of the observed cosmic voids 23. To explain all cold dark matter by neutrino
mass, their relativistic mass today needs to be about a hundred times higher than their average
rest mass. In other words, the effective expansion of the ‘neutrino-field Universe’ must have
reduced the average relativistic energy in three dimensions from initially 3 × 2.6 MeV to now
about 3× 1.3 eV (≈ 100× 0.04 eV), which corresponds to an average neutrino field red-shift of
zννd = 2.6 MeV/1.3 eV ≈ 2 · 106 instead of the literature value of z̃ννd = Tν,d/TCνB ≈ 1.5 · 1010,
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where TCνB = 1.945 K is the (then incorrect) value of the frozen temperature of the cosmic
neutrino back ground 13.

6 Summary and conclusion

The prevailing description of neutrino decoupling half a second after the Big Bang gives a physi-
cal picture of neutrinos having trajectories. I argue that such a particle-like picture is incorrect.
After decoupling, according to my reasoning, the Gaussian neutrino wave-functions expanded
spherically at almost the speed of light according to the Schrödinger equation, overlapped, and
evolved into gigantic degenerate neutrino fields in the ground state of their own gravitational
potential. Following the BSC theory, I argue that the neutrinos in such a Fermi sea paired
to bosons of zero spin, similar to Cooper pairing of electrons in superconducting metals. The
nonclassical feature of the Fermi seas prohibited any kind of density fluctuation, which should
have led to the emergence of primordial supermassive black holes without gravitational collapse
17. I argue that dark-matter fields around supermassive black holes experienced a much lower
average expansion of space-time than electromagnetic radiation, since their gravitational attrac-
tion locally resisted against the expansion. If this is correct, today’s neutrinos have a relativistic
mass high enough to account for all of the cold dark matter in the Universe.
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Launched in April 2016, the MICROSCOPE satellite ended its operations in October 2018
with the deployment of its deorbitation wings. MICROSCOPE aims at testing the equivalence
principle (EP), the funding hypothesis of general relativity established by Einstein in 1915. In
December 2017, first results based on only 7% of the total data improved the best laboratory
results by one order of magnitude. The challenging data processing, which has continued since
then, has delivered its final results currently under peer review. This presentation focuses
on the two topics on which a lot of effort has been put: the impact of glitches and thermal
variations on the data. These errors were likely to be in competition with a potential violation
signal. We were able to reduce the systematic error by a significant magnitude with respect
to the 2017’s evaluation thanks to the developed processing and analysis.

1 Introduction

The universality of free-fall (UFF) has been recognized since Galileo rolled objects down inclined
planes and found that they all undergo the same acceleration provided that they are in a small
enough region of space. In other words, all objects within the same gravitational field fall at
the same rate, independently of their mass and composition. Applying Newton’s second law to
a freely-falling test mass on Earth, one can restate the UFF as the proportionality between the
gravitational mass mG and the inertial mass mI , with the same proportionality constant for all
bodies: this is the usual definition of the weak equivalence principle (WEP).

At the turn of the 20th century, Einstein generalized the WEP, stating that in small enough
regions of spacetime, the non-gravitational laws of physics reduce to those of special relativity.
In particular, one cannot detect a gravitational field by means of local experiments. This is
known as the Einstein equivalence principle (EEP). A subsequent version, the strong equivalence
principle, generalizes the EEP to gravitation. That was the starting point to general relativity
(GR).

GR describes gravitation as the simple manifestation of spacetime’s geometry, while recov-
ering Newton’s description of gravitation as a classical inverse-square law (ISL) force in weak
gravitational fields and for velocities small compared to the speed of light. It has so far suc-
cessfully passed all experimental tests 1. Standing next to GR, the Standard Model (SM) was
built from the realization that the microscopic world is intrinsically quantum. Increasingly large
particle accelerators and detectors have allowed for the discovery of all particles predicted by
the model, up to the Brout-Englert-Higgs boson 2.

Although both GR and SM leave few doubts about their validity in their respective regimes,
difficulties have been lurking for decades. Firstly, the question of whether GR and the SM should
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and could be unified remains open. Major theoretical endeavors delivered models such as string
theory, but still fail to provide a coherent, unified vision of our world. Secondly, unexpected
components make up most of the Universe’s mass-energy budget: dark matter and dark energy
are the largest conundrums of modern fundamental physics.

GR describes the gravitational force as mediated by a single rank-2 tensor field. There
are good reasons to couple matter fields to gravity in this way, but there is no good reason to
think that the field equation of gravity should not contain other fields. It is then possible to
speculate on the existence of other such fields. For instance, scalar fields that mediate a long
range force able to affect the Universe’s dynamics should also significantly modify gravity in the
solar system, in such a way that GR should not have passed any experimental test. Screening
mechanisms have been proposed to alleviate this difficulty 3. In these scenarios, (modified)
gravity is environment-dependent, in such a way that gravity is modified at large scales (low
density) but is consistent with the current constraints on GR at small scale (high density). These
modified gravity models all predict the existence of a new, fifth force, that should be detectable
through a violation of the ISL or of the WEP.

The WEP has been tested for four centuries with increased precision4. The concept of a test
in space emerged in the 1970s 5. Its motivation is to take advantage of the quiet environment
that space can provide and the benefit of much longer test periods.

In 1999, ONERA (Office National d’Etudes et de Recherches Aérospatiales) and OCA (Ob-
servatoire de la Côte d’Azur) proposed the MICROSCOPE mission (MICRO-Satellite à Com-
pensation de trâınée pour l’Observation du Principe d’Equivalence) to CNES. Selected within
the framework of the MYRIADE micro-satellite line, MICROSCOPE operating at room tem-
perature aims to test the WEP with a more modest accuracy than the space cryogenic missions
STEP, QuickSTEP, MiniSTEP or GEOSTEP 6.

It was the start of a long path paved with many pitfalls. After a few years of budget freeze,
the project entered the core of its development in 2006 and faced technical difficulties: change
to field-emission electric indium propulsion in 2006 and finally to cold gas propulsion in 2009,
breakage of the 7µm gold wire connecting the payload test-masses during the qualification in
2011, 1 ns timing anomaly for the payload digital signal processor (DSP) flight model in 2012,
coupling in the electrostatic actuation of the payload during satellite integration test in 2015.
All these pitfalls were successfully solved by the core CNES/ONERA/OCA team. At the limit
of test-ability on ground and at the limit of performance for each subsystem, these difficulties
were never encountered before in ONERA’s long experience in accelerometry 7, and show how
difficult it is to push back the limits of the state of the art in a space experiment.

After the successful launch in 2016 and overcoming of some anomalies which have fortunately
been overcome8, the satellite provided two and a half years of useful data. In 2017, a first analysis
based on only 7% of the eventual science data allowed us to verify the WEP at 2×10−14 sensitivity
level 9. This result remains the state-of-the-art until MICROSCOPE’s final results which were
submitted in the beginning of 2022.

2 MICROSCOPE mission overview

2.1 The WEP test experiment principle

The principle of measurement relies on the comparison of the accelerations of two concentric
bodies in orbit around the Earth. As shown in Fig. 1, the X-axis is aligned with the test
mass cylinders. In an inertial pointing configuration, once per orbit it is pointing in the same
direction of the Earth’s gravity field vector. In a perfect case, the difference of acceleration is
proportional to the Eötvös parameter defined by the relative ratio of difference of gravitational-
to-inertial masses mgj/mij between two materials j:

δ(2, 1) = 2
a2 − a1
a2 + a1

= 2
mg2/mi2 −mg1/mi1

mg2/mi2 +mg1/mi1
, (1)
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Figure 1 – Schema of experiment principle (left), accelerometer core (right).

where aj are the acceleration undergone by the two bodies. In this experiment, the test-masses
are part of a double concentric accelerometer. The test-masses are finely controlled by electro-
static forces to be motionless with respect to the surrounding electrodes as illustrated in Fig.
1. The forces applied by the set of electrodes are determined by the voltage applied on the
test-mass and the one applied on each electrodes as detailed in Ref. 10. These voltages com-
bined to the geometry characteristics define the applied electrostatic forces and torques to each
test-mass which counteract all other effects preventing to keep the test-mass motion-less with
respect to the satellite. Thus, if an possible EP violation exists, it could be detected as a signal
in the differential acceleration measured by the accelerometer (i.e., the electrostatic force per
unit mass) oscillating at the orbital frequency in the case of Fig. 1. The measurement precision
can be improved by rotating the satellite about the axis normal to the orbital plane which in-
creases the modulation frequency of the Earth’s gravity vector projected onto the X-axis: the
EP frequency becomes fEP = forb + fspin, with forb the orbital frequency and fspin the rotation
frequency of the satellite. Two spin frequencies have been used during the mission leading to
two test measurement data sets at fEP ≈ 0.9× 10−3 Hz and fEP ≈ 3.1× 10−3 Hz.

2.2 The payload

The payload 10 is composed of two identical differential accelerometers also called sensor units
(SUs) except for the test-mass material. Each SU have two concentric hollow cylindrical test-
masses surrounded by electrodes engraved on gold-coated silica parts. Each SU is connected to a
front-end electronics unit (FEEU) which delivers the voltages to the test-masses and electrodes
and transmits the data to the interface control unit (ICU). Each ICU connected to the FEEU
contains all the digital electronics and software to operate the test-mass control servo-loops and
data conditioning for the satellite and then the ground telemetry. The SU and the FEEU are
integrated in a thermal cocoon placed at the core of the satellite which offers a micro-Kelvin
stability around the measurement frequencies.

The first SU, called SUREF, comprises two test-masses of the same material : PtRh10
platinum-rhodium alloy containing 90% by mass of Pt (A = 195.1, Z = 78) and 10% Rh
(A = 102.9, Z = 45). SUREF is dedicated to experiment and accuracy verification (in orbit
or on ground within the data processing) as it is supposed to give a null signal at fEP. The
second SU, called SUEP, comprises two test-masses of different material: the same PtRh10 alloy
for the inner test-mass and an aeronautic titanium alloy (TA6V) for the outer test-mass with
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Figure 2 – Satellite Drag-Free and Attitude Control System

the atomic composition 90% of titanium (A = 47.9, Z = 22), 6% of aluminium (A = 27.0,
Z = 13) and 4% of vanadium (A = 50.9, Z = 23). SUEP is dedicated to the WEP test.

Each test-mass defines a six-degree-of-freedom accelerometer. In order to operate in the most
quiet environment and to get the most accurate orientation of the satellite, the accelerometer
outputs are used by the drag-free and attitude control system (DFACS) of the satellite that
applies the necessary commands to the cold gas thrusters (Fig. 2). Atmospheric drag, Sun and
Earth radiation forces, magnetic torques and all other disturbing sources are compensated in
order to nullify the common mode of one of the SU (i.e., either the mean acceleration of the
two concentric test-masses or one of the acceleration output). The accelerometer’s output or it
internal servo loop can be artificially biased at a particular frequency to stimulate the test-mass
or the satellite (linear or angular motion) during calibration sessions.

2.3 The drag-free satellite

One of the challenges of the mission objectives is to make the satellite environment as quiet as
possible for the payload to prevent any corruption of acceleration measurements.

The MICROSCOPE mission has been developed on the basis of scientific missions exploiting
the CNES MYRIADE microsatellite product line whose architecture comprises a platform with
generic functional chains (energy, communication, computer, structure, etc.). Some adaptations
and modifications were necessary to cope with the unusual performance requirements. Usually,
the payloads of the MYRIADE satellites are located on the decoupled upper part of the platform
but MICROSCOPE payload module has been uncommonly accommodated at the center of the
spacecraft where it can take advantage of a more stable thermal environment (see Figure 3).

The satellite thermal design has been optimised to offer the payload a tight temperature
stability: the required stability around the EP test frequency fEP has been set to 1 mK at the
sensor unit interface and to 10 mK at the associated analog electronics interface. Active heaters
did not operate during the science operations in order to avoid any interference with the pay-
load measurements. Consequently, the thermal control on the satellite purely relied on passive
methods: the dissipation of the electronic units was ensured by satellite external radiators. The
in-orbit estimated thermal performance exceeded requirements and expectations. The payload
was also shielded from the Earth and satellite magnetic field. In addition, the mechanical or
electronic micro disturbances were minimized by a careful design and analysis to ensure an op-
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Figure 3 – The cube forming the satellite is open in the picture, the instrument T-SAGE is at the center surrounded
by the two 2×3 tanks of the cold gas propulsion system. Once closed the satellite cube measures 1.4 m×1 m×1.5 m
and weighs about 300 kg.

timal environment : choice of multi-layer insulation (MLI) to minimize cracking, minimisation
of current loops, study of thermoelastic deformations to estimate internal gravitational effects,
etc.

To counteract non-gravitational forces and torques, an active control of accelerations and
attitude of the satellite was implemented through the DFACS (Figure 2). The DFACS used
the scientific instrument itself as main sensor for delivering the linear as well as the angular
accelerations hybridized with the star tracker measurements. The control laws for acceleration
and attitude estimated the total forces and torques to be applied on the satellite which were
transformed into 8 micro-thrust commands sent to the cold gas propulsion system placed on
two opposite walls of the satellite (Figure 3). The DFACS in-orbit performances allowed to
reduce the disturbances by 90 dB around fEP leading to a controlled linear acceleration better
than 3 × 10−13 m s−2, one order of magnitude better than expectation. The satellite attitude
was controlled to better than 1 µrad at fEP with an angular velocity stability better than
3 × 10−10 rad s−1 at fEP in rotating mode, one order of magnitude better than expectation
as well. The induced angular acceleration was controlled to better than 10−11 rad s−2 at fEP,
limiting centrifugal effects due to the off-centring of the test-masses.

Besides, the DFACS was able to receive additional external sine signals at particular fre-
quencies in order to calibrate the instrument (differential scale factor, test-mass alignments and
off-centerings, coupling between axes, non-linearity). Particular sessions were also dedicated to
thermal sensitivities (see section 3.3) thanks to dedicated heaters.

3 The data processsing

3.1 The measurement equation

A single accelerometer (also called inertial sensor) measures the difference of acceleration be-
tween the test-mass of the accelerometer and the center of mass of the satellite. A differential
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accelerometer yields the difference
#»

Γ (d) =
#»

Γ (1) − #»

Γ (2) of two such accelerations for two test-
masses. The accelerometers are not perfect: they have bias, scale factors departing from unity,
non-zero coupling between axes 11. Moreover, their orientation in the satellite, in space and
with respect to the Earth’s gravity field, is not perfectly known. That is why the measured
differential acceleration

#»

Γ (d) is not identical to the real one #»γ (d), but is related to it as 11:

#»

Γ (d) =
#»

b0
(d) +

[
A(c)

]
#»γ (d) + 2

[
A(d)

]
#»γ (c) + #»n (d), (2)

where

•
#»

b0
(d) is the difference of bias between the two inertial sensors;

•
[
A(c)

]
is the common mode sensitivity matrix, close to the identity matrix, which includes

scale factors, coupling between axes and global rotation common to the two sensors;

•
[
A(d)

]
is the differential mode sensitivity matrix, very small, which take into account the

difference of characteristics of the two sensors;

• #»γ (c) is the common mode acceleration which is mainly due to non-gravitational accelera-
tions acting on the satellite and not on the enclosed test-masses; these non-gravitational
accelerations include drag and radiation pressures and the thrust applied to the satellite
which is servo-controlled in order to considerably reduce #»γ (c) in the frequency band of
interest;

• #»n (d) is the (non-white) noise.

In addition, couplings with angular accelerations and non linearities can also arise. These terms
are not formally included in the above equation but specific measurement sessions have been
dedicated to the identification of such effects and demonstrated that they are negligible 12.

The potential signal of violation of the EP, δ(2, 1) #»g , is included in #»γ (d) which also contains
the gravity gradient and the differential angular acceleration due to the small residual off-centring
between the two test-masses 11:

#»γ (d) = δ(2, 1) #»g (Osat) + ([T]− [In])
#»

∆ +
#»

b1
(d), (3)

where

• #»g (Osat) is the gravity acceleration;

• [T] is the gravity gradient tensor;

• [In] is the gradient of inertia matrix;

•
#»

∆ is the off-centring vector from the center of test-mass (1) to the center of test-mass (2);

•
#»

b1
(d) contains the differences between the other small (mainly non gravitational) pertur-

bations acting on the two test-masses.

Only the axis of the cylindrical test-masses, called X, which is much more precise than the other
axes is used to estimate the EP signal. Therefore Eq. (2) has to be projected onto the X-axis.
This leads to numerous terms (see for example Ref. 11) but the following considerations lead to
simplifications for the reader’s convenience:

• the more impacting components of the sensitivity matrix are estimated thanks to dedicated
calibrations 12,13;

• the projection of the common mode is corrected thanks to the calibration of
[
A(d)

]
and

the measurement of #»γ (c) (which is roughly assimilated to
#»

Γ (c));
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• the effect of the angular acceleration (anti-symmetric part of matrix [In]) is neglected (in
practice we can correct for it but we have verified that this has no impact at the fEP
frequency thanks to the very good stability of the attitude control);

• small terms as the effect of the out-of-orbital-plane component of the off-centring are
corrected thanks to dedicated calibrations;

• the tiny impact of the bias at the fEP frequency is included in the evaluation of the
systematic effects.

The remaining model used to analyse the measurements along the X-axis writes

Γ(d)
x,corr =

3∑
j=0

αj(t− t0)j + δxgx + δzgz + ∆′xSxx + ∆′zSxz + n(d)x . (4)

where

• δx ≈ A(c)
(1,1)δ(2, 1) (A

(c)
(1,1) being the scale factor along X) is very close to the Eötvös ratio;

• δz, a small fraction of δ(2, 1), is in principle too small to be estimated but is included in
the model to check the absence of anomaly;

• Sxx and Sxz are components of the matrix [S] which is the symmetric part of [T]− [In];

• ∆′x (close to ∆x) and ∆′z (close to ∆z) are ”effective” components of the off-centring taking
into account the sensitivity matrix;

•
∑3

j=0 αj(t − t0)j is an empirical polynomial term aiming to absorb the effect of the bias
and its slow drift (mainly due to thermal effects).

3.2 Data artefacts

We observed several artefacts in the acceleration measurements collected during the mission.
Among them were short instrumental transients, referred to as glitches, rising up to ∼ 10 nm.s−2

and lasting a few seconds in each SU 16. Due to small differences in the SU’s transfer functions,
the difference in their acceleration does not result in a perfect cancellation, leaving significant
residual signals in the data. While the exact origin of the glitch-generating process is unknown,
it is correlated with the satellite’s position and orientation with respect to Earth, hinting towards
a thermal mechanism related to the illumination by the Earth’s albedo with some contribution
of the Sun, triggering crackles in the MLI coating of the satellite walls.

Due to this correlation, the distribution of glitch event times was shown to be modulated by
the EP frequency. This creates a spurious excess of power in the frequency spectrum, leading to
an apparent violation of the EP in some scientific measurement sessions. To prevent this effect
from perturbing the test, and in the absence of a proper model accounting for the underlying
process, we discarded the data points affected by glitches in the analysis. This operation is called
masking, as it amounts to considering corrupted points as missing data. To avoid any noise
frequency leakage related to masking, we use a modified expectation-maximization algorithm
(M-ECM), an iterative process which estimates the model parameters together with the missing
data 17 until a convergence criterion is reached. The estimation of the Eötvös parameter and
the reconstructed periodogram we obtain with M-ECM show that the glitch disturbance is
successfully mitigated.

Beside glitches, rare jumps in the differential acceleration can be spotted, mostly on SUREF14.
Note that those jumps are not simple discontinuities, but appear as chaotic, quickly drifting mea-
surements. Fig. 4 shows three such events, two strong ones and one weaker. Although hidden in
the noise, those jumps perturb the data analysis and must be discarded. Since this amounts to
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Figure 4 – Example of differential acceleration measured along the x-axis. In this case, discontinuities can be
seen (most easily in the filtered data, lower panel), and segments are defined according to them. Each segment is
analyzed separately. Figure from Ref. 14.

creating gaps of several hundred seconds, the use of M-ECM is not justified. Rather, we extract
“segments” between jumps (or between jumps and any extremity of the session). In the absence
of jumps, we call “segment” the entire session. Segments are made as long as possible and
consist of an even number of orbital periods to ensure that potential contamination by signals
at frequencies mforb + nfspin (m,n ∈ N) are canceled 14: this includes the frequency fEP. Two
of these segments are shown in Fig. 4.

3.3 Main systematic errors: thermal effect

In Ref.15 the systematic error evaluation was upper-limited by the knowledge of the temperature
variations at fEP. This estimation was performed on 300 contiguous orbits and showed no
temperature signal exceeding from the probe noise. Thus this noise was taken as an upper limit
giving a 15 µK temperature variation at fEP at the SU level and hence a systematic acceleration
error of 65× 10−15 m s−2.

Later after the first publication, additional sessions dedicated to temperature sensitivity
analysis were performed. In terms of duration, almost 5% of the mission duration was dedicated
to thermal characterisation of the satellite and of the payload compared to the 12% of the time
dedicated to the EP test with SUEP or 6% of the time dedicated to SUREF. These particular
sessions 13 had several objectives: (i) to evaluate the accelerometer thermal sensitivity model;
(ii) to confirm that the temperature variations at fEP come from the Earth’s albedo entering
in the satellite by the FEEU radiator (see Fig. 5); (iii) to better evaluate the temperature
variations at fEP during the science sessions. As a first step, to better evaluate the instrument
model, the heaters located on the platform at te SU or FEEU level were activated to generate a
temperature stimuli and enhance the effect of temperature. Then, calibration sessions were also
performed at different temperatures to assess the scale factor dependency on temperature 13.
These experiments led to establish the following model:

Γ
(d)
Tth(fEP) = [λSUδTSU(fEP) + λFEEUδTFEEU(fEP)]

+

[
∂ad11
∂TSU

δTSU(fEP) +
∂ad11
∂TFEEU

δTFEEU(fEP)

]
Γ̄(c)
x

, (5)

where Γ
(d)
Tth(fEP) represents the differential acceleration component of the thermal systematic

error at fEP, λU is the differential acceleration sensitivity to the temperature variations of unit

U , ad11 the scale factor matching and Γ
(c)
x the mean common mode acceleration.

The second step confirmed that the SU’s temperature variations were correlated to the
FEEU’s which follows the temperature of the radiator. The purpose of the FEEU radiator
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Figure 5 – Payload Case and satellite

is to evacuate the heat dissipation of the electronics to space. A baffle protects the radiator
and limits incoming thermal disturbances from Earth’s albedo. More than 460 orbits with a
particular inclination of the satellite were performed to amplify the impact of Earth’s albedo on
the radiator and show that the ratio between FEEU’s and SU’s temperature variations is higher
than 500. Others sessions 13 showed similar behaviour.

As a conclusion of these thermal tests, it was showed that the disturbance process at fEP
comes from the radiator and that the SU’s temperature in science sessions can be estimated
with δTSU(fEP) = δTFEEU(fEP)/500. As FEEU’s temperature variations come out of the noise
in science sessions, it was possible to estimate the SU’s temperature for each science session
at a level lower than 0.1 µK. By considering this new estimation in Eq. (5), it was possible to
estimate the thermal systematics to be lower than 9.3×10−15 m s−2, an improvement by a factor
of 7.

3.4 The final data process and accuracy

The final results of the MICROSCOPE mission are based on eighteen sessions for SUEP and
nine sessions for SUREF, with all data calibrated and systematics fully characterized 14. A
handful of sessions were discarded because of non-linearities at the beginning of the mission,
before the control loop’s electronics was upgraded. A few others were discarded because of rare
anomalies.

Beside EP-test sessions, in-flight calibration sessions are designed to estimate parameters
so that the signals sourced by those parameters have a favourable signal-to-noise ratio (each
session being dedicated to one or two parameters). We use the fact that parameters are almost
independent to simplify and better control the estimation process with an iterative method based
on the Adam (Accelerometric Data Analysis for MICROSCOPE) code to estimate parameters
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in the frequency domain 18.

In practice, instrumental defects are parameterized by the
−→
b
(d)
1 and

−→
∆ vectors, as well as

the
[
A(d)

]
and

[
A(c)

]
matrices in Eq. (4), with only some of their components impacting the

projected acceleration 13,11. The estimation of ∆′x and ∆′z uses their couplings with the Earth
gravity gradient, whose strong spectral line at 2fEP allows for a direct determination in science
data based on an accurate Earth gravity model. Dedicated five-orbit sessions were used to
measure ∆′y, where the satellite was oscillated about the z-axis at a frequency fcal to create a

measurable signal driven by ∆′y. The elements of the first row of the [A(d)] matrix ad1i were
measured by shaking the satellite at frequency fcal along each axis (x to measure ad11, y for
ad12 and z for ad13) in order to drive a measurable signal dependent on those parameters. The
ad11 sessions also allowed for a measurement of the differential quadratic factor K2d,xx at 2fcal.
Once the above iterative process converges, the Eötvös parameter is estimated on calibrated
data following Eq. (4).

4 Conclusion

The MICROSCOPE mission has delivered its final measurement on October 2018. Since then,
the science team has put a lot of effort into verifying all the data. Some of them were discarded
because they were found to be out of specification due to saturation, out-of-performance range
(micrometeorite impacts) and non-linearity measurements. Due to the periodicity of the satellite
cracking occurring at the EP frequency yielding a remaining signal in differential mode, an
improvement of the data processing was necessary. Glitches in the data were removed and
replaced by a maximum-likelihood noise and signal estimation: this process was verified on
simulated violation signal inserted in the real data with very satisfactory results. The estimation
of systematic errors have been improved with respect the first results obtained in 2017 to a few
10−15 in Eötvös parameter units. The final result is to be announced soon and should place it
as a reference for the next decade. The data center has been prepared and will be accessible to
the scientific community following the announcement at https://cmsm-ds.onera.fr.
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Boulanger D, Christophe B, Cipolla V, Foulon B, Guidotti P Y, Huynh P A, Lebat V,
Liorzou F, Pouilloux B, Prieur P and Reynaud S 2020 arXiv e-prints arXiv:2012.06472.

12. Chhun R and Microscope team, Class. Quant. Grav., 2021.
13. M. Rodrigues et al., MICROSCOPE: systematic errors, Classical and Quantum Gravity ,

(2002) http://iopscience.iop.org/article/10.1088/1361-6382/ac49f6.
14. P. Touboul et al., MICROSCOPE Weak Equivalence Principle test and result, submitted

to Class. Quant. Grav., 2022.
15. P. Touboul et al., MICROSCOPE Mission: First Results of a Space Test of the Equiv-

alence Principle, Phys. Rev. D 119, 23, p. 231101 (dec. 2017), doi: 10.1103/Phys-
RevLett.119.231101.
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The Einstein Equivalence Principle (EP) is one of the corner stone of General Relativity. In
this proceeding, we review briefly the motivations to search for a violation of the EP, especially
using observations of short period stars orbiting around the supermassive black hole at the
Center of our Galaxy. We then discuss two recent results that have provided a test of the
EP in the Galactic Center. First, we present how spectroscopic mesaurements of old type
stars have been used to constrain a possible variation of the fine structure constant at the
relative level of 10−5. Second, we present a measurement of the gravitational redshift using
astrometric and spectroscopic measurement of the star S0-2 during its closest approach to the
black hole in 2018.

1 Why searching for a violation of the Equivalence Principle and why in the Galac-
tic Center?

The Einstein Equivalence Principle is one of the corner stone of General Relativity. It stipulates
that all matter and energy couple universally to gravitation and it allows gravitation to be
described as a geometrical phenomenon, i.e. as a manifestation of space-time curvature. More
precisely, the EP stipulates that there exists a single space-time metric to which matter is
universally coupled to. While it is at the core of General Relativity, this principle is not based
on a fundamental theoretical principle (such as the gauge invariance for example) but it is rather
a heuristic generalization of the fact that all bodies seem to fall with the same acceleration in an
external gravitational potential 1. In addition, there exists several strong motivations to search
for a violation of the EP: (i) many unification theories and attemps to develop a quantum theory
of gravitation lead to a violation of the EP, (ii) several models of Dark Matter or Dark Energy
introduce new fields that would couple to standard matter and therefore leads to a violation of
the EP, (iii) the Standard Model of particle physics contains numerous constants whose values are
unexplained, an unsastisfactory feature that is sometimes avoided by replacing these constants
by dynamical fields, which leads to a breaking of the EP as well. A detailed discussion regarding
the motivations to search for a breaking of the EP can be found in Damour 1.

The EP is nowadays extremely well tested at local scales, within the Solar System 2. As an
example, the universality of free fall has been recently tested at the relative level of 10−14 with
the MICROSCOPE space mission 3. Another standard test is provided by the local comparisons
of two atomic clocks based on different atomic transitions. Such measurements have been used to
search for time or space dependency of the constants of Nature (such as the electromagnetic fine
structure constant, or the fermions’ masses). Typically, possible linear drift for these constants
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are constrained at the level of 10−16−17 yr−1 and a possible dependency for these constants to
the gravitational potential (divided by c2) is constrained at the level of ∼ 10−7, see for example
the review 4. Finally, a measurement of the gravitational redshift performed by comparing the
frequency of two clocks located in a different gravitational potential is also a way to test the EP.
The best gravitational redshift test, reaching a relative accuracy at level of 10−5, is currently
provided by an analysis of data from two GNSS satellites from the Galileo constellation 5.

While the EP is extremely well constrained in the Solar System, several astrophysical ob-
servations seem to provide an evidence for a breaking of the EP at astrophsyical scales. First,
observations of quasar absorptions lines have been used to search for a variation of the fine
structure constant α. The idea is to compare different absorption lines based on different atomic
transitions to their measured values on Earth to infer a possible variation of α between the emis-
sion of these lines and Earth. The most recent analysis of such data has provided an evidence for
a breaking of the EP at 3.9 σ level. More precisely, the data seems to indicate that there exists
a spatial dependency of αwhich takes the form of a gradient6. Secondly, recent measurements of
absorption lines from the atmosphere of a white dwarf have recently provided another evidence
for a spatial dependency of α in a strong graviational potential 7. While these two results can
still be due to systematics, they provide strong motivations to search for a possible variation of
α using different observations sensitive to different systematics.

Observations of short period stars orbiting Sagittarius A* (Sgr A*), our Galactic Center, have
been observed for more than 25 years by two independent groups: one using the Keck telescope
in Hawaii and one using the Very Large Telescope in Chile. Obsevations of these stars have
provided with the best evidence for the existence of a supermassive black hole (∼ 4 × 106 solar
masses) at the center of our Galaxy. These observations have recently opened a new window to
probe the gravitational interaction around a supermassive black hole, see e.g. 8,9,10,11. Searching
for a violation of the EP using these measurements is motivated for different reasons: (i) they
probe the EP in an unexplored regime, around a supermassive black hole, (ii) these measurements
are sensitive to different systematics than the quasars and the white dwarf measurements and
provide a complementary probe of the EP at astrophysical scales, (iii) several modifed theories of
gravitation predict that the deviations from General Relativity can be enhanced around a black
hole (e.g. quadratic Einstein Gauss-Bonnet theory), (iv) there exist some viable alternatives to
the black hole paradigm for our Galactic Center such as a boson star which can also violate the
EP.

In conclusion, searching for a violation of the EP is a way to search for new physics beyond
General Relativity and the Standard Model of particle physics. Searching for such a violation
in our Galactic Center is particularly well motivated. In this proceedings, we will review two
recent results that have provided such a test: (i) a measurement of a possible spatial variation
of α and (ii) a measurement of the gravitational redshift due to the supermassive black hole.

2 Search for a variation of the fine structure constant around Sgr A*

Recently, a new way to search for a variation of α around a SMBH using spectroscopic mea-
surements from late-type evolved giant stars orbiting Sgr A* has been proposed 11. Using spec-
troscopy, we can very precisely measure the wavelengths of atomic lines, which can be used to
measure potential variations in the fine structure constant using ∆λj/λj = z− kα,j(1 + z)∆α/α
where ∆λj/λj is the relative difference between the measured wavelength of an atomic transition
j from a star in the Galactic Center and its measured value on Earth, z is the radial velocity
(or redshift) of this star, kα,j is the sensitivity of the atomic transition j to α and ∆α/α is the
relative difference of α between the Galactic Center and Earth.

Late-type evolved stars are particularly useful for such an analysis because their cool at-
mospheres result in spectra that contain many strong atomic absorption lines which helps to
maximize the number of different lines available for this analysis. Also importantly, their spectra
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contain lines that are related to atomic transitions with different sensitivity to α (the difference
between the kα,j coefficients are of the order of 1). We have used 5 old type stars of magni-
tude lower than 15 to ensure a sufficiently high SNR to extract the lines and sufficiently close
to the SMBH in order to probe a strong gravitational potential. We have used existing spec-
troscopic measurements from the Keck, Gemini and Subaru telescopes all located in Hawaii.
We identified a number of strong and sufficiently isolated absorption lines for this experiment
that are sufficiently isolated to be extracted individually. For each of these absorption lines,
we have performed ab initio calculation of the sensitivity of the atomic transition to α, i.e.
kα,j = d ln νj/d lnα, where νj is the frequency of the atomic transition. More precisely, we have
computed numerically the spectrum for each element by solving the Dirac Hamiltonian using a
combination of the configuration interaction method with many-body perturbation theory using
the AMBIT software 12.

A Bayesian inference is then used to infer an estimate of ∆α/α for each of these five stars.
All the results are consistent with no variation of α at 68 % confidence level. A combined
analysis of these five stars leads to 11

∆α

α
= (1.0 ± 5.8) × 10−6 . (1)

This result is at the same level of accuracy than the ones obtained with quasars or with the white
dwarf measurements but shows no evidence for a variation of α. Using astrometric observations
of these old-type stars, it is possible to infer their gravitational potential and to reinterpret this
result as a constraint of a variation of α as a function of the gravitational potential at the level
of 10, an order of magnitude less stringent than the white dwarf result.

Although our result is not competitive compared to atomic clock measurements, this result is
particularly important for several reasons: it is the first time a variation of α has been searched
for around a black hole and the level of the constraint obtained is of the same order of magnitude
than the ones obtained with the quasars and white dwarf measurements. Furthermore, this first
study was performed using existing (non dedicated) data. This has allowed us to identify the best
instrument to perform such observations (the NIRSPEC instrument from the Keck telescope)
and we have estimated that we can improve these results by a factor 10 by performing a dedicated
observation campaign.

3 Measurement of the gravitational redshift using the star S0-2

The short period star S0-2 (also named S2) has an orbital period of ∼ 16 years and is particularly
bright which ensures very good measurements accuracy. This star has been tracked since 1995 at
the Keck observatory and at the VLT. In 2018, this star experienced its closest approach to the
black hole at a distance of 120 astronomical units. This event has been tracked very carefully by
two teams: the UCLA Galactic Center Group at Keck and the GRAVITY collaboration at the
VLT. These dedicated observation campaigns associated with the 25 years long data baseline,
important to determine precisely the orbit of S0-2 have allowed to measure the relativistic
redshift for this star. The signature from the relativistic redshift has a characteristic peak
occuring during the star’s closest approach with an amplitude of ∼ 200 km/s. Roughly half of
this signal is due to the second order Doppler effect due to special relativity while the other half
is due to the relativistic redshift, a prediction from the EP.

A global fit combining 25 years of astrometric measurements and 16 years of spectroscopic
measurements has led to an estimate of Υ = 0.88 ± 0.17 (systematics included) for the UCLA
group 8 and of Υ = 0.9 ± 0.09stat ± 0.15syst for the GRAVITY collaboration 9, where Υ is a
phenomenological parameter that encodes a deviation from the relativistic redshift signature
(with 0 corresponding to Newton’s theory and 1 to the prediction from both special and general
relativity). Both these estimates are consistent with each others and consistent with the predic-
tion from General Relativity. As mentioned earlier, the gravitational redshift contributes only
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to 50% to the relativistic redshift such that the gravitational redshift has been measured and
constrained with a 30% relative accuracy. This measurement is not competitive compared to the
best measurement of the gravitational redshift performed around Earth using GNSS data but it
is the first measurement of the gravitational redshift around a black hole, around a supermassive
body and in a strong gravitational potential regime.

4 Conclusion

Searching for a breaking of the EP is a promising way to discover new physics beyond General
Relativity and the Standard Model of particle physics. While the EP is very well tested in the
Solar System, there exist astrophysical measurements (measurements from quasars and from
a white dwarf) that seem to indicate a possible spatial variation of α at astrophysical scales,
which would by synonym of an EP violation. This gives very strong motivations to consider
other astrophysical systems to probe the EP and measurements of short period stars orbiting
the supermassive black hole in our Galactic Center are ideal to perform such tests. We have
presented two recent results of tests of the EP using such measurements. First, spectroscopic
measurements of old-type stars provide a constraint on a possible variation of α at the relative
level of 10−5, consistent with the predictions from General Relativity. Second, observations of the
star S0-2 during its closest approach in 2018 have provided a measurement of the gravitational
redshift at the level of 30 % accuracy, consistent with General Relativity. We hope to improve
these first results in the future. In particular, a dedicated spectroscopic observation campaign
is expected to improve the result on α by an order of magnitude.
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Large quantum states measure gravitational energy and not acceleration
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Gravitational acceleration of classical objects is a central part of everyday life. However,
large quantum states of massive particles cannot measure acceleration. Instead, they are
only sensitive to gravitational potential energy. The attainable information in a gravitational
measurement is limited to the interaction energy. The information encoded in the acceleration
must stay hidden to satisfy the Heisenberg error-disturbance relation.

Aharonov and Bohm famously predicted in 1959 that the electromagnetic potential is a
significant quantity in quantum systems, not only the associated electromagnetic fields 1. In
terms of observable gravitational quantities, the gravitational acceleration and gravitational
potential energy are compared. The acceleration, a position change over time, can be measured
classically. As presented here, the gravitational energy is not only significant for large quantum
states, but the acceleration is not observable. By identifying the extreme regimes, large and small
quantum states, the prediction of the measurement outcome becomes straight forward. Small
quantum states measure the acceleration, just like classical devices, and large states measure
the interaction energy.

Position changes due to accelerations have to be compared to some sort of ruler. This task is
typically carried out by light. The resolution of the light ruler is given by the wave vector k. For
a position change ∆x, the measurement outcome will be k∆x. By increasing the magnitude of k,
the measurement outcome grows in size. The key to identifying the gravitational acceleration is
the parametric dependence of the measurement outcome on k. In contrast, the potential energy
is identified by being insensitive to k, but it is proportional to the mass of the test particle. The
parametric dependence on the wave vector k determines the physical nature of the observed
quantity a.

The ruler k imprints the momentum uncertainty h̄k on a quantum state. Since momentum
uncertainty leads to wave packet separation of the quantum state, its size is intrinsically tied
to the momentum uncertainty caused by the ruler. Most quantum states can be classified as
being small, i.e. their spatial extent is small enough so that the gravitational interaction energy
is no more than quadratic in position. Spatially extended quantum states of massive particles,
e.g. atoms, are produced and readout in a light-pulse interferometer. These states consist
of two interferometer arms that follow different trajectories. The observable quantity is the
interferometer phase φ, that can be predicted by 2,3

φ =
∑

ki xi + ∆S (1)

ki are the wave vectors of the laser pulses, and xi are the positions of the mid-point of the

aThe notation is restricted to one spatial dimension.
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Figure 1 – (a) Schematic of the large state Ψ52 (52 h̄k beamsplitter momentum) and small state Ψ4. The upper
arm of Ψ52 interacts with the mass M that is offset by Rx. The mid-point of Ψ4 follows exactly the upper arm
of Ψ52. (b) Phase shift induced by mass M as a function of Rx, data from 4. The measurements with Ψ4 (blue
dots) follow the acceleration curve. The time-integrated potential energy of the upper arm of Ψ52, as in equation
5, is labeled energy curve. It also predicts the measurement with an arbitrarily large quantum state, where the
dependence on k is completely gone. The measurements with Ψ52 follow its prediction (gray curve), which closely
resembles the energy curve but not the acceleration curve. For small offsets Rx ≈ 0, gravitational energy, and
gravitational acceleration predict very different measurement outcomes.

arms during the corresponding laser pulse. The positions xi are referenced to the phase reference
of the laser.

For small separation between interferometer paths, i.e. small quantum states, the action
term ∆S is zero. Position changes ∆x due to accelerations are encoded in the phase via the
ruler k, e.g. a constant acceleration g between the laser phase reference and the atoms leads to
the phase

φ ≈ k g T 2︸︷︷︸
∆x

. (2)

The phase reference for the laser pulses is usually implemented by a mirror or an additional
atomic quantum state. An atom interferometer is usually realized in a Mach-Zehnder configu-
ration 5, which consists of three laser pulses equally spaced by the interferometer time T.

The information k∆x is also accessible classically, e.g., by replacing the atoms with a freely
falling corner cube. If the corner cube follows the same trajectory as the atoms and is probed
at the same times, the phase of the reflected light will encode the same quantity kgT 2. The fact
that small quantum states measure the same quantity as a classical device has been tested in
experiments6 with a precision on the order of 10−9. In summary, small quantum states measure
a classical quantity, the gravitational acceleration.

To predict φ for large quantum states, one can either calculate the exact trajectories and
the action term ∆S or use perturbation theory 7. For small quantum states, equation 1 is
advantageous, as all you need are the positions of the interferometer paths at the laser pulses.
But as we will see, perturbation theory is optimal for large quantum states. The change in the
interferometer phase due to the presence of a mass M is given by

φ =
m

h̄

∫ 2T

0
[V (x1) − V (x2)] dt, (3)

with the gravitational potential V (x) of the source mass M . The upper interferometer path
is labeled as x1 and the lower path as x2. For small quantum states, the potential difference
between paths V (x1) − V (x2) can be written in terms of the gradient ∂V

∂x , which is just the
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acceleration g(x) at a certain point x. The phase then reads

φ ≈ m

h̄

∫ 2T

0

∂V

∂x
· d(t) dt = k

[∫ T

0
g(x1) t dt+

∫ 2T

T
g(x1)(2T − t) dt

]
︸ ︷︷ ︸

∆x

. (4)

The distance between the paths is given by d(t) = h̄k/m · t. Here, the dependence on the
mass of the atoms drops out. Of course, in this regime we recover the equation 1 with ∆S = 0
and equation 2 for constant g. Again, the point to emphasize is that the small quantum states
measure a time average of the acceleration g with the ruler k. How well do we know that such a
measurement actually does not depend on the mass of the atoms? Very well. One can compare
the interferometer phase of atoms with different masses. The quantum states of the two atomic
species are interrogated by the same light pulses and therefore, have exactly the same wave
vector k. The experimental result 8 is that the phase is identical to parts in 1012. The two
rubidium isotopes used in this experiment have a mass difference of roughly 2%, which means
we know that mass-dependent phase shifts due to the presence of the earth are suppressed by
ten orders of magnitude.

The size of quantum states is intrinsically tied to the magnitude of k. The larger k is,
the bigger the quantum states get. Eventually, one will leave the small quantum state regime.
Keeping the upper path fixed, increasing k will subsequently result in V (x2) ≈ 0, since the lower
arm will be far away from the source mass M. Equation 3 simplifies to

φ ≈ m

h̄

∫ 2T

0
V (x1)dt. (5)

In the large quantum state regime, only one arm interacts. For gravity, that means that the
distance R between the source mass and one arm is much smaller than the spatial extent of the
full state. In the large quantum state regime, the interferometer phase measures the interaction
energy m ·V integrated over time. The phase is independent of k. It does no longer encode some
position change measured with ruler k. The right side of equation 5 is not an energy difference
or an energy gradient, but the gravitational interaction energy in full.

In practice, the wave vector is scaled by applying multiple closely spaced laser pulses. Each
pulse imprints a momentum difference of 2h̄k0 between the arms and the total wave vector is
given by k = nk0. The experiment 4 that shows the qualitative difference between measuring
the acceleration and the gravitational energy is illustrated in figure 1a. The large quantum state
Ψ52 is implemented with 52h̄k0 momentum beam splitters. Only the upper arm of the state
interacts with the source mass M. The mid-point of the small quantum state Ψ4 follows exactly
the upper arm of Ψ52. In that way, the small state Ψ4 measures the acceleration induced by
the source mass along the upper arm. The measured phase of the large state Ψ52 (black dots)
and the small state Ψ4 (blue dots) as a function of the displacement Rx

b is shown in 1b. A
positive (negative) Rx indicates that the upper arm spends most of its time above (below) the
source mass. The acceleration curve (blue), the curve predicting the phase of Ψ52 (gray), and
the gravitational energy curve (red) are plotted alongside the data c.

The acceleration curve is computed by multiplying the time-averaged inferred acceleration
with 52k0. The measured phase of Ψ4 follows the acceleration curve. Indeed, the small quantum
state measures the acceleration. The energy curve is the full potential energy integrated over
time, as shown in equation5. Naturally, the acceleration induced by the source mass will change
sign and go through zero as a function of the relative position Rx, whereas the energy does not
change its sign and is maximal close to the source mass. The predicted and the measured phase
of the large state Ψ52 resembles the shape of the energy curve. The difference in magnitude is

bThe absolute distance is given by R =
√

R2
y + R2

x.
cΨ4 uses 4h̄k0 momentum beam splitters. For comparison with the acceleration curve and the Ψ52 data, the

Ψ4 data is multiplied by 52/4.
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due to the still finite size of Ψ52. By increasing k while keeping the upper trajectory fixed, the
measurement will transition from the acceleration to the energy curve. As advertised, the small
state measures acceleration, and the large state measures energy.

The transition from measuring the acceleration to measuring the energy is an important
feature of gravitationally interacting quantum systems. Of course, this behavior is needed to
fulfill a famous relation of quantum mechanics, the Heisenberg error disturbance relation: The
information you can obtain from a system is limited to the back action you inflict. There is no
way to avoid this resolution limit. Once the quantum state is large enough, the acceleration
remains hidden and cannot be extracted with unbounded sensitivity by continuously increasing
k. As the gravitational acceleration is the classical quantity, even gravity does not allow for a
classical measurement with large quantum states.
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CARIOQA: a pathfinder for atom interferometry in space

Quentin Beaufils
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The CARIOQA project aims at developing a pathfinder for space gravimetry missions based on
cold atom interferometry. A cold atom inertial sensor embarked in a satellite will demonstrate
a sensitivity on the order of 10−10 m/s2/

√
Hz on the measurement of the non gravitational

acceleration of the satellite. A description of the projects preliminary study is presented
including the mission’s objectives and a performance estimation.

1 Introduction

A strong potential for space applications is anticipated from the performances of inertial sensors
based of cold atom interferometry on ground. In particular, space geodesy missions could benefit
from the high level of stability and accuracy demonstrated by these instruments 1. Mission
proposals aiming at testing fundamental laws of physics in space are also based on atomic
sensors 2.

Cold atom interferometers are expected to benefit greatly from space environment. Micro-
gravity will cancel the limit on interrogation time set by gravity on Earth, potentially allowing
for a gain in sensitivity of several orders of magnitude. However, new technological challenges
have to be overcome to reach the full potential required for future scientific missions.

The CARIOQA project aims at developing a pathfinder in a relatively short timescale, that
will pave the way for ambitious space missions based on cold atom interferometry. It will allow
to demonstrate key features of space atom interferometry such as seconds long interrogation
time and active rotation compensation. This proceeding article presents the conclusions of a
joint phase zero study carried out by CNES and DLR that aimed at defining the future mission’s
scenario and performance objectives.

2 Definition of the mission scenario

2.1 Mission objectives

Ground gravimeters based on cold atom interferometry have demonstrated a sensitivity of order
of 10−8 m/s2/

√
Hz on the measurement of the gravity of Earth g . On the other hand, the

requirements for various proposed gravimetry missions in space are anticipated to be in the
10−12 m/s2/

√
Hz sensitivity range. A four orders of magnitude gain is expected to be made

possible by microgravity, as it will alleviate the constraint on the interrogation time T set by
gravity on ground. For a free falling atom interferometer, the area of the interferometer scales
in T 2, making this parameter particularly relevant for improving the sensitivity. Interrogation
times up to T = 10 s are anticipated, but have never been demonstrated yet. One objective of
the CARIOQA mission will be to explore the new constraints on T in the absence of gravity, and
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Figure 1 – Diagram showing instrument sensitivity on ground and in space for a current geodesy mission based
on a classical instrument ( GRACE ), for projects of future missions based on atom interferometry (GRICE 3,
STE-QUEST 4) and for CARIOQA.

demonstrate an interrogation time of 1 to 5 s. Following this technological leap, an improvement
of 2 orders of magnitude compared to ground instruments is expected, allowing the mission to
demonstrate a sensitivity in the 10−10 m/s2/

√
Hz range (see figure 1). This sensitivity will be

demonstrated on the measurement of the non gravitational acceleration due to external forces
acting on the satellite.

2.2 Technical solutions

Due to microgravity, the design of a quantum accelerometer for space applications has to consider
the absence of displacement of the atoms inside the vacuum system. Consequently, the complete
experimental sequence is achieved at a single location. This leads to a substantial advantage
in terms of compactness and allows larger interrogation times. The limit on interrogation time
is then set by thermal expansion of the atomic cloud. For this reason, reaching the lowest
possible temperature becomes a crucial advantage. Contrary to most ground based instruments,
evaporative cooling techniques down to Bose-Einstein condensation is then advantageous.

Almost 20 years ago, the QUANTUS project was started to create a Bose-Einstein conden-
sate (BEC) in free fall under the scientific lead of the Leibniz University of Hannover (LUH)
with funding from DLR. In 2008, the first creation of a BEC in microgravity was demonstrated5

in the 100 m drop tower of ZARM in Bremen. On board the sounding rocket MAIUS-1, the first
BEC was created in space 6. Using the delta-kick collimation technique, a temperature as low
as 100pK was demonstrated 7. A similar design as in the MAIUS experiment is the preferred
solution for the production of the cold atoms cloud used in the future CARIOQA interferometer
: a BEC produced by forced evaporation on an atom chip, followed by a release at a distance of a
few centimeters from the chip and a delta-kick collimation after some free expansion time. Sub-
sequently to this preparation phase, a succession of double diffraction Raman transitions 8 will
be used for the interferometer sequence. The output state will be measured using a fluorescence
or absorption imaging technique.

For applications in geodesy, the satellite platform needs to operate in a nadir pointing mode.
this imposes a constant angular velocity of the system of about 1 mrad/s. At this rotation rate,
the velocity spread among the atoms in the cloud leads to a spread of Coriolis acceleration, which
drastically reduces the contrast of the interferometer. The reference mirror of the interferometer
thus needs to be rotated precisely at the same rate in order to compensate for the Nadir rotation.

208



Table 1: Relevant parameters for sensitivity evaluation of the instrument

Parameter Value Unit Demonstrated?

Interrogation time 2 to 10 s No

Contrast 0.8 Lab experiment

Preparation time 1.5 s Rocket

Cycle duration 3.5 to 11.5 s Rocket

Detected atom number 105 Rocket

Temperature 100 pK Lab experiment

Figure 2 – Amplitude spectral density of the sensitivity of the instrument to accelerations, if we consider an
interrogation time of 2 or 10 seconds.

3 Performances evaluation

3.1 Sensitivity

The sensitivity of the instrument can be evaluated under several assumptions listed in table 1.
From those parameters and using the interferometer sensitivity function 9 we can deduce the
sensitivity amplitude spectral densities for the two different interrogation times shown in figure
2. The expected sensitivity at low frequency is between 2× 10−10 m/s2/

√
Hz and 1.5× 10−11

m/s2/
√
Hz, depending on the interrogation time.

3.2 Effect of residual rotations

Even if we suppose a perfect compensation of the orbital angular velocity associated to nadir
pointing, the instrument in orbit will be subject to unwanted rotations due to non-inertial
forces acting on the satellite (solar winds, drag due to residual atmosphere). We evaluated the
effects of those residual rotations on the measurement to ensure that they will not affect the
expected performances. We assumed state of the art attitude control on the satellite based
on the hybridization of a gyro-stellar sensor and a fiber gyroscope to simulate residual angular
velocities experienced by the satellite. We evaluated the phase of the interferometer subject to
both Coriolis and centrifugal accelerations :

ϕ ≃ keffT
2(ax + 2v0δΩ+ x0δΩ

2)

where keff is the effective wave vector of the interferometer reference laser, δΩ is the residual
angular velocity of the satellite, ax is the acceleration and v0 and x0 are the initial velocity
and position of the atoms relative to the center of mass of the satellite. Using the simulated
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Figure 3 – Amplitude spectral density of noise associated to Coriolis and centrifugal acceleration due to residual
rotations, shown together with the expected sensitivity of the instrument.

attitude of the satellite, we obtain the amplitude spectral densities of the noise associated to
both Coriolis and centrifugal accelerations. Figure 3 shows the result when we suppose x0 = 1
mm and v0 = 100 µm/s. This level of control on the initial position and velocity of the cloud is
required in order to reach the expected performances.

4 Conclusion

We presented the main conclusions of the phase 0 study of the CARIOQA project. It aims at
developing a pathfinder instrument that will demonstrate a sensitivity to accelerations better
than 10−10 m/s2/

√
Hz in space. The main features that are specific to space interferometry are

seconds long interrogation times and rotations management.
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Quantum-enhanced atom interferometer and delta-kick squeezing
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The possibility to overcome the standard quantum limit (SQL) in a free-fall atom interferom-
eter using a Bose-Einstein condensate (BEC) in either of the two relevant cases of Bragg or
Raman scattering light pulses have been recently investigated in our recent study1. There, the
generation of entanglement in the BEC is dramatically enhanced by amplifying the atom-atom
interactions via the rapid action of an external trap focusing the matter-waves to significantly
increase the atomic densities during a preparation stage. We referred to this new method as
delta-kick squeezing (DKS).

1 Introduction

Atom interferometers 2,3,4 are extraordinarily sensitive to external forces and find key applica-
tions in applied physics and fundamental science5,6,7. State-of-the-art devices useN uncorrelated
atoms and their phase estimation uncertainty is lower bounded by the standard quantum limit
(SQL), ∆θSQL = 1/

√
N . Since N is generally constrained by the experimental apparatus or

by the onset of unwanted systematic effects due to the high density, the possibility to over-
come the SQL by engineering specific quantum correlations 8 between the atoms is attracting
increasing interest 9. So far, various techniques have been used to generate atomic entangled
states. In recent years, sensitivity gains have been demonstrated mainly in proof-of-principle
experiments, which are incompatible with the strict conditions imposed by inertial sensors. The
major constraints are, on the one hand, the production of entangled states and, on the other
hand, the delocalisation of the entanglement into a superposition of two different well-defined
and well-separated states at the entrance of the interferometer 10,11.

2 Principle of an atom interferometer

Like their optical counterparts, atomic interferometers are based on the principle of matter
wave interference12,13. Here, an electromagnetic pulse splits the wave function of an atom into a
coherent superposition of two states (internal and/or external). In general, a π/2 pulse prepares
a 50-50 coherent superposition and a π pulse a population inversion. In the “inertial sensor”
configuration 6, the atom is put in a superposition of two different external states having either
the same internal state (Bragg diffraction) or two different internal states (Raman diffraction).
In this configuration, illustrated in Fig. 1, it is the quantized light pulse given to the atoms,
during the absorption and stimulated emission, that is responsible for the spatial separation of
the atomic wave. The wave function, after propagation in the two arms of the interferometer, is
then recombined. The interference signal between the amplitudes associated with the different

211



arms allows the measurement of the relative phase, θ, acquired during the interrogation time,
with an accuracy of ∆θ.

The sensitivity of the phase measurement, ∆θ, increases with the duration of the interfer-
ometer, T. In the case of inertial sensors, the performance also increases with the momentum
transfer, thus inducing a large spatial separation between the two arms of the interferometer
(resulting in a larger interferometric area)6. In the best case, i.e. when the classical noise sources
are sufficiently small, the uncertainty on the phase measurement is basically limited by the stan-
dard quantum limit, ∆θSQL = 1/

√
N , where N is the number of atoms, assumed uncorrelated,

participating in the measurement. However, it is possible to overcome this limit by taking full
advantage of the possibilities offered by quantum mechanics, through the establishment of quan-
tum correlations in the input state of the interferometer. Quantum entanglement, induced by
non-linear processes such as atom-atom or atom-light interaction, allows atoms to collaborate
together to reduce the total quantum noise in the phase estimation process 9. Ultimately the
accuracy of a measurement can in principle reach the Heisenberg limit: ∆θH = 1/N .

Figure 1 – Principle of an atom interferometer.

3 Hamiltonian and state evolution

In a general manner the evolution of the quantum state is given by ψ(t) = exp(−i
∫
Ĥ(t)dt/h̄ψ(0)

where Ĥ(t) denotes the total Hamiltonian of the system. In the case of a two-mode interferometer
it is convenient to introduce here the SU(2) pseudo-spin operators of the Lie’s algebra,

Ŝx =
(
â†gâe + â†eâg

)
/2, (1)

Ŝy =
(
â†gâe − â†eâg

)
/2i, (2)

Ŝz =
(
â†gâg − â†eâe

)
/2, (3)

satisfying the commutation relation [Si, Sj ] = iεijkSk with εijk the Levi-Civita symbol.

3.1 The linear Hamiltonian

In this representation, the linear interferometer, describing the interferometer sequence is given
by,

Ĥ0(t) = h̄ΩRδ(tp)[cos(φL)Ŝx + sin(φL)Ŝy] + h̄δω(t)Ŝz, (4)

where ΩR denotes the Rabi frequency generating the different interferometry pulses at time
tp considered instantaneous through the dirac function. φL denotes the phase of the laser and

δω(t) is the precession term accumulating as being the phase, θ =
∫ 2T
0 δω(t)dt, between the two

arms.
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3.2 The non-linear Hamiltonian

The non-linear Hamilltonian describing the atom-atom interferaction is given by

Ĥint(t) = h̄χ(t)Ŝ2
z , (5)

where the time dependence in the coefficient χ(t) is associated to the dynamics of the wave
function. Depending on scattering process, Raman (R) or Bragg (B), coupling the different
external and/or internal degree of the atom, the time dependent non-linear coefficient χ(t) is
given by 1

χR(t) = χS(t)− χC(t), (6)

χB(t) = χS(t)− 2χC(t). (7)

Here, χS(t) = g
∫∞
−∞ dr

∣∣∣φg(e)(r, t)∣∣∣4 /h̄ and χC(t) = g
∫∞
−∞ dr |φg(r, t)|2 |φe(r, t)|2 /h̄ denote

the self-phase and cross-phase modulation terms, respectively, where, φg(e)(r, t) carries the spa-
tial evolution of the state |g〉 (|e〉) a. The entangling evolution 14 can generate a substantial

amount of spin squeezing in the state |ψsq(t)〉 = e−iτ(t)Ŝ
2
z |ψ0〉, where τ(t) =

∫ t
0 χ(t′) dt′ and

which can be quantified by the Wineland’s parameter ξ2 = N(∆Ŝz)
2/(〈Ŝx〉2 + 〈Ŝy〉2) 15.

At this stage two observations can be done. First, it can be observed that the dilution of the

BEC with time decrease the quantity,
∫∞
−∞ dr

∣∣∣φg(e)(r, t)∣∣∣4, and lead to limited values of τ and

therefore limited squeezing strength. Second it can be observed that while τR ≥ 0, τB can be
either negative (when the two modes spatially overlap), null or positive (when the two modes
do not spatially overlap).

4 The Delta-kick

4.1 Principle

The principle of the delta-kick is highlighted in Fig. 2. A trapped matter-wave is released and
after a free-expansion time, the initial trap is briefly switch-on and off for a time ∆t. In analogy
to optic, the action of the trap can be seen as an “Atomic Lens” for the matter-wave. Depending
on the timing, ∆t, the later expansion of the matter-wave will either diverge, be collimated or
be focused. In the literature, the “Delta-kick-Collimation” (DKC) methode, refers to the second
case shown in blue in Fig. 2.

Figure 2 – Principle of the atomic lens. Left: Evolution of the size as a function of the time. The vertical red
pulse of time ∆t denotes the application of the so-called Delta-kick pulse, e.g. an harmonic trap. The later
evolution of the matter-wave is gouverned by the timing of the kick. Right: Represention of the time evolution
of the matter-wave in phase space (top) and after the delta-kick pulse (bottom).

aFor simplicity, we have assumed the same intra- and inter-species scattering coefficient g = g11 = g12 = g22 > 0
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4.2 The Delta-kick-Squeezing

In the context of quantum-enhanced measurement and free-fall interferometry sequence 16, the
method of delta-kick has been recently theoretically investigated to focus a BEC matter-wave and
increase the squeezing dynamic in a two-mode BEC atom interferometer. This method enable the
possibility to increase the interaction dynamique responsible to the spin-squeezing dynamic and
has been named “Delta-kick-Squeezing” (DKS) 1, enables to generate large squeezing dynamic
which translate into large sensitivity gain, G2 = (∆θSQL)2/(∆θ)2, at the output port of the
interferometer. This method has shown the possibility to reach sensitivity gain up to G2 = 30 dB.

5 Conclusion

We have proposed and studied a phase-space engineering technique to focus matter waves that
(i) substantially enhances the amount of entanglement in a free-fall atom interferometer and (ii)
realizes, with Bragg diffraction, offer the possibility to create a nonlinear readout protocol 17,18

making the interferometer sensitivity extraordinarily robust against detection noise. Our tech-
nique can boost the sensitivity of a BEC gravimeter of 106 atoms to that of an ensemble with a
100-fold flux. Our DKS technique thus promotes BEC ensembles in free-fall atom interferometers
to primary quantum-enhanced sensors.

Acknowledgments The authors thank Augusto Smerzi and Luca Pezzè the QUANTERA
ERA Net funding for the SQUEIS project.
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Atomic interference experiments test the universality of the coupling between matter-energy
and gravity at different spacetime points, thus being in principle able to probe possible viola-
tions of the universality of the gravitational redshift (UGR). In this contribution, we introduce
a UGR violation model and then discuss UGR tests performed by atomic clocks and atom
interferometers on the same footing. We present a large class of atom-interferometric geome-
tries which are sensitive to violations of UGR.

1 Introduction

Phases of matter waves can be connected 1 to proper time .2,3 Therefore, matter waves are
in principle able to test the universality of the gravitational coupling to test bodies. This
universality is based on the Einstein equivalence principle (EEP) and translates into three basic
assumptions :4,5 local Lorentz invariance, universality of free fall (UFF), and local position
invariance. The last principle can be divided into the universality of gravitational redshift (UGR)
and the universality of clock rates; we focus on UGR in this article. EEP implies that gravity is
a metric theory, demanding that every test body couples universally to gravity, independent of
its composition. UGR states that the proper-time difference between different heights in gravity
passes in a composition-independent manner, and is usually tested 6–11 by atomic clocks .12–14

On the other hand, UFF tests analyze whether gravitational accelerations of two test bodies
are equal, and can be implemented via classical 15 or quantum test bodies, where the latter can
for example be implemented with atom interferometers .16,17 Consequently, the question 18–22

whether UGR tests with atom interferomters are possible arises.

We treat atomic clocks and atom interferometers in a common framework 23 and discuss
UGR tests in atomic clocks. Via clocks, we define a basic UGR-violation sensitivity and then
analyze under which conditions atom interferometers can test UGR. We show in this article
that atom interferometers operated with a single internal state of the atom are fundamentally
insensitive to UGR violations. By introducing superpositions 23–26 of internal states or transi-
tions 27,28 between them, we identify different classes 23 of atom interferometer schemes which
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are in principle able to test UGR. The main results together with explicit derivations can be
found in our previous work PRX Quantum, 2:040333, 2021.

2 EEP violations from dilaton fields

To describe EEP violations, we consider a dilaton field coupling linearly to the Standard
Model ,29–31 which effectively acts as a fifth force. The Lagrangian of the free part

Lfree =
c4

16πG

[
R− 2(∇%)2

]
− 1

4µ0
FµνF

µν − 1

4
GαµνG

µν
α +

∑
i=e,u,d

ψ̄i
[
ih̄c /D −mic

2
]
ψi (1)

includes a free gravitational contribution with Ricci scalar R, Newton’s gravitational constant G,
speed of light c, and dilaton field %. It involves also gauge fields Fµν with vacuum permeability

µ0 and Gµν , as well as a matter part with Dirac spinor ψ̂i, Dirac derivative /D and mass mi.
The interaction of the dilaton with the gauge fields and the fermions

Lint = %

[
de

4µ0
FµνF

µν − dgβ3

2g3
GαµνG

µν
α

]
− %

∑
i=e,u,d

ψ̄i(dmi + γmidg)mic
2ψi (2)

includes unknown coupling constants dn with n = mi, g, e. Via these coupling constants, also
other constants like masses of composed particles and the fine-structure constant effectively
become dilaton dependent .29–31

Hence, analyzing bound systems like atoms in this Standard-Model extension leads to
dilaton-dependent energies Ej(%). These energies can be related to the mass of an atom via
the mass-energy relation Ej(%) = mj(%)c2, where we associate different internal states j with
different masses. Expanding the mass around its Standard-Model value mj(%) ∼= (1 + β̄j%)mj(0),
we find the linear coupling coefficient β̄j . Moreover, the dilaton itself is sourced by Earth, thus
depending on gravity via % = β̄Sgz/c

2 including a coupling coefficient β̄S for a linear gravita-
tional potential with acceleration g. Other dilaton contributions, e.g. of cosmological origin, are
not included for simplicity. We define the EEP violation parameter βj = β̄Sβ̄j which allows the
effective replacement g → (1 + βj) g, introducing a state-dependent gravitational acceleration.

Considering a two-level atom, where j = a, b denotes the excited state |b〉 and ground
state |a〉, we can identify the mass defect 23,25,26 ∆m = mb(0) − ma(0) and mean mass m =
[mb(0) +ma(0)] /2, defined via Standard-Model values mj(0). The mass defect is related to
the internal transition frequency h̄Ω = ∆mc2 of the atom. To summarize, two perturbative
parameters ∆m and βj have been added to the conventional non-relativistic descriptions.

3 UGR violations in clocks and quantum clock interferometry

Based on this underlying model, we will identify a first-quantized Hamiltonian 32,33 essential for
calculating interferometric phases. After presenting a general perturbative method to calculate
such phases, we will consider interferometric clocks and introduce quantum clock interferome-
try 23–26 based on atom interferometers. With the help of the differential phases between two
clocks, a basic formula for the sensitivity in UGR tests is given. Then, we will identify UGR-
sensitive atom interferometer schemes. Our treatment follows our previous work published in
PRX Quantum, 2:040333, 2021.

3.1 Interfering matter waves

The measured signal I in quantum interference experiment is given by the expectation value of
a projection operator Π̂. For an initial state |Ψin〉 = |ψint〉 ⊗ |ψc.m.〉 where the initial internal
state and center-of-mass (c.m.) wave packet are separable, we find

I = 〈Ψin| Û †Π̂Û |Ψin〉 =
1

4
〈ψc.m.| (Û †1 + Û †2)(Û1 + Û2) |ψc.m.〉 =

1

2
(1 + C cosϕ). (3)
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We define
〈
Û †1 Û2

〉
= C exp(iϕ) as the overlap by identifying a superposition (Û1 + Û2) |ψc.m.〉 /2

of two different components. The specific projection will be discussed below: Depending on the
projection, the two components can be related to different spatial branches, internal states, or
a combination of them.

We associate the effective Hamiltonian Ĥ
(σ)
j = Ĥ

(σ)
0 +Ĥ(σ)

j with these components, depending
on internal state j = a, b and branch σ = u, l. The unperturbed part is given by

Ĥ
(σ)
0 = mc2 +

p̂2

2m
+mgẑ − F (σ)ẑ +

mΓ2

2
(ẑ − ζ(σ))2 + V

(σ)
ph (4)

for an atom with mass m. Here, we consider a Fermi-Walker expansion of the lab system,
leading to a linearly expanded gravitational field with acceleration g. The Hamiltonian in-
cludes a branch-dependent constant force F (σ), a harmonic potential with frequency Γ and

time-dependent origin ζ(σ)(t), and a trivial laser phase included in V
(σ)

ph . Perturbations to the
non-relativistic Hamiltonian are included in

Ĥ(σ)
j = λj

∆m

2

[
c2 − p̂2

2m2
+ gẑ

]
+mβjgẑ + λj

m∆Γ2

4
(ẑ − ζ(σ))2, (5)

where λb = 1 for the excited state and λa = −1 for the ground state. These perturbations
include mass defects ±∆m coupling to the c.m. motion, as well as an EEP-violating factor βj .
We also include a state-dependent, perturbative coupling of the harmonic potential via λj∆Γ2.

Relying on perturbative methods ,34,35 we find from this treatment the phase

ϕ = ϕ0 −
1

h̄

∫
dtHdiff −

1

2h̄

∮
dt
{∂2H
∂z2

〈
ẑ2
c

〉
+
∂2H
∂p2

〈
p̂2
c

〉}
, (6)

where Hdiff is given by the difference of the classical counterpart of Ĥ(σ)
j , evaluated with the

unperturbed trajectories given by Hamilton’s equations of motion obtained from the classical

counterpart of Ĥ
(σ)
0 . The explicit form ofHdiff depends on the branch or the internal state, speci-

fied in the following. The unperturbed phase ϕ0 is generated by Ĥ
(σ)
0 and the last term describes

wave-packet effects. These wave-packet effects include the centered position operator ẑc(t) and
momentum operator p̂c(t) with vanishing expectation values .34,35 They can be calculated from

operator-valued equations of motion generated by Ĥ
(σ)
0 , and differ for clocks and atom interfer-

ometers. For the derivatives we find ∂2H/∂p2 = −λj∆m/(2m2) and ∂2H/∂z2 = λjm∆Γ2/2, if
the potential is turned on for the whole interferometer.

3.2 Atomic clocks

For clocks, we model the readout by a projection onto the superposition (|a〉+ |b〉) /2, which also
includes the final pulse. Hence, we find Hdiff = Hb −Ha for clocks and choose F (σ) = 0, which
corresponds to vanishing recoil and no branch-dependent constant force. With the classical

trajectories generated from H
(σ)
0 we can calculate the phase of a single clock. Comparing two

clocks leads to the differential phase

ΦC = ϕ(u) − ϕ(l) (7)

between them. We show the results for three examples 23 in Fig. 1, where both clocks possess
the same transition frequency Ω. These examples include freely falling clocks where the trap
is turned of at t = 0, clocks on different but constant heights as the prime example for UGR
tests, and guided clocks brought to different heights and back together. We observe that all
geometries test UGR with the same differential phase of the form

ΦC = ϕ(u) − ϕ(l) = −Ω (1 + α) δζ0gT/c
2 (8)
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Figure 1 – Differential measurements between two clocks in a gravitational field with acceleration (1 + βj)g: two
freely falling clocks (a), two clocks trapped at different but constant heights (b), and two guided clocks being
separated and brought back together (c). The black lines represent the unperturbed trajectories generated by

H
(σ)
0 (surrounded by the perturbed trajectories in color), each trap center is bordered by red potential barriers,

and initialization and readout of the clocks is marked by purple pulses. The table below shows the differential
phase ΦC, which yields a UGR sensitivity for all three schemes with height difference δζ0. The Figure was created
by and taken from Fabio Di Pumpo et al. PRX Quantum, 2:040333, 2021, published under a Creative Commons
Attribution 4.0 International license. The Figure was not modified and adopted in its original form created by
Fabio Di Pumpo et al.

where ζ0 is a height difference, apart from terms suppressed with trap frequency Γ. Moreover,
we find that UGR tests always involve at least two different internal states. Here, we defined
the parameter α = m∆β/∆m, which can be connected to the UFF violation parameter ∆β in
the dilaton model.

The centered observables can be calculated as ẑc(t) =
(
ẑ − 〈ẑ〉

)
cos (Γt) + p̂ sin (Γt)/(mΓ)

and p̂c(t) = p̂ cos (Γt)−mΓ
(
ẑ − 〈ẑ〉

)
sin (Γt). We assume a vanishing initial momentum 〈p̂〉 = 0

and vanishing cross terms 〈ẑp̂+ p̂ẑ〉 = 0. Hence, wave-packet effects for clocks turn out to be
branch independent and cancel in differential phases.

3.3 Quantum clock interferometry

Based on the results for clocks, we analyze which atom interferometers without internal tran-
sitions (Bragg-type) display the same UGR-sensitive phase. For Bragg-type atom interferome-
ters 36 one can project onto a specific momentum (range) at the end of the experiment, defining
the projection Π̂. Hence, we find Hdiff = H(u) −H(l) for Bragg-type atom interferometers. For
light-pulse atom interferometers, we have Γ = ∆Γ = 0. With the classical trajectories generated

from H
(σ)
0 we can calculate the phase of a single atom interferometer, analogously to clocks.

Comparing phases of two atom interferometers operated in a different internal state, performed
simultaneously or sequentially, leads to the concept of quantum clock interferometry 23–26 and
yields the differential phase

ΦAI = ϕb − ϕa. (9)

We show in Fig. 2 three examples 23 for quantum clock interferometry. Whereas the Mach-
Zehnder interferometer serves as a prime example for such schemes, it does not provide a UGR
test but rather a UFF test, since it is directly proportional to ∆β = βb − βa and has the form
of a Null test. Introducing relaunch pulses with effective acceleration a acting on both branches
alike, the differential phase includes a term a/g. For a exactly tuned to have the same value as g,
this phase mimics UGR tests. Contrarily, by using guided schemes where the trapping potential
is not turned off, quantum clock interferometry leads automatically to UGR tests, in complete
analogy to clocks. We observe that for UGR tests with atom interferometers two internal states
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Figure 2 – Three examples for quantum clock interferometry in a gravitational field with acceleration (1 +βj)g: a
Mach-Zehnder interferometer (a), a scheme including pulsed optical relaunching (b), and an interferometer where
two trapping potentials guide the atom to different heights, and back to the initial height (c). The Bragg pulses
are denoted by red lines, relaunching pulses with effective acceleration a acting on both branches and states alike
by yellow ones, and the unperturbed trajectory generated by H

(σ)
0 by dashed lines (surrounded by the perturbed

trajectories in color). In the table below the differential phases ΦAI are shown. While the Mach-Zehnder scheme
(a) leads to UFF tests, the pulsed optical relaunching (b) can mimic UGR tests for the specific choice a = g. The
guided scheme (c) is in full analogy to clocks and tests UGR without a specific choice for the acceleration. The
table also includes height differences δz0 or δζ0. The Figure was created by and taken from Fabio Di Pumpo et
al. PRX Quantum, 2:040333, 2021, published under a Creative Commons Attribution 4.0 International license.
The Figure was not modified and adopted in its original form created by Fabio Di Pumpo et al.

are involved. Hence, a single internal state cannot be sufficient, as the transition frequency Ω
can only be obtained as a prefactor in the differential phase by involving two internal states.

The centered observables ẑc(t) = ẑ − 〈ẑ〉 + (p̂ − 〈p̂〉)t/m and p̂c = p̂ − 〈p̂〉 for Bragg-type
atom interferometers, as well as the derivatives ∂2H/∂p2 and ∂2H/∂z2, are branch independent.
Thus, no wave-packet effects arise.

4 UGR violations via internal transitions

So far we considered solely internal superpositions but can generalize the treatment also to in-
ternal transitions .27,28 In this case, we find from a similar formalism UGR-sensitive phases. We
show two examples 27,28 for this class of geometries in Fig. 3. Via these transitions, two internal
states get involved. Again, UGR-sensitive phases can be extracted ,23 without necessarily in-
volving an internal superposition. Additionally, the second scheme also includes UFF-sensitive
contributions, which can be separated by varying the middle time segment.

5 Conclusion

We derived a UGR-violating expression for atomic clocks based on a dilaton model. By treating
clocks and atom interferometers on the same footing, we showed that UGR tests have to involve
two internal states. Finally, we analyzed which atom-interferometric schemes can test UGR and
found that this sensitivity can be achieved either by mimicking or guiding schemes for quantum
clock interferometry, or by driving internal transitions during the interferometer.
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Figure 3 – Two examples for UGR tests with atom interferometers relying on internal transitions during the
sequence in a gravitational field with acceleration (1 + βj)g: a Ramsey-Bordé-like geometry operated as a doubly
differential scheme (a) and a scheme relying on sequential internal transitions (b). The table below the figures

shows the phases and height differences δz0. The unperturbed trajectories generated by a generalization ofH
(σ)
0 are

denoted by dashed lines (surrounded by the perturbed trajectories in color), while red and purple lines represent
Bragg pulses and recoilless pulses, the latter brings an atom into an internal superposition. After applying two
Bragg pulses opening the interferometer in the first scheme (a), the recoilless pulse at t1 initializes a clock while
the atom drops in superposition of a height difference δz0. Since the differential phase ΦAI(t1) depends on that
time, a UGR sensitivity can be obtained by performing the scheme a second time but with another initialization
time t2, leading to a redshift measurement in the purple shaded area. Contrarily, the second scheme (b) uses
pulses which both transfer momentum and change the internal state. Via these symmetrical internal transitions,
the phase ϕb/a becomes sensitive to UGR violations without a differential scheme, which, however, should be
performed also for this example to remove cloaking effects. The Figure was created by and taken from Fabio Di
Pumpo et al. PRX Quantum, 2:040333, 2021, published under a Creative Commons Attribution 4.0 International
license. The Figure was not modified and adopted in its original form created by Fabio Di Pumpo et al.
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A gravity antenna based on quantum technologies: MIGA
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We report the realization of a large scale gravity antenna based on matter-wave interferometry,
the MIGA project. This experiment consists in an array of cold Rb sources correlated by a
150 m long optical cavity. MIGA is in construction at the LSBB underground laboratory, a
site that benefits from a low background noise and is an ideal premise to carry out precision
gravity measurements. The MIGA facility will be a demonstrator for a new generation of
GW detector based on atom interferometry that could open the infrasound window for the
observation of GWs. We describe here the status of the instrument construction, focusing on
the infrastructure works at LSBB and the realization of the vacuum vessel of the antenna.

1 MIGA, an underground array of Atom Interferometers

MIGA1 consists in a 150 m vacuum vessel hosting in-cavity beams that interrogate and correlate
three Rb atom interferometers regularly spaced along the antenna baseline (see Fig. 1). The
vacuum system is mostly composed of standard 6 m long and 50 cm large sections interconnected
with metallic gaskets. Two large vacuum tanks are placed at the extremities of the system to
accommodate the input optics, the in-cavity mirrors and the control systems of the resonator.
The atom sources of the experiment 2 are based on a standard combination of 2D-3D Magneto
Optical Traps to produce clouds of Rb atoms at a temperature of ≈ 2 µK. After launching the
atoms on a vertical trajectory, a set of Raman beams prepares the sources in the pure quan-
tum state F = 2, mF = 0 with a reduced effective temperature of 150 nK before entering the
intereferometric region located at their apex where they are manipulated in the Bragg regime
using in-cavity fields. All the optical functions of the source for preparation and detection are
realized using dedicated fiber laser systems. These commercial solution were specifically devel-
oped 3 for MIGA to cope for the rough functioning conditions of LSBB in terms of accessibility
and environment. The project foresees the production of a total of five Rb sources, three of
them dedicated to the antenna and two others for a 6 m demonstrator, a reduced size version of
MIGA, developed at the LP2N laboratory. As of today, a total of three systems were produced
and fully characterized. In the following, we present the status of the construction of the antenna
and detail in particular the infrastructure works recently carried out at the LSBB laboratory to
host the experiment and the realization of its vacuum vessel.
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Figure 1 – The MIGA instrument. The atom interferometers (AI) of the antenna will be located at (a), (b) and
(c). Most of the vacuum vessel is composed of 6 meters long sections (d).

2 Infrastructure works at the MIGA installation site

The LSBB laboratory comes for the reconvertion of an underground military command center
for ballistic missiles into a low noise research center 4. This facility benefits from an exceptional
low seimic and magnetic background noise that are major sources of disturbance for precision
measurement experiments based on atom interferometry. The installation of MIGA at LSBB
required to create new galleries in this environment. Starting at the end of 2018 and till the
beginning of 2020, two new perpendicular galleries of 150 m were bored to host the initial antenna
and a possible evolution towards a 2D instrument geometry. Indeed, a two-arm, Michelson
geometry would present interesting noise rejection properties in view of GW detection to limit
the impact of the residual frequency noise of the interrogation laser. These new galleries were
realized deep inside the kastic mountain hosting the LSBB: their accesses are located at about
1 km from the entry of the lab and the minimal depth of the MIGA gallery is about 300 m.

Fig. 2 (a)-(b)-(c) where taken during the infrastructure works, a period in which the labora-
tory was closed to any other activity. The works were carried out using explosives, a technique
that limited the progress to a few meters per day. Fig. 2 (b) shows a typical firing plan with
the position of the different holes for the charges. These calculated positions together with a
specific timing for the ignition enabled controlled explosions. Fig. 2 (a) shows the temporary
venting system installed to evacuate the dust after firing. After evacuation of the wastes of the
explosion, the new portion portion of gallery was reinforced using shotcrete. On some specific
locations, the geologic conditions also imposed to install further consolidation using metallic
structures (see Fig. 2 (c)). After the conclusion of the works, a particular care was given to
the cleaning of the galleries in order to prepare for the mounting of the UHV system of the
antenna. Fig. 2 (d)-(e)-(f) shows the galleries after completion of the works. The current gallery
is 3 m high and 3,3 m large to accommodate for the installation of the different elements of the
vacuum vessel and a lateral pathway for the transportation of the material (see on Fig. 2 (e) the
mounting of the first 6 m section of the vacuum system). Larger cavities where also realized to
host the end-towers and the atom interferometers: Fig. 2 (d) shows the enlargement done for
the installation of the different systems of the central atom interferometer.
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(a) (b) (c)

(e)(d) (f)

Figure 2 – (a)-(b)-(c): the MIGA galleries during the works, (d)-(f): the two finished galleries, (e) installation of
the first section of the vacuum vessel within one of the MIGA galleries.

3 MIGA vacuum technology

The realization of the vacuum system of the antenna is a real technical challenge: the functioning
of the atom sources sets a stringent vacuum level in their vicinity of about 10−9 mbar to avoid
atom losses by collision with the residual gas. The total interferometric time of 2T = 500 ms,
corresponding to a distance between the cavity interrogation beams of ≈ 30 cm, imposes the
use of a large aperture vacuum system of about 50 cm. The conduction resulting from such a
large aperture, imposes a homogeneous vacuum level of 10−9 mbar in the whole vessel. To reach
such performance, the system was designed to allow for a baking procedure of a few days at a
maximum temperature of 220°C. The whole system, including the parts for the 150 m long tube,
their supports and the end towers, was produced and tested by SAES Rial Vacuum during year
2020. Another system, based on the exact same technology, was also delivered to assemble a
6,4 m long atom gradiometer that is used as a test bench of the antenna (See Fig. 3).

The vacuum vessel of MIGA is mainly composed of 6 m long, 5 mm thick, SS 304 section
which are interconnected using 500 mm large “helicoflex” metallic gaskets (see Fig. 3 (a)). Each
section is equipped with a 20 cm long bellow to allow for its thermal elongation during the
baking stage (see Fig. 3 (b)). The system is placed on different supports allowing for a fine-
alignement: some of them enable for a rigid mounting with respect to the ground (see Fig. 3
(c)) and some other allow for a free displacement along the antenna direction (see Fig. 3 (d)), a
flexibility required to ensure a correct fixation during baking.

The functioning of the system, including the baking and pumping protocol was validated
on the prototype gradiometer assembled at LP2N during year 2021 (see Fig. 3 (e)-(f)). It
is composed of a 4,7 m long section connecting two Rb Atom sources (see Fig. 3 (f)). Two
0.8 m long vacuum tanks are placed at the extremities of the system to host the optical setups
for the interrogation lasers correlating the atom sources of the gradiometers. The different
parts of the vessel were pre-baked at the SAES factory during 24 h at about 220°C before
packaging in sealed bags filled with dry nitrogen. After shipping and installation, a set of
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Figure 3 – Components of the MIGA vacuum system: (a) 500 mm flanges with “helicoflex” metallic gaskets, (b)
bellows allowing for thermal elongation of the sections, (c)-(d) rigid and flexible supports, (e) prototype atom
gradiometer, (f) Rb atom source connected to the gradiometer prototype.

vacuum tests were carried out at LP2N. After a baking stage to about 100°C for about two
days, we could obtain a residual pressure of 8 × 10−10 mbar, corresponding to an outgassing
rate of 6.3 × 10−12 mbar·l·s−1·cm−2. If the same performances are obtained with the vacuum
components of the antenna, a total pumping speed of 10000 l · s−1 will be sufficient to obtain a
residual pressure better than 2 × 10−9 mbar.

4 Conclusion

We reported here the major steps achieved towards the realization of MIGA: the infrastructure
works required to install the antenna were successful; three of the Rb atom sources are now
realized and tested; the vacuum system has been fully produced and the baking and pumping
protocol validated. The assembly of the system is now starting at LSBB and the connection of
the two first atom sources is expected during year 2022. After completion, MIGA will be the
first large scale experiment based on matter wave interferometry and will pave-the-way towards
research infrastructures that could study gravity with unprecedented precision, like ELGAR 5.
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1 Eberhard-Karls-Universität Tübingen, Institut für Theoretische Physik, 72076 Tübingen, Germany
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We summarize parts of our recent theoretical work 1 on the creation and detection of oscil-
lating gravitational fields from lab-scale high energy, relativistic sources. We focus on the
Large Hadron Collider (LHC) and a continuous-wave laser beam pumping an optical cav-
ity as source, combined with a monolithic pendulum as sensor. We find parameter regimes
such that a signal-to-noise ratio substantially larger than 1 should be achievable at least in
principle, neglecting all sources of technical noise. This opens new perspectives of studying
general relativistic effects and possibly quantum-gravitational effects with ultra-relativistic,
well-controlled terrestrial sources.

1 Introduction

The study of lab-scale relativistic sources of gravity and detectors for their gravitational signals
dates back at least to the 1970s 2. Light rays give rise to a host of interesting gravitational
effects, from an attraction that decays with the inverse of the distance 3,4 to frame dragging 5,
and other gravitomagnetic effects 6,7 . However, these effects are extremely small. For example,
the angle of rotation of the polarization of a weak probe light beam is on the order of the average
power Pavg of the source light beam divided by the Planck power = Planck energy/Planck time.
Even assuming Pavg ' 1015 W, the rotation angle is still on the order 10−38 rad, see e.g. 8,6,7.
Here we rather focus on the effects of the Newtonian gravitational near-field of light and rela-
tivistic moving matter on a material sensor. Detecting the Newtonian gravitational force from
such sources would still be extremely interesting, as it would permit to experimentally test the
equivalence of kinetic energy and gravitational source mass.

2 Sources

Commercially available cw-lasers in the IR regime can produce Ppump = 500 kW average pump
power in multi-mode operation, and up to 100 kW in a single mode9. By sourcing that power into
a cavity with high-finesse F , the circulating power in the cavity becomes Pmax

cav = 2F
π Ppump. For

∆ωFWHM ∼ 1/τL > ∆ωpump, where ∆ωFWHM is the width of the cavity resonances and ∆ωpump

the line width of the pump beam, the pump beam couples almost fully to the cavity. F ' 106

leads to a circulating power on the order Pmax
cav ' 1011 W. To create a periodic signal, one can

pump the cavity for part of the period and allow for the intensity inside the cavity to decay before
switching the pump beam back on for the next period, thus creating a modulated signal with
modulation period τmod. The Newtonian gravitational potential for a thin light pencil in the form
of a standing wave in the cavity leads to a gravitational acceleration agrav(t) = −4GPcav(t)/(c3ρ)
in radial direction for the duration of a pulse, where where G is the Newton gravitational
constant, Pcav is the circulating power of the pulse in the cavity with amplitude Pmax

cav , and ρ
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is the distance from the beam axis 3. An ultra-relativistic particle beam leads to very good
approximation to the same agrav(t) with Pcav(t) replaced by the power Ppb(t) of the particle
beam. The Large Hadron Collider (LHC) has a nominal average power Pavg ' 3.8 · 1012 W. The
beam has to be modulated at low frequency for matching the detector frequency, in which case
Pavg becomes the amplitude of Ppb(t).

3 Sensors

In 10 Matsumoto et al. described a monolithic pendulum of length l = 1 cm and mass m = 7 mg
with a mechanical Q-factor of Qm = 105 at ωm = 2π · 4.4 Hz. Damping, resonance frequency,
and quality factor were further modified with an optical spring. Additional feedback cooling
is necessary to stabilize and cool the system to a temperature Tfb, compensating the effect of
heating by the optical spring. This reduces the Q-factor to Qfb, which has the benefit of allowing
shorter driving times. At ω0 = 2π · 280 Hz they demonstrated a sensitivity of 3 · 10−14 m√

Hz
with

a Q-factor of Qfb = 250, with thermal motion the main source of noise. According to eq.(2) this
corresponds to a temperature of a few Millikelvin.

The pendulum can be described as a harmonic oscillator. The displacement resulting from
prolonged (τ ∼ 2πQfb

ω0
) driving on resonance with rectangular pulses is given by

xgrav =
āgrav
ω2
0

Qfb =
8GPp sin

(ω0τp
2

)
Qfb

πc3ω2
0

1

ρ
, (1)

where āgrav is the Fourier component of agrav(t) on resonance, and sin
(ω0τp

2

)
results from the

overlap of the rectangular pulses with the sinusoidal oscillation. The total equilibrium noise
reads

S̄xx,eq(T, ω,Ω, Q,m) = h̄ coth

(
h̄ω

2kBT

)
Imχxx(ω,Ω, Q,m) (2)

Imχxx(ω,Ω, Q,m) =
QωΩ

m(ω2Ω2 +Q2(ω2 − Ω2)2)
, (3)

with the quality factor Q ≡ Ω/(γ0 + γ). A transducer and amplifier add a back-action noise
S̄xx,add that can be referred back to the input 11. It is lower bounded by S̄xx,addMin = h̄|Imχxx|.
With this lowest possible value and the replacements Ω→ ω0, Q→ Qfb, T → Tfb, one obtains for
the total noise power to lowest order in γ/γ0, that S̄xx,tot(Tfb, ω, ω0, Qfb,m) = S̄xx,eq+S̄xx,addMin.

The maximum amplitude xgrav of the harmonic oscillator is reached only asymptotically as
function of time, namely as xgrav(t) = xgrav(1 − exp(−ω0t/(2Qfb))). We assume that the total
time τtot = 1 week for the experiment is split as τtot = τr + τm into a time τr needed for the
amplitude of the harmonic oscillator to rise to a certain level, and a measurement time τm used
for reducing the noise. The total signal-to-noise ratio on resonance is then given by

S/N = xgrav

(
1− e−(τtot−τm)

ω0
2Qfb

)√ τm
S̄xx,tot

' 0.01
(1− e(τm−τtot)

ω0
2Qfb )

√
Qfbmτm

ω0

√
1 + coth 4·10−12ω0

Tfb

, (4)

where a distance ρ = 200µm of the center of the detector mass from the beam axis was assumed.
All quantities are in SI units. From this equation it is evident that the mass m should be as large
as possible. At the same time, m cannot be made arbitrarily large, as otherwise the distance
from the beam axis would have to be increased as well, which would lead to a decay of the signal
∝ 1/ρ We therefore assume for the LHC as source a cylindrical detector mass that allows one to
maintain ρ = 200µm. If we allow that cylinder to become as long as Lcyl = 0.5 m and determine
the maximum mass as m = 0.9π%Si(ρ − ρmin)2 Lcyl (where 0.9 is a “fudge factor” that avoids
that the detector mass touches the shielding), we find m = 33 mg for ρmin = 100µm.
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We insert the m = 33 mg in eq.(4), and optimize S/N with respect to the parameters
τm, ω0, Qfb and Tfb. With τtot kept equal to 1 week, in the range 1/s≤ ω0 ≤ 104/s, 1 ≤ Qfb ≤ 108,
1 nK ≤ Tfb a maximum value S/N ' 0.6 is found for τm = 3 · 105 s, ω0 = 2π · 0.16 Hz, Qfb =
1.2 · 105, and minimal Tfb. The optimal value for ω0 is at the lower end of the parameter range,
but reasonably close to the one for the existing torsion balance in12 (ω0 = 2π×3.59 mHz), where,
however, the mechanical quality factor was Q = 4.9 and a mass of 92.1 mg was used. It remains
to be seen if the parameters that result from the optimization can be reached. Problematic
appears mostly whether the temperature of the cooled mode of about 1 nK can be reached,
especially at low frequencies.

The planned upgrade of the LHC to the high-luminosity LHC 13 should increase S/N by a
factor 10. Another factor 2.9 is expected to be gained by switching to tungsten (with mass den-
sity %W = 19, 250 kg/m3) as detector-mass material, all other optimized parameters remaining
equal. Both factors combined would lead to a S/N ' 16.

4 Practical considerations for laser light as source

For the laser light in a cavity as source, the geometry of the setup, including the form of the
pendulum body and the geometry of the laser beam, needs to be optimized in order to achieve
as large a S/N ratio as possible. Focussing the beam to a waist comparable to the wavelength
requires large beam opening angles of the order θ ∼ 10−1. A straight pendulum would then
intersect with the beam or have to be at a great distance. With a pendulum in the form of
a hyperbolic surface at a distance of 5 · w(z), where w(z) is the distance from the beam axis
at which intensity has decayed to a fraction 1/e2, we would loose three orders of magnitude
in signal compared to that of our optimized cylindrical pendulum and cylindrical beam. For
smaller opening angles θ ∼ 10−3 − 10−2, longer cavities (L ∼ 10 m − 100 m) would be required
(with longer loading and decay times) but only a factor 5 would be lost when compared to a
point mass. This is on top of the factor ∼ 40 one would likely loose in average power compared
to the LHC as source. Possibly this can be compensated by an increase of the power of the pump
laser and the finesse of the cavity, while requiring only a slight increase of the distance from the
beam due to the Gaussian beam profile. Larger pendulum masses can also be envisaged.

The modulation of Pcav(t) can be achieved e.g. by modulating the frequency of the laser by
more than the line width of the cavity with an electro-optical amplitude modulator, or using
interferometric modulation. One limitation is damage to the mirrors. In 14 the cw-intensity
threshold was determined to be at around 100 MW/cm2 before thermal damage sets in. For
100 GW cavity power this implies a spot diameter on the mirrors of at least about 17 cm.
For the mirror bodies, amorphous silicon should be good enough such that there is no serious
limitation in the possible size, and the mirrors can cooled. This allows one to operate the mirrors
at temperatures around 20 or 120 degrees Kelvin, where the thermal expansion coefficient of
silicon goes through zero 15. Otherwise, thermal expansion modes are driven parametrically by
the modulated laser beam and might render the system unstable 16. For both sources it is likely
that some shielding of the electric field is necessary, even though the influence of the electric
field of the laser beam is drastically reduced by the rapid (∼ 1014 Hz � ωm) oscillation of the
field direction.

5 Conclusions

In summary, a 1 MW cw-laser that pumps a high-finesse cavity (F ∼ 107) and a monolithic
pendulum with the relevant mode cooled down to nano-Kelvin temperatures as detector offer a
somewhat realistic chance to measure the gravitational field of light. Similarly, with the high-
luminosity upgrade of the LHC and an optimized detector there is realistic hope that GR could
be tested for the first time in this ultra-relativistic regime with a controlled terrestrial source.
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This article presents the basics of gravitational radiation in Brans-Dicke’s (BD) theory. Here
we show only the selected formulae and apply them to an isolated pulsar with a mountain on its
equator. First, we calculate the explicit expressions for the gravitational waves polarizations
and then obtain the power radiated away in gravitational waves. Finally, we estimate the
spin-down limit for the dipole radiation and torque exerted by the scalar gravitational waves.

1 Introduction

In 1961, Robert H. Dicke and Carl H. Brans proposed a scalar-tensor theory, known as BD
theory1, to describe gravitation by incorporating Mach’s principle. The foundation of this theory
was built on the previous work of Pascual Jordan 2 as well as Markus Fierz 3, and sometimes
it is also referred to as Jordan-Fierz-Brans-Dicke theory. In Einstein’s general relativity (GR),
the coupling constant between matter and spacetime is given by G (the Newtonian constant of
gravitation). In BD theory, the coupling depends also on a parameter ζ through the relation
G(1− ζ). The BD parameter (ζ) is obtained through experiments, and the Cassini 4 experiment
in 2003 has imposed the constraint ζ < 0.0000125. A generic metric theory of gravity can
possess up to six polarization states of gravitational waves (GWs); two tensor states; two vector
states and two scalar states 5. GR has only two tensor polarizations, whereas BD has three
polarizations. The first two are tensor polarizations similar to GR, and the third is scalar
polarization.

2 Polarizations

There are three polarization states in BD theory; two tensor polarizations and one scalar polar-
ization. In the field theory language, the tensorial states could be conceived as spin-2 particles,
whereas the scalar one as a spin-0 particle, and they all are massless because gravity is a long-
range force. The two tensor polarizations are transverse to the wave, and they differ from each
other by 45 degrees. So it means that if we rotate one polarization by 45 degrees, we get to the
second polarization. And a rotation of 180 degrees gets back to the same state. A circle can rep-
resent the scalar polarization in the BD theory. This means that a rotation by an infinitesimally
small angle leads to the same polarization.

The difference in polarization can also be understood in the language of particle physics.
Let φ be the minimum angle by which one polarization should be rotated to get the same state.
The φ is given by
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φ =
2πc

s
(1)

where s is the spin of the graviton. For scalar polarization, s = 0, s = 1 for vector polarization
and s = 2 corresponds to the tensor polarization. This formula is valid only for Bosons (integer
spin particles) and not for Fermions (half odd integer spin particles). If we substitute s = 0 in
the above formula, φ tends to infinity, which implies that even an infinitesimal rotation leads to
the same polarization. We can call tensor polarizations 2-fold symmetric, vector polarizations
1-fold symmetric and scalar polarization ∞-fold symmetric.

Here, we present only important formulae without any derivations. For a detailed analysis,
one can follow 7, 8.

Assuming that the wave propagates in the +z direction, we have the following formulae for
h+ and h× polarizations

h+(t) =
G

rc4
(1− ζ)(Q̈xxmW (t′)− Q̈yymW (t′))

h×(t) =
2G

rc4
(1− ζ)Q̈xymW (t′) (2)

where G is the gravitational constant, c is the speed of light, t′ is the retarded time, r is the
distance of the source, Q̈ijmW is the second time derivative of the mass quadrupole moment in
the wave frame. In the limit ζ → 0 the above expressions for the two polarizations reduce to
the expression in classical general relativity given by Eqs. (1.114) of 8.

The scalar polarization (hS) in BD theory is given by

hS(t) =
2G

rc2
ζ

[
M(t′) +

1

c
Ḋz
mW (t′)− 1

2c2
Q̈zzmW (t′)

]
(3)

where Ḋi
mW is the first time derivative of the mass dipole moment in the wave frame and M is

the mass monopole moment. In GR, there is no contribution from the mass monopole moment
and dipole moment because of mass and linear momentum conservation. But monopole and
dipole radiation appear in BD theory because the scalar field in BD theory does not satisfy a
conservation law.

3 Power emitted

The total power radiated away per unit angle in BD theory can be written as

dP

dA
=

c3

16πG(1− ζ)
< ḣ2+ + ḣ2× +

(
1− ζ
ζ

)
ḣ2s >=

dP (T )

dA
+
dP (S)

dA
(4)

where dA = r2
∫ 2π
ρ=0

∫ π
ι=0 sin ιdιdρ and < · > implies the time average.

dP (T )

dA is the power emitted in the tensor wave

dP (T )

dA
≡ c3

16πG(1− ζ)
< ḣ2+ + ḣ2× > (5)

and dP (S)

dA is the power emitted in the scalar wave

dP (S)

dA
≡ c3

16πζG
< ḣ2s > (6)
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4 Application to neutron stars

We assume a spherical star with a small mountain on its equator produces a time-varying dipole
moment. These mountains might be leftover from the conditions during the supernova explosion
when the star formed or could be caused during the pulsar’s lifetime, such as through accretion.
The polarizations are

h+(t) = h0
1 + cos2 ι

2
cos 2φs(t)

h×(t) = h0 cos ι sin 2φs(t)

hS(t) = −hd0 sin ι sinφs(t) + hq0
sin2 ι

2
cos 2φs(t) (7)

where

h0 =
16π2G

rc4
(1− ζ)mf20a

2

hd0 =
4πG

rc3
ζmf0a

hq0 =
16π2G

rc4
ζmf20a

2 (8)

In the above equations, m is the mountain’s mass, r is the distance of the pulsar from the
detector, a is the radius of the pulsar and f0 is its spin frequency. The rotational phase φs is
given by

φs(t) = φ0 + 2π
s∑

k=0

f
(k)
0

tk+1

(k + 1)!
(9)

where φ0 is the initial phase and f
(k)
0 is the is the time derivative of the instantaneous frequency

evaluated at the Solar System Barycenter, and s is the number of spin-down parameters.

Since ζ is a tiny number, we can assume that the power emitted in the tensor wave is almost
equal to the power in general relativity. After performing the integration, the power obtained
in the scalar wave (due to dipole radiation) is

P (S) = ζ

[
16

3

π4G

c3
f40m

2a2
]

(10)

The rate of change of spin-frequency due to the dipole radiation is

ḟ =
4π2G

3c3
f30m

2(
2
5M +m

)ζ (11)

where M is the mass of the star and m is the mass of the mountain. The external torque exerted
by the scalar radiation is

τext =
8π3G

3c3
f30m

2a2ζ (12)

The spin-down limit of the dipole radiation is given by

hd0sd =
1

r

√
ζ

12G

c3
I
|ḟ0|
f0

(13)
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2. Jordan, P. Zum gegenwärtigen Stand der Diracschen kosmologischen Hypothesen. Z. Phys
1959, 157, 112?121.
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Black-holes and neutron stars in entangled relativity
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I present two results that show that, despite its unusual non-linear form, the phenomenology
of entangled relativity remains close to the one of general relativity—without having any
free parameter that can be fine tuned in order to facilitate this. In particular, I present the
analytical solutions for spherically charged black-holes, and both the analytical and numerical
solutions for neutron stars.

1 Introduction

Entangled relativity is a general theory of relativity that has a (very) specific non-linear coupling
between matter and curvature at the level of the action, which prevents the definition of the
whole theory without defining the matter content of the theory in the first place—hence, matter
and curvature are entangled, in the etymological sense, as one cannot be considered without the
other. Indeed, the whole Lagrangian density of the theory reads L = −ξ/2 L2m/R 1, where ξ
is a dimensionfull constant, Lm is the Lagrangian density of matter (e.g. the standard model
of particle physics) and R the usual Ricci scalar. This has the nice outcome that the theory
does not obviously violate the principle of relativity of inertia that Einstein named Mach’s
principle. Indeed, although it has been somewhat forgotten, many people over the last century
(including the young Einstein) 2 had the firm belief that a consistent theory of relativity had to
satisfy the principle of relativity of inertia that, roughly speaking, states that inertia must be
defined with respect to surrounding matter, and not with respect to some space (or spacetime)
given beforehand—à la Newton. In other words, a consistent general theory of relativity should
not rely on any absolute structure. As a consequence, Einstein (and others) believed that the
metric—from which inertia is defined in relativistic theories—had to be entirely determined by
matter,a such that a satisfying theory of relativity would not allow for the existence of vacuum
solutions. Unfortunately, general relativity possesses vacuum solutions—as do most (if not all)
alternatives to general relativity—such that it blatantly violates the principle of relativity of
inertia. Incidentally, another thing that seems to have been somewhat forgotten is that this

aIf spacetime would not entirely be determined by matter, then it would only be partially determined by
matter—which is less satisfying from a philosophical perspective.
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fact precisely is what led Einstein to add the cosmological constant to the equation of general
relativity.b

But entangled relativity would not be interesting if it only satisfied Mach’s principle. What is
compelling about this theory is that—despite its weird looking non-linear Lagrangian density—
it leads to a phenomenology in various situations that is close (and even sometimes equivalent)
to the one of general relativity—even though it has no free parameter to adjust at the classical
level.c Indeed, the only parameter of the theory (ξ) has no impact on the classical phenomenology
of the theory. It is, therefore, a purely quantum parameter, which is related to the quantum of
action of the theory 3.

It turns out that the nice features of entangled relativity follow from the fact that its La-
grangian density respects the following equality

−ξ
2

L2m
R
≡ ξ

κ

(
R

2κ
+ Lm

)
, (1)

where κ := −R/Lm is promoted to a scalar-field with respect to general relativity (for which κ =
−R/T instead). This means that in entangled relativity, the amplitude with which spacetime
is curved by matter depends on the localisation. This improbable equality (1) can actually be
shown at the simple algebraic level already (noting that −ξ/2 L2m/R = −ξ/2(a L2m/R2 R +
b Lm/R Lm) with a + b = 1 and b/2 = 1). Otherwise, one can also check that all the field
equations that derive from the two Lagrangian densities are the same.

In this what follows, I will present two aspects of its phenomenology: sphericaly charged
black-holes and neutron stars.

2 Spherically charged black-holes

The specific non-linear nature of entangled relativity forbids one to consider spacetime without
defining matter in the first place. Hence, even black-holes have to be derived after assuming
some sort of material field. Naturally, the first non-vacuum black-hole that we considered were
spherically symetric charged black-holes 4. The metric for such balck-holes reads

ds2 = −λ20 dt2 + λ−2
r dr2 + ρ2

(
dθ2 + sin2 θdϕ2

)
, (2)

with
λ20 =

(
1− r+

r

) (
1− r−

r

)15/13
,

λ2r =
(
1− r+

r

) (
1− r−

r

)7/13
,

ρ2 = r2
(
1− r−

r

)6/13
,

(3)

where the mass M and the charge Q are related to the r+ and r− parameters as follows

2M = r+ +

(
1− a2

1 + a2

)
r−, (4)

and

Q2 =
r−r+
1 + a2

. (5)

The limit r− → 0 corresponds to the Schwarzschild black-holes, whereas the limit r+ → 0
corresponds to black-holes with scalar hair—where a parametrizes the amount of scalar hair.
However, the latter cannot be formed by gravitational collapse, as scalar hair are known to be

bSee https://einsteinpapers.press.princeton.edu/vol7-trans/52 and https://einsteinpapers.press.princeton.edu/vol6-
trans/433.

cThis is actually quite astonishing if one considers the inflation of free parameters in the literature—not even
talking about the string landscape.
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Figure 1 – Values of the parameters α and β with respect to the central density of the compact object when
assuming Lm = −ρ, with α2 = (1− β)/(1 + β).

generically radiated away during a collapse into a black-hole. Hence, it seems that for astrophys-
ical conditions—that is, Q ∼ 0—Schwarzschild black-holes are good enough approximations of
spherical black-holes in entangled relativity. We conjectured that it is a general feature of the
black-hole solutions of general relativity 4.

3 Neutron stars

3.1 Analytical solutions

In the Einstein frame,d a general solution that is valid outside any spherical compact object is 5

ds2 = −
(
1− 2m

βr

)β
dt2 +

(
1− 2m

βr

)−β
dr2 + r2

(
1− 2m

βr

)1−β [
dθ2 + sin2 θdψ2

]
, (6)

where β ∈]0; 1] parametrizes the amount of scalar charge of the object. This solution is obviously
somewhat related to the limit r+ → 0 of the metric of the last subsection. As we will see in the
next sub-section, β is surprisingly close to unity (even) for neutron stars in entangled relativity.

3.2 Numerical solutions

Alternatively, we numerically solved the Tolman-Oppenheimer–Volkoff equations 6. An ambi-
guity however arises at the level of the field equations. Indeed, different possible values of the
on-shell matter Lagrangian density give different results. Either Lm = T on-shell, and one re-
covers exactly the results of general relativity, or Lm = −ρ on-shell—where ρ is the total energy
density—and one gets the values of β given in Figure 1. What is striking is that even in the
worst case scenario, β remains only a few percent away from unity. Of course, for the messy
fluids that make up a neutron star—which involve many different physical phenomena at various
scales—one might very well have a mixture between the two possibilities 6. Determining the on-
shell matter Lagrangian density from first principles remains a challenge in entangled relativity
at the time of this writing. The numerical and the analytical solutions match perfectly well
outside the compact object, as one can see in Figure 2.

4 Conclusion

Despite its very unusual form, entangled relativity might be consistent with the laws of physics,
given that it possesses general relativity as a limit in various (classical) situations. What makes

dThat is, after a conformal transformation of the metric that is such that the Ricci scalar based upon the new
metric seems to be minimally coupled in the Lagragian density.
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Figure 2 – Relative differences between the analitical and numerical solutions for a given simulation. a is the
time-time component of the metric, b the space-space component, and Φ the scalar degree of freedom that comes
from the non-linear nature of the Lagrangian density of the theory. The vertical line represents the radius of the
compact object in the simulation. A sub-permille offset appears due to the fact that a perfect matching of the
mass in each solution (i.e. numerical versus analytical) should be done at infinity, while we have done it at the
maximal radius of our simulation Rl = 10000km for obvious practical reasons.

the theory remarkable with respect to other alternative theories to general relativity is what
follows

• It does not have any free parameter at the classical level.

• It seems to satisfy the three principles that Einstein posited for a satisfying general theory
of relativity—that is, the theory is covariant (the principle of relativity), the metric tensor
encodes the mechanical properties of space as well as the inertia of bodies and gravitation
(the equivalence principle), and the metric is entirely determined by matter (the principle
of relativity of inertia, or Mach’s principle). e

Although note that, the equivalence principle in the sense of the (known as) Einstein equiva-
lence principle 7 is only realized approximatively in entangled relativity. The amplitude of the
violation of the Einstein equivalence principle is nonetheless very weak, but varies depending
on the on-shell values of the Lagrangian density for realistic gravitating bodies. As long as the
on-shell value of the matter Lagrangian density for cellestial bodies cannot be determined from
first principles, one cannot rigorously estimate the amplitude of the violation of the Einstein
equivalence principle expected from this theory, nor the general deviations from general relativ-
ity, for that matter. Fortunately, the on-shell matter Lagrangian for electromagnetic fields (in
near vacuum situations otherwise) can easily be computed, such that they might be the best
means to probe the theory with experiments and observations.
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A new look on black hole perturbations in modified gravity
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We study the linear perturbations about a nonrotating black hole solution of Horndeski’s
theory, using a systematic approach that extracts the asymptotic behaviour of perturbations
(at spatial infinity and near the horizon) directly from the first-order radial differential system
governing these perturbations instead of finding Schrödinger-like equations for their dynamics.
We illustrate this method in the case of a specific black hole solution. The knowledge of the
asymptotic behaviours of the perturbations paves the way for a numerical computation of the
quasinormal modes. Finally, the asymptotic form of the modes also signals some pathologies
in the scalar sector of the solution considered here.

1 Introduction

The dawn of gravitational wave (GW) astronomy has spurred a renewed interest in possible
deviations from General Relativity (GR), which could be detected for example in the ringdown
phase of a binary black hole merger. This phase is described by linear perturbations about a
background stationary black hole solution, and the waves emitted correspond to a superposition
of quasinormal modes, whose frequencies are quantised 1,2. One expects that modified gravity
models would predict QNMs that differ from their GR counterpart and the detailed analysis of
the GW signal, commonly called “black hole spectroscopy”, represents an invaluable window to
test General Relativity and to look for specific signatures of modified gravity 3. So far, QNMs
have been investigated only for a few models of modified gravity 3.

In these proceedings, we present a new approach for the study of black holes perturbations
illustrated in the context of Horndeski scalar-tensor theories. We start by describing the com-
putation of QNMs in the case of General Relativity, then explain how modified gravity theories
lead to new challenges for their computation. We finally present an algorithm that allows us
to determine the asymptotic behaviour of black hole perturbations without casting them into a
second-order Schrödinger equation. This algorithm paves the way for the computation of QNMs
spectra in modified gravity theories.

2 Black hole perturbations in General Relativity

In this section, we review the standard procedure to derive the equations of motion for the
perturbations of a Schwarzschild black hole in general relativity, originally obtained by Regge
and Wheeler 4 for the axial, or odd-parity, modes and Zerilli 5 for the polar, or even-parity,
modes. These equations can be shown to reduce to a Schrödinger-like equation with an effective
potential characterising the “dynamics” of the linear perturbations.
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2.1 Regge-Wheeler-Zerilli gauge

Let us consider a Schwarzschild background metric gµν . This metric is written as

gµν dxµ dxν = −A(r) dt2 +
1

B(r)
dr2 + r2 dΩ2 , (1)

with A(r) = B(r) = 1−µ/r, µ being a constant of integration. We study metric perturbations by
introducing the perturbed metric gµν = gµν+hµν , where the hµν denote the linear perturbations
of the metric.

One can separate the components of hµν into two classes, depending on their behaviour
with respect to parity transformations: axial perturbations correspond to odd parity while polar
perturbations correspond to even parity. In the following, we focus solely on polar perturbations.
These perturbations are decomposed onto spherical harmonics and Fourier transformed; once
the remaining gauge freedom is fixed, one can prove that the perturbed Einstein’s equations can
be written as a two-dimensional first order system:

dY

dr
= Mpolar(r)Y , (2)

where the two components of Y are some combination of the components of hµν .

2.2 Schrödinger equation and potential

The system of Eq. (2) can be cast into a single second order Schrödinger-like equation for a
unique dynamical variable 4,5. To do this, we consider the general (linear) change of vector
Y (r) = P (r)Ŷ (r), where Ŷ is a new column vector and the two dimensional invertible matrix
P has not been fixed at this stage. We also define a new radial coordinate r∗ and introduce the
“Jacobian” of the transformation n(r) ≡ dr/dr∗ .

It can be shown that it is possible to find a matrix P such that the new system satisfied by
Ŷ takes the canonical form

dŶ

dr∗
=

(
0 1

Vpolar(r)− ω2 0

)
Ŷ , (3)

where the potential V (r) depends on r, but not on ω. This form can be interpreted as a wave
propagation equation for Ŷ1:

d2Ŷ1
dr2∗

+
(
ω2 − Vpolar(r)

)
Ŷ1 = 0 . (4)

This wave equation will be extremely useful for the computation of QNMs, as we show below.

2.3 Quasinormal modes

Finding quasi-normal modes requires to impose the appropriate boundary conditions: the
modes must be outgoing at infinity and ingoing at the horizon. One can show that Vpolar
goes to zero at infinity and at the horizon, which implies that Eq. (4) becomes asymptotically
Ŷ ′′1 (r∗) +ω2Ŷ1(r∗) ≈ 0, where ≈ is an equality up to sub-leading corrections. Therefore, at both
boundaries, the function Ŷ1 behaves like

Ŷ1(r) ≈ A e+iωr∗ + B e−iωr∗ , (5)

where A and B are integration constants which take different values at the horizon and at
infinity.

We can interpret each term as a radially propagating wave by putting back the e−iωt factor:
the terms proportional to Ahor and A∞ are outgoing while the terms proportional to Bhor and
B∞ are ingoing. Imposing Ahor = 0 and B∞ = 0 severely restricts the possible values of ω: the
authorized values are the quasinormal modes of the Schwarzschild black hole. These values can
be found numerically by integrating the Schrödinger-like equation 2.

242



3 New challenges in modified gravity

3.1 The impact of scalar perturbations

The perturbations of a black hole in a scalar-tensor theory of gravity are similar to the pertur-
bations of the Schwarzschild solution described in Sec. 2, with a new degree of freedom added
since the scalar field can be perturbed too. This scalar field perturbation is also decomposed
onto spherical harmonics, and after Fourier transform it is parametrised by only one function
δφ(r). As scalar perturbations must be of even parity, the system of equations governing polar
perturbations must contain two degrees of freedom in the case of scalar-tensor theories. As a con-
sequence, the first-order system presented for Schwarzschild in Eq. (2) becomes 4-dimensional:

dY

dr
= Mp+sY , (6)

where Mp+s contains the dynamics of both the polar gravitational and the scalar modes.

Naturally, one initially tries to find a way to cast such a system onto two decoupled Schrödinger
equations, similarly to the Schwarzschild case presented in Eq. (3). This requires finding P such
that

Y = PŶ and
dŶ

dr∗
=


0 1 0 0

Vp(r)− ω2

c2p
0 0 0

0 0 0 1

0 0 Vs(r)− ω2

c2s
0

 Ŷ . (7)

In general, finding such a transformation is impossible as the system of equations is compli-
cated. The aim of the work presented in these proceedings is to find the asymptotic behaviour
of Y at the black hole horizon and at infinity, in order to rule out solutions that exhibit patholo-
gies and allowing one to get the necessary boundary conditions for the computation of QNMs,
without obtaining the wave propagation equations in their Schrödinger form. In order to do
this, we must expand the first order system (6) at the horizon and at infinity.

3.2 Asymptotic behaviour of the BCL black hole

In order to illustrate our method, we study a solution 6 obtained for a subset of Horndeski
theories. The metric sector of this solution corresponds to the general form of Eq. (1) with
functions A and B different from the Schwarzschild case, and a nonzero scalar field φ. We call
this solution “BCL black hole” from the names of the authors.

In the case of the BCL black hole, the expression of the first-order matrix Mp+s at infinity
is

Mp+s = M2r
2 +M1r +M0 + . . . , (8)

where M2 has zeros everywhere except for (M2)2,1 = ω2, and M1 and M0 are more complex con-
stant matrices. It is not possible to recover the asymptotic behaviour for Y from this expansion.
Indeed, if one truncates the matrix at order 1, one obtains

dY

dr
= M2r

2Y so Y = exp
(
M2r

3/3
)
Yc =

(
I4 +

r3

3
M2

)
Yc , (9)

with Yc a constant and I4 the 4-dimensional identity matrix. This means that Y does not behave
in a wave-like fashion at infinity: the expected behaviour would be the one of Eq. (5).

In fact, finding the asymptotic behaviour of a system by truncating it is only possible if
the system is diagonal. In the case of the BCL black hole, this is obviously not the case. The
solution is to use a mathematical algorithm 7,8, that gives a systematic way to compute the
asymptotic behaviour of Y for any kind of system.
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The algorithm provides us with a matrix P such that Y = PỸ , and the first-order system
for Ỹ has a matrix M̃p+s such that

M̃p+s = diag(−iω, iω,−
√

2ω,
√

2ω) +O(1/r) . (10)

This implies that the behaviour of Ỹ at infinity is a sum of four modes: two gravitational modes
g+∞± and two scalar modes s+∞± , with

g+∞± (r) ≈ e±iωr and s+∞± (r) ≈ e±
√
2ωr . (11)

The identification of the former modes as gravitational comes from the comparison with the
Scwharzschild case.

One can then conclude that the scalar sector does not propagate towards infinity for this
black hole solution: this pathology, while not a proof of instability, shows us that the solution
is not relevant physically. One can then impose that Ỹ behave as g+ at infinity and recover the
behaviour of Y ; doing the same computation at the horizon leads to two boundary conditions
on Y , which is enough to compute the quasinormal modes of the BCL spacetime 9.

4 Conclusion

In these proceedings, we have studied linear black hole perturbations in the context of a specific
black hole solution to Horndeski theories. The method used in GR relying on the reformulation
of the dynamics in terms of a Schrödinger-like equation is not applicable here; instead of using
it, we developped a very generic method that enables one to obtain the asymptotic behaviours of
the perturbations at spatial infinity and near the black hole horizon from the first-order system
extracted directly from the perturbed Einstein’s equations. The knowledge of these asymptotic
behaviours is essential to define and compute the quasi-normal modes, characterised by outgoing
conditions at spatial infinity and ingoing conditions at the horizon.
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We reformulate the Chern-Simons modified gravity in the metric-affine formalism, by enlarging
the Pontryagin density with homothetic curvature terms which restore projective invariance
without spoiling topologicity. The latter is then violated by promoting the coupling of the
Chern-Simons term to a (pseudo)-scalar field. We derive the perturbative solutions for torsion
and nonmetricity from the background fields, and we describe the dynamics for the resulting
linearized metric and the scalar fields in a Schwarzschild black hole background. Then, by
adopting numerical techniques we compute the quasinormal mode spectrum and the late-time
tails for scalar and metric perturbations.

1 Introduction

Chern-Simons modified gravity (CSMG) was formulated by Jackiw and Pi 1, in analogy with
Chern-Simons modification of electrodynamics2, and amounts to adding to the General Relativ-
ity Lagrangian the gravitational Pontryagin density, defined by ∗RR ≡ ∗RµναβRνµαβ , coupled
to a pseudo-scalar field θ(x). The relevance of CSMG relies on the possibility of theoretically
justify deviations from Kerr metric as proposed in 3, by virtue of the odd parity property of the
Pontryagin density, which makes it relevant in axially symmetric (rotating) spacetimes. The
study of CSMG is also motivated by the presence of a CS term in particle physics 4, where it is
required for dealing with the gravitational anomaly, or in string theory where it appears via the
Green-Schwarz mechanism in low energy effective string models 5. Interestingly, CS corrections
arise within Loop Quantum Gravity as well, when addressing chiral anomaly of fermions and
the Immirzi field ambiguity 6. The theory, indeed, might help in conceiving strategies to probe
(local) Lorentz/CPT symmetry breaking in gravitation, and CS parity violation effects (bire-
fringence, CMB polarization, baryon asymmetry problem) are already known in the literature
7,8,9. Here we present a metric-affine generalization of standard CSMG, i.e. we assume the
metric and the connection as independent variables, by requiring the projective invariance and
the topologicity for the modified Pontryagin density. For all details, we remind the reader to
the original paper 10.

2 The projective invariant CSMG model

The starting point of our work is

S =
1

2κ2

∫
d4x
√
−g
(
R+

α

8
θ(x)εµνρσ

(
RαβµνRβαρσ −

1

4
R̂µνR̂ρσ

)
− β

2
∇µθ∇µθ

)
, (1)
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where the Riemann tensor, the Ricci scalar and the homothetic curvature are given by

Rρµσν = ∂σΓρµν − ∂νΓρµσ + ΓρτσΓτµν − ΓρτνΓτµσ, R ≡ gµνRρµρν , R̂µν ≡ Rρρµν . (2)

Eq. 1 is invariant under the projective transformation

Γρµν → Γ̃ρµν = Γρµν + δρµξν , (3)

and we deal with torsion and nonmetricity, defined by:

T ρµν ≡ Γρµν − Γρνµ, Qρµν ≡ −∇ρgµν . (4)

An explicit solution for the connection can be obtained perturbatively, by expanding θ(x) =
θ̄ + δθ(x) and gµν = ḡµν + hµν , where θ̄ is a constant and ḡµν is a background metric which
solves standard GR equations. Then, at the first order nonmetricity is vanishing and torsion
results in

T(1)
ρµν =

α

2
εαβγρR̄µνβγ∇αδθ. (5)

By means of Eq. 5 we can evaluate the equations for the metric and scalar perturbations, which
on the Schwarzschild background

ḡµνdx
µdxν = −

(
1− 2m

r

)
dt2 +

(
1− 2m

r

)−1

dr2 + r2dϑ2 + r2 sin2 ϑdϕ2, (6)

take the form, respectively

d2Q

dr2∗
+

[
ω2 − f

(
l(l + 1)

r2
− 6m

r3

)]
Q = −6αmiω

r5
fΘ, (7)(

β +
12α2m2

r6

)(
d2Θ

dr2∗
+

[
ω2 − f

(
l(l + 1)

r2
+

2m

r3

)]
Θ

)
+

−72α2m2

r7
f
dΘ

dr∗
+

36α2m2

r8
f(2f − l(l + 1))Θ =

6αm

−iωr5
(l + 2)!

(l − 2)!
fQ. (8)

where we adopted the Regge-Wheeler gauge 11 and tensor spherical harmonics decomposition,
with r∗ = r + 2m ln(r/2m− 1) the tortoise coordinate. Here Q and Θ take care respectively of
the axial part of metric and of the pseudo-scalar perturbation. We stress that while the metric
perturbation equation retains the same form as in the metric case, Eq. 8 is instead endowed with
additional terms, which still guarantee for β = 0 a dynamics for Θ and also affect its asymptotic
behavior.

3 Numerical results for quasinormal mode frequencies

When β is very large, the scalar field equation decouples from the metric one and we obtain
a Klein-Gordon equation on a Schwarzschild background. In this case the scalar perturbation
is described by single mode oscillations with the same frequencies as in GR. Conversely, since
the metric perturbation is always coupled to the scalar field, it is endowed with a superposition
of the gravitational mode and the scalar one, which are given, respectively, by ωg = 0.37 −
i 0.089, ωs = 0.48− i 0.097. Then, when 10−1 . β . 10, the values of the two frequencies are
nearly unchanged and now both perturbations oscillate with a superposition of the two modes.
This two modes behavior continues to hold for lower values of β, even if the frequencies deviate
from the GR values. In particular for β down to the limit case β = 0, they seem to saturate to
stable values, as shown in Fig. 2.
The late-time behavior of perturbations is described by power law tails ∼ t−µ, and for β 6= 0
results are indistinguishable from GR, where given the angular number l, the following holds µ =
2l+ 3. For β = 0, instead, the relation between µ and l is now consistent with µ = 0.884 l+ 2.78
(Fig. 1).
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Figure 1 – Evolution of metric (continuous) and scalar (dashed) perturbations as a function of t/m for β = 103

(top), β = 0.1 (center) and β = 0 (bottom). Straight lines represent a power law behavior.
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(continuous) and scalar (dashed) modes as a function of β, for metric (data taken from 12) and metric-affine
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4 Discussion

The lowest QNM (l = 2) discloses a deviation from both GR and metric CSMG, according the
value of the parameter β (Fig. 2). With respect to metric CSMG, the deviation begins at smaller
values of β, implying that GR results are reproduced for a larger range of β values, and the
superposition of two modes is always present. However, if the two frequencies were detected,
they would be seen as the l = 2 tensor and scalar modes in CSMG or as the l = 2 and l = 3
tensor modes of GR 12. In this regard, the signal to noise ratio of the detector, required for
separating the two frequencies for β = 0, is lower with respect to GR and metric CSMG case,
due to the larger gap between the frequencies 13 (See Fig. 2). Moreover, for β = 0 also the
late-time signal would represent a clear observational mark, by virtue of the different power tail
exponent.
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Boson stars in Palatini f(R) gravity
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We explore equilibrium solutions of spherically symmetric boson stars in the Palatini formu-
lation of f(R) gravity. To do so we use the correspondence that exists between the space
of solutions of quadratic f(R) = R + ξR2 gravity coupled to scalar matter lagrangian and
general relativity coupled to a non-linear mater lagrangian. We study positive and negative
values of the gravitational coupling parameter ξ and the effects of self-interaction.

1 Introduction

So far, Ligo-Virgo has detected dozens of signals produced by the mergers of massive compact
objects providing us crucial information about abundance and mass spectrum of such astrophys-
ical entities. Observing this collection of data one can find some interesting things. Masses of
some objects observed by Ligo-Virgo are significantly larger than those inferred from electro-
magnetic observations. Also, one can observe that data is starting to populate the gap between
the heaviest neutron stars and the the black hole population. And in the high-mass end we find
an object whose progenitors are located inside the pair-instability supernova gap. All of these
rises some questions about stellar evolution models, binary formation models and the nature
of these objects. Current observations still cannot rule out the possibility that merger of other
types of dark compact objects, commonly referred to as exotic compact objects (ECOs) could
have led to the observed signals. Among ECOs boson stars occupy a prominent role.

1.1 Boson Stars

Boson stars are gravitationally bound configurations of bosonic particles coupled to gravity

Lm = gµν∂µΦ∂νΦ̄ + µΦΦ̄ , (1)

which constituent particle is described by a massive oscillating complex scalar field1

Φ(r, t) = φ(r)eiωt . (2)

This oscillations by the effect of Heisenberg’s uncertainty principle originates an effective pressure
that balances the gravitational pulse created by its mass. Even though the field is not static the
space-time remains static.

Boson Star mass and size range from atomic to astrophysical scales, depending inversely on
the mass of the bosonic particle µ

MBS = 0.5× 10−19M�
GeV

µ
. (3)
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Figure 1 – Existence curves of spherically symmetric boson stars in Palatini f(R) gravity. Solutions with ξ < 0
(ξ > 0) are plotted in the upper (lower) panel. The left panels display the Misner–Sharp mass against the central
value of the scalar field φ(0). The same quantities are plotted in the right panels against the frequency of the
scalar field ω in units of µ. Square symbols indicate the maximum values of the mass, inverted triangles the values
where the binding energy changes sign, while circles signal the last solution we could build in f(R). No circle is
shown in the GR (ξ = 0) solutions as further solutions can be built.

Since the firsts works on boson stars in late sixties boson stars have received significant attention
and their stability and dynamics have been investigated to great extent. Numerical models have
shown that Boson Stars can be formed dynamically from a diluted cloud of scalar particles and
to be stable under perturbations. Binaries has been studied and rotating boson stars too. Which
in some scenarios leads to interesting behaviors.

1.2 Modified Gravity

The hypothetical existence of ECOs, able to reach larger ranges of densities, may open new
opportunities to explore potential modifications of the gravitational sector in the strong-field
regime. In fact, the absence of a horizon could make the innermost regions of those objects
accessible to observation, potentially offering new insights on how to extend Einstein’s gravity.
Given that f(R) theories offer a large amount of freedom while keeping the field equations
within reasonable limits of simplicity, in this work we will explore the impact that high-energy
modifications of the gravitational interaction of the f(R) type could have on the astrophysical
properties of boson stars. Since in the metric approach the non-linearity of the f(R) Lagrangian
induces the emergence of a dynamical scalar degree of freedom in the gravitational sector we will
be using the metric-affine approach (Palatini) which does not suffer from these pathologies. In
these approach we consider the metric and the connection to be two independent mathematical
objects.
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2 Correspondence with GR

The Palatini formulation of f(R) gravity and of other theories based on the Ricci tensor turns out
to be particularly interesting from a computational point of view. In the Palatini framework it is
possible to transform the problem of a modified gravity theory minimally coupled to a scalar field
(or other matter source) into a standard problem in GR minimally coupled to a modified scalar
Lagrangian (or other matter Lagrangian)2. Here we will take advantage of this correspondence
between modified gravity with scalar matter and GR with modified scalar matter to implement
numerically the analysis of boson stars governed by a Starobinsky quadratic f(R) = R + ξR2

Lagrangian.

Sf(R) =
1

16π

∫
d4x
√
−g

(
R+ ξR2

)
− 1

2

∫
d4x
√
−g (X − 2V ) , (4)

SGR =
1

16π

∫
d4x
√
−qR− 1

2

∫
d4x
√
−q
(
Z − 8πξZ2 − 2V

1− 64πξV

)
. (5)

Where we defined X ≡ gµν∂µΦ∂νΦ̄ and Z ≡ qµν∂µΦ∂νΦ̄. Thus Eq. 4 and Eq. 5 represent
the same scenario in two different frames. We must point out the conformal relation existing
between the two metrics qµν = (∂f/∂R)gµν Without these correspondence highly complex
numerical methods would have to be developed in order to carry out these analysis. Using the
correspondence we can use well-known methods developed for GR.

3 Results

As one can see from Figure 1 disparities with respect to GR arise when the scalar field central
value is high enough. A notorious difference is the domain of existence which for f(R) boson
stars is narrower than for GR boson stars.

The negative gravitational coupling ξ < 0 generates a repulsive gravitational component
when scalar field density is high enough that results in a larger number of particles that can
be sustained then larger BS masses are observed. We can see also that the spiral behavior for
the mass frequency relation. It is not possible to obtain solutions for higher central scalar field
densities than the one marked with a circle since the conformal factor diverges and goes to
infinity, then the conformal relation between metrics is not well defined.

Regarding the case with positive gravitational coupling ξ > 0 we have lower masses for boson
stars than in GR. Now the positive coupling parameter generates a contribution to gravitational
attraction when the scalar field density is high enough, so less mass can be supported. More or
less we observe the same curves than in GR but tighter. In this case the reason why we could
not calculate more solutions was that the conformal factor goes to zero and then the boundary
conditions are not well defined.

Since boson stars does not have a well defined surface its radius is determined by the radius of
the sphere that contains the 99% of the boson star’s mass. In figure 2 we plotted the compactness
of the stars obtained for three values of ξ. Note that compactness of ξ = −0.1 boson stars is a
monotonically growing function of the central field amplitude.

The results obtained for a free massive scalar field can be extended to the case in which
self-interactions are present, as we discuss next. By considering a potential of the form

V = −1

2
µ2|Φ|2 − 1

4
Λ|Φ|4 . (6)

Increasing the self-interaction parameter Λ results in obtaining more massive boson stars
(figure 3). Moreover, existence curves shortens for f(R) gravity when increasing Λ and dispari-
ties between f(R) and GR boson stars decrease. Notice that for Λ = 10 differences are hardly
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Figure 2 – Compactness of boson stars as a function of the central scalar field amplitude φ(0)

noticeable and for Λ = 10 the curve corresponding to ξ = −0.1 lies completely over the GR
curve.

Figure 3 – Equilibrium configurations of boson stars in Palatini f (R) gravity for three different values of the
coupling parameter ξ and of the self-interaction parameter Λ.

For further and deeper analysis we refer the reader to 3
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The Immirzi field in modified gravity: superentropic black holes with scalar hair
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In the context of f(R) generalizations of the Holst action, endowed with a dynamical Immirzi
field, we derive an analytic solution describing asymptotically anti–de Sitter black holes with
hyperbolic horizon. These exhibit a scalar hair of the second kind, which ultimately depends
on the Immirzi field radial behaviour. In particular, we show how the Immirzi field modifies the
usual entropy law associated to the black hole. We also verify that the Immirzi field boils down
to a constant value in the asymptotic region, thus restoring the standard loop quantum gravity
picture. We finally prove the violation of the reverse isoperimetric inequality, resulting in the
superentropic nature of the black hole, and we discuss in detail the thermodynamic stability
of the solution.

1 Introduction

Loop Quantum Gravity (LQG) is one of the most prominent attempts towards the quantization
of the gravitational interaction 1,2. It relies on the use of a specific set of variables, the Ashtekar-
Barbero-Immirzi variables, in terms of which General Relativity (GR) can be formulated in a way
more suitable for the application of known quantization techniques. One way of implementing
the Ashtekar-Barbero-Immirzi variables in GR consists in modifying the Hilbert-Palatini (first
order) action in the following way:

S[gµν ,Γ
µ
νρ] =

1

16π

∫ √
−g
(
R− γ0

2
εµνρσRµνρσ

)
. (1)

Here R is the Ricci scalar defined in terms of a connection which is considered as an independent
dynamical variable. The modification with respect to GR consists in the inclusion of the Holst
term which does not affect the theory at the classical level by virtue of its on-shell vanishing
due to the Bianchi identities. The coupling constant γ0 is called the Immirzi parameter and it is
known to be related to a quantum ambiguity 3. In particular, its value is arbitrary and does not
appear in the classical theory, nevertheless it eventually ends up in the definition of quantum
observables, e.g. the spectrum of the area operator:

Â |Ψ〉 =
1

γ0

8π`2P
∑
j

√
j(j + 1)

 |Ψ〉 . (2)

In this way, it labels different quantum sectors of the theory which have been shown not to
be related by a unitary transformation, constituting a purely quantum ambiguity which is still

aOn behalf of F. Bombacigno, G. Montani and M. Rinaldi. See 9 for reference.
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lacking a satisfactory and consistent resolution. Some attempts in this direction have been made
in 5,4, where the role of the Immirzi parameter in the loop quantization of scalar tensor theories
has been investigated, while the first proposal actually consisted in determining γ0 comparing
the LQG computation of black hole entropy with the semiclassical Bekenstein-Hawking formula.
Afterwards, some drawbacks of this idea were pointed out in 6 and different numerical values for
γ0 were proposed in7 with other motivations, thus leaving the question open. In8 a different idea
was put forward. The authors proposed to promote the Immirzi parameter to a new fundamental
field which may acquire a non trivial configuration in high energy regimes, e.g. in the primordial
universe, and possibly relax to a non zero vacuum expectation value γ0 during the cosmological
evolution. Beside the original motivation, gravitaitonal models featuring the Immirzi field have
been studied in different contexts yielding several interesting results (see9 for a comprehensive
list). In some of these works, the Immirzi field is considered within f(R)-like extensions of GR,
where a general function of the Holst action is considered, possibly including a potential term
for the Immirzi field as well:

S[gµν ,Γ
µ
νρ, γ] =

1

16π

∫ √
−g
[
f

(
R− γ(x)

2
εµνρσRµνρσ

)
−W (γ)

]
. (3)

This is the gravitational model we will consider in the following.

2 New exact black hole solution with scalar hair

Despite several investigations on the Immirzi field already present in literature, there have
been none regarding its effects in black hole spacetimes, this being the main subject of this
note. The first difficulty one has to face in this direction comes from the existence of no-hair
theorems, which make the search for vacuum spherically symmetric solutions different from GR
ones extremely challenging. In a model like (3), the consequence of this theorems is that a
black hole solution must necessarily be characterized by the trivial constant configuration for
the Immirzi field: γ(x) ≡ γ0. Since this would amount to consider the usual case of a constant
Immirzi parameter we are forced to bypass these theorems in order to highlight effects due
to the dynamical nature of the Immirzi field. One way to overcome this difficulty consists in
violating one of the hypothesis on which no-hair theorems stand. Here we chose to deal with the
asymptotic flatness hypothesis, selecting the following Starobinsky-like function for the action

f(χ) ∼ χ+ αχ2 − 2Λ, (4)

where α is a free parameter and the inclusion of a cosmological constant Λ allows for the existence
of asymptotically (Anti)-de Sitter ((A)dS) spacetimes. The solution we are about to present is
supported by the following choice for the Immirzi field potential:

W (ψ) =
4Λ

csch2
(
ψ−ψ0√

12

)
− 16αΛ

, (5)

where ψ0 is another parameter of the theory and we introduced the field redefinition ψ =√
3sinh−1γ. We report here a new, exact, asymptotically AdS solution describing a topological

black hole with scalar hair. The metric is given by

ds2 = Ω(r)
[
−h(r)dt2 + h−1(r)dr2 + r2dσ2

]
, (6)

where dσ2 is the line element of a surface of negative constant curvature with area σ, while the
two metric functions are defined by

h(r) = −
(

1 +
m

r

)2
+
r2

l2
, Ω(r) =

r(r + 2m) + 48αm2/l2

(r +m)2
, (7)
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with l2 = −3/Λ. The spacetime represents a black hole with mass M = σm/4π and event
horizon located at

re =
l

2

(
1 +

√
1 +

4m

l

)
. (8)

The scalar hair are of the secondary kind and are provided by the Immirzi field, which acquires
the following non trivial radial behaviour:

γ(r) =
eψ0/

√
3(r + 2m)2 − e−ψ0/

√
3r2

2r(r + 2m)
. (9)

It relaxes at infinity to the constant value γ0 ≡ sinhψ0/
√

3. Thus the standard picture with
a constant Immirzi parameter is recovered asymptotically, while the presence of the black hole
is able to excite a non trivial behaviour for the Immirzi field, in agreement with its original
interpretation.

3 Black hole thermodynamics

Although the non-flat asymptotics and the nontrivial horizon topology make this solution less
prone to a direct astrophysical connotation, topological AdS black holes are of interest in the
AdS/CFT context, where such solutions play a fundamental role10. In this regard, it is important
to investigate the thermodynamic properties of the black hole. Black hole thermodynamics has
gained increasing attention since the seminal papers by Bekenstein and Hawking and by now
several methods exist allowing to compute thermodynamic quantities of interest. The results
presented here are obtained via euclidean path integral methodsb. The expression for the black
hole entropy turns out to be given by

S = [1 + 4αW (ψe)]
A

4
, (10)

where A is the event horizon area. The entropy is modified with respect to the usual Bekenstein-
Hawking entropy formula, S = A/4, and the correction depends on the value the Immirzi field
acquires on the black hole event horizon ψe. It is easy to see that, had we started a priori from
a model with a constant Immirzi parameter, the entropy would have satisfied the standard area
law S = A/4. Thus, the black hole entropy is one of the physical quantities which depends on the
nature of the Immirzi field or parameter, allowing in principle to discern between these two cases.
Further thermodynamic properties can be determined working in the so called extended phase
space approach. It consists in enlarging the thermodynamic phase space beyond temperature
and entropy, including also an effective pressure provided by the cosmological constant P = −Λ/
and its conjugate quantity, a thermodynamic volume V . This approach took the analogy between
black holes and ordinary thermodynamic systems to its limits, revealing a plethora of different
behaviours in common with ordinary matter systems (e.g. phase transitions, triple points, Van
der Waals gas like behaviours) to the extent that it is now called black hole chemistry. Beside the
similarities, also new contrasting features were highlighted. Some of these regard the properties
of the thermodynamic volume V , which does not necessarily coincide with the geometric volume
enclosed by the event horizon, i.e. 4πr3e/3. Its peculiar properties were investigated resulting in
a series of subsequent conjectures. The first one stated the validity of the Reverse Isoperimetric
Inequality (RII), i.e.

R ≡
(

3V

σ

) 1
3 /(A

σ

) 1
2

≥ 1. (11)

The inequality is saturated by the simplest AdS black hole, i.e. the Schwarzschild-AdS solution.
This implies that the latter attains the maximum entropy possible for a given volume. The

bWe also checked the consistency of our results with the entropy obtained using Wald’s formula
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Figure 1 – Specific heat at constant volume

RII conjecture was motivated by the observation that all known solutions seemed to satisfy it
but afterwards solutions were found violating the inequality. Since a solution with R < 1, has
entropy greater than the one a Schwarzschild-AdS black hole would have, these black holes were
dubbed superentropic black holes. Their properties in the AdS/CFT context were studied in
11,12, opening interesting lines of investigation. A further conjecture has been proposed regarding
the stability of superentropic black holes, stating that every superentropic solution must be
thermodynamically unstable. Instabilities of this kind were analysed in literature computing
the specific heats at constant pressure and volume. Regarding the solution presented here, it is
easy to check that the RII is violated in almost all parameter space, resulting in the superentropic
nature of the black hole. The specific heat at constant pressure turns out to be positive definite,
while the specific heat at constant volume can become negative at high enough temperatures,
as shown in Fig. 1, thus signalling a thermodynamic instability, in line with the conjecture on
the instability of superentropic black holes. Sometime after the publication of 9, a superentropic
solution was found in 13, which seems to violate the conjecture, since both specific heats are
positive. However, as a future perspective, it would be interesting to investigate again the
thermodynamic stability of these solutions using more sophisticated, non-extensive methods 14,
which have been shown to yield results in contrast with the conclusions drawn simply looking
at the sings of the specific heats.

References

1. C. Rovelli, Quantum Gravity, (Cambridge University Press, Cambridge, 2004).
2. T. Thiemann, Canonical Quantum General Relativity, (Cambridge University Press, Cam-

bridge, 2007).
3. C. Rovelli and T. Thiemann, Phys. Rev. D 57, 1009 (1998).
4. F. Bombacigno et al, Nucl. Phys. B 963, 115281 (2021).
5. O. J. Veraguth and Charles H. T. Wang, Phys. Rev. D 96, 084011 (2017).
6. A. Ghosh and A. Perez, Phys. Rev. Lett. 107, 241301 ( 2011).
7. C. Pigozzo et al, Class. Quant. Grav. 38, 045001 (2021).
8. V. Taveras and N. Yunes, Phys. Rev. D 78, 064070 (2008).
9. S. Boudet et al, Phys. Rev. D 103, 084034 (2021).

10. A. Zaffaroni, Living Rev. Relativ. 23, 2 (2020).
11. M. Sinamuli and R.B. Mann, J. High Energ. Phys. 2016, 148 (2016).
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We discuss the possibility that inflation is driven by supersymmetry breaking with the su-
perpartner of the goldstino (sgoldstino) playing the role of the inflaton and charged under a
gauged U(1) R-symmetry. Imposing a linear superpotential allows to satisfy easily the slow-
roll conditions, avoiding the so-called η-problem, and leads to an interesting class of small field
inflation models, characterised by an inflationary plateau around the maximum of the scalar
potential near the origin, where R-symmetry is restored with the inflaton rolling down to a
minimum describing the present phase of the Universe. Inflation can be driven by either an
F- or a D-term, while the minimum has a positive tuneable vacuum energy. The models agree
with cosmological observations and in the simplest case predict a rather small tensor-to-scalar
ratio of primordial perturbations. We propose a generalisation of Fayet-Iliopoulos model as
a microscopic model leading to this class of inflation models at low energy. Upon coupling
the inflaton sector to the (supersymmetric) Standard Model, we examined decay modes of the
inflaton, with the resulting reheating temperature around 108 GeV.

A fundamental theory of Nature, such as string theory, should be able to explain at the
same time particle physics and cosmology, which are phenomena that involve very different
scales from the smallest microscopic four-dimensional (4D) quantum gravity length of 10−33 cm
to the largest macroscopic distances of the size of the observable Universe ∼ 1028 cm, spanned
a region of about 60 orders of magnitude. In particular, besides the 4d Planck mass, there are
three very different scales with very different physics corresponding to the electroweak scale,
dark energy and inflation. An interesting possibility is that these scales are related by the
dynamics of an underlying fundamental theory, such as string theory. A first step towards this
goal is to study possible connections between the electroweak scale of the Standard Model or
its possible extension (such as the supersymmetry breaking scale) with that of inflation. An
additional constraint would be to impose at the electroweak vacuum the presence of a tiny
tuneable cosmological constant in order to accommodate the observed dark energy, without
necessarily trying to explain it.

Indeed, despite the absence of evidence of low-energy supersymmetry at colliders, it is likely
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theoretically that supersymmetry plays a role at some more fundamental level. On the other
hand, inflation is an attractive paradigm for cosmology but the associated models provide a
phenomenological description leaving several unanswered questions, such as the origin of the
inflaton field, its fundamental or composite nature and its connection to the rest of particle
physics.

Inflationary models in supergravity suffer in general from several problems, such as fine-
tuning to satisfy the slow-roll conditions, large field initial conditions that break the validity
of the effective field theory, and stabilisation of the (pseudo) scalar companion of the inflaton
arising from the fact that bosonic components of superfields are always even. The simplest
argument to see the fine tuning of the potential is that a canonically normalised kinetic term
of a complex scalar field X corresponds to a quadratic Kähler potential K = XX̄ that brings
one unit contribution to the slow-roll parameter η = V ′′/V , arising from the eK proportionality
factor in the expression of the scalar potential V . This problem can be avoided in models with
no-scale structure where cancellations arise naturally due to non-canonical kinetic terms leading
to potentials with flat directions (at the classical level). However, such models require often
trans-Planckian initial conditions that invalidate the effective supergravity description during
inflation. A concrete example where all these problems appear is the Starobinsky model of
inflation 1, despite its phenomenological success.

We proposed a class of models that avoiding all three problems above 2 in which the inflaton
is identified with the superpartner of goldstino, in the presence of a gauged R-symmetry. The
theory contains one chiral multiplet and a corresponding vector multiplet. The chiral multiplet
X transforms as: X → e−iqΛX, where q and Λ denote the charge of X and the gauge parameter
respectively. The Kähler potential is a function of XX̄ while we choose the linear superpotential

K = K(XX̄), W = κ−3fX, (1)

where f is a constant parameter. Note that X is dimensionless and the reduced Planck mass
κ−1 = 2.4 × 1018 GeV. Indeed, the superpotential in this case is linear and cancels exactly
the big contribution to η described above. Since inflation takes place at a plateau around the
maximum of the scalar potential (hill-top) no large field initial conditions are needed. The
pseudo-scalar companion of the inflaton is eaten by the R-gauge field that becomes massive,
leaving the inflaton as a single scalar degree of freedom present in the low-energy spectrum. As
we will show below, this model provides therefore a minimal realisation of natural small-field
inflation in supergravity, compatible with present observations. Moreover, it allows a realistic
minimum describing our present Universe with an infinitesimal positive vacuum energy arising
due to a cancellation between an F- and D-term contributions to the scalar potential, without
affecting the properties of the inflationary plateau. Let us consider a simple choice of K with
additional quadratic and cubic terms in XX̄:

κ−2K(X, X̄) = XX̄ +A(XX̄)2 +B(XX̄)3 , (2)

where the parameters A and B are dimensionless. One should think of the above form as a
perturbative expansion around the canonical kinetic terms with coefficients less than unity. As
a concrete example we choose the following parameter values

A = 0.139 , B = 0.6 , q/f = 0.7371 , f = 2.05× 10−7 , (3)

which leads to the inflationary parameters

ns = 0.9543 , r = 1.72× 10−6 , Hinf = 3.25× 1011 GeV . (4)

The above models are in agreement with cosmological observations and in the simplest case
predict a rather small tensor-to-scalar ratio of primordial perturbations.
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In our recent work 3, we couple the inflaton and supersymmetry breaking sector described
above with the (supersymmetric) Standard Model (MSSM) and study the reheating after the
end of inflation. The starting point is a class of models with gauged U(1)R phase symmetry,
defined by Kähler potential and superpotential,

Ktot(X, X̄, φ, φ̄) =
∑

φφ̄+K(X, X̄) , (5)

W(Z, φ) = [fκ−3 + Ω(φ)]X , (6)

where φ collectively denotes matter superfields, and J is the inflaton Kähler potential. In the
superpotential while Ω is the MSSM part,

Ω = ŷuūQHu − ŷdd̄QHd − ŷeēLHd + µ̂HuHd . (7)

Here ū, d̄, ē, Q, L,Hu, Hd are chiral superfields. As usual, we denote the corresponding SM mat-
ter fields (quarks, leptons, and Higgs fields) with the same character, while tildes will be used for
their superpartners (squarks, sleptons, and Higgsinos). The un-normalized Yukawa couplings y
and the µ-parameter are denoted by hats which will be removed after proper rescaling, once X
settles at the minimum. For the model we consider, the inflaton x can perturbatively decay into
the MSSM scalars, gaugini, and inflatino since their masses are smaller than mx/2. However,
the inflaton mass is smaller than two times the gravitino mass, mx < 2m3/2, which prohibits the
perturbative decay of the inflaton into gravitini. The estimated reheating temperature is gener-
ally Treh ∼ 108 GeV. The full picture of reheating, however, requires further investigation after
taking into account non-perturbative effects such as Bose condensation and possible resonant
production of fermions. Our minimal models do not allow for thermal LSP dark matter, but
superheavy LSP dark matter (e.g. neutralino) is possible depending on the parameter choice.

Note that the corresponding effective field theory can be derived by a microscopic model
based on a generalised Fayet-Iliopoulos model of a U(1) R-symmetry coupled to supergravity 4.
Going to the Higgs phase in the limit of small supersymmetry breaking scale compared to
the U(1) mass, the massive vector multiplet can be integrated out leading to an effective field
theory for the goldstino chiral multiplet characterised by a linear superpotential and an effective
Kähler potential. By implementing the theory with an additional gauged U(1) R-symmetry that
remains spectator (and unbroken) we were able to provide a microscopic model of inflation by
supersymmetry breaking.

In the model we discussed above, the D-term has a constant FI contribution but plays no role
during inflation and can be neglected, while the pseudoscalar partner of the inflaton is absorbed
by the U(1)R gauge field that becomes massive away from the origin. Recently, a new FI term
was proposed 5 that has three important properties: (1) it is manifestly gauge invariant already
at the Lagrangian level; (2) it is associated to a U(1) that should not gauge an R-symmetry and
(3) supersymmetry is broken by (at least) a D-auxiliary expectation value and the extra bosonic
part of the action is reduced in the unitary gauge to a constant FI contribution leading to a
positive shift of the scalar potential, in the absence of matter fields. In the presence of matter
fields, the FI contribution to the D-term acquires a special field dependence e2K/3 that violates
invariance under Kähler transformations.

In a recent work6, we studied the properties of the new FI term and explored its consequences
to the class of inflation models we introduced in 2. We first showed that matter fields charged
under the U(1) gauge symmetry can consistently be added in the presence of the new FI term,
as well as a non-trivial gauge kinetic function. We then observed that the new FI term is not
invariant under Kähler transformations. On the other hand, a gauged R-symmetry in ordinary
Kähler invariant supergravity can always be reduced to an ordinary (non-R) U(1) by a Kähler
transformation. By then going to such a frame, we find that the two FI contributions to the
U(1) D-term can coexist, leading to a novel contribution to the scalar potential.

The resulting D-term scalar potential provides an alternative realisation of inflation from
supersymmetry breaking, driven by a D- instead of an F-term. The inflaton is still a superpartner
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of the goldstino which is now a gaugino within a massive vector multiplet, where again the
pseudoscalar partner is absorbed by the gauge field away from the origin. For a particular choice
of the inflaton charge, the scalar potential has a maximum at the origin where inflation occurs
and a supersymmetric minimum at zero energy, in the limit of negligible F-term contribution
(such as in the absence of superpotential). The slow roll conditions are automatically satisfied
near the point where the new FI term cancels the charge of the inflaton, leading to higher than
quadratic contributions due to its non trivial field dependence.

The Kähler potential can be canonical, modulo the Kähler transformation that takes it to
the non R-symmetry frame. In the presence of a small superpotential, the inflation is practically
unchanged and driven by the D-term, as before. The maximum is still at the origin but the
minimum has a small non-vanishing positive cosmological constant, where supersymmetry is
broken by both F- and D-auxiliary expectation values of the same order of magnitude. In
general, the model predicts small primordial gravitational waves with a tensor-to-scaler ration r
well below the observability limit. However, when higher order terms are included in the Kähler
potential, r can be increased to large values r ' 0.015. Note that an application of the new FI
term in no-scale supergravity model for inflation can be found for example in 7 and 8.
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Non-singular bounce in general relativity from inflation and curvature
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Recent data suggest that the Universe could be positively curved. Combined with an in-
flationary stage, this leads to a curvature bounce resolving the Big Bang singularity. The
background evolution is discussed and illustrated. Both scalar and tensor primordial power
spectra are calculated and possible observational footprints of the model are underlined.

1 Introduction

It is often argued that, unless radically new physics is used, the classical origin of the Universe is
a singularity. This is not rigorously true. Following arguments given in Refs. 1,2,3, we show that
a curvature bounce might have occurred in the past. This does not require any exotic physics.
The key ingredients of this scenario are the existence of an inflationary period and a positive
curvature for the spatial sections of the Universe. Although still actively debated and not fully
consensual, a positive curvature seems to be favored by cosmological microwave background
(CMB) measurements 4. We further analyze the potential observability of the curvature bounce
in polarization and temperature anisotropies of the CMB. If not truly established, the positive
curvature hypothesis is compatible with current data and this constitutes the core of this paper.

The consequences of a positive curvature are profound for the history of the Universe and
might change the way we understand its “origin”. We first explain what are the motivations for
a positive curvature. We then study the background behaviour of a FLRW closed universe. The
primordial tensor and scalar power spectra are finally calculated.

2 On the curvature of space

The question of the spatial curvature of the Universe is an old one. It has been debated for
decades. Although a flat space is usually considered as one of the key prediction of inflation, the
actual situation is not that simple. Obviously, whatever the “initial” curvature, inflation will
make it negligible at the reheating. However, as the Universe expands, the curvature contribu-
tion to the Friedmann equation will decrease more slowly (∝ a−2) than the matter (∝ a−3) and
radiation (∝ a−4) ones. Curvature will then eventually dominate in the future, unless – as it is
the case in our Universe – the cosmological constant (∝ a0) overwhelms everything before this
happens. As recalled above, whatever its non-vanishing value, the relative contribution of the
curvature increases while going backward in time during inflation. While the scalar field density
remains roughly constant in the quasi-de Sitter stage, the curvature contribution increases (as
it still scales as ∝ a−2) when the scale factor decreases. This triggers a bounce instead of the
singularity at the origin of our universe.
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Figure 1 – Evolution of the scale factor during the pre-universe deflation and our universe inflation (left), similarly
in the case of the density of the universe ρinf and the curvature density ρk (right).

This question becomes especially important in the current context. First, the Planck data
suggests that, using the CMB alone, the Universe might be positively curved 5. The statistical
significance of this result is weak. However, in addition, recent analyses presented in Refs. 6,7,4

considerably strengthen this possibility. In particular, it is shown in Ref. 4 that the enhanced
lensing amplitude in primordial power spectra, when compared to the prediction of the standard
ΛCDM model, can be explained by this effect. This would also remove the tension within the
Planck data about the values of cosmological parameters measured at different angular scales.
The study concludes that Planck data favor a closed Universe with a probability of nearly
99.99%. Counter-arguments where given in Ref. 8. The actual conclusion heavily depends on
the priors used for the analysis. At this stage, it is fair to say that a positive curvature is not
yet firmly established but is worth being seriously considered. First, because some studies –
in particular using the CMB alone – point in this direction, and second, because theoretical
arguments – in particular grounded in quantum gravity – favor this hypothesis.

3 Background behaviour of the beginning of a closed universe

An homogeneous and isotropic closed universe takes the shape of a hypersphere. The spatial
curvature parameter K > 0 is related to the physical radius r(t) of the 3-sphere by r2(t) =
a2(t)/K, where a(t) is the dimensionless scale factor. The radius, or equivalently the scale factor,
is the only remaining gravitational degree of freedom. The matter content of the universe is
represented by a perfect fluid of density ρ and pressure p, such that the Einstein field equation
leads to the Friedmann equation

H2 := ȧ2/a2 =
8π

3
ρ− K

a2
.

During the inflationary period, we assume the universe to be filled with a massive scalar field
with the potential V = m2φ2/2 and its behaviour follows the usual Klein-Gordon equation.
During this period of exponential growth, the density ρinf of the inflaton field is constant, while
the curvature contribution to the Friedmann equation increases when going backward in time.
Hence, there must be a time tB in our past when the Hubble parameter vanish, H = 0, which
is the definition of a bounce. To illustrate the behaviour of our universe close to the bounce,
we simulate the deflation and inflation period of the pre-bounce universe and our universe,
respectively. On Fig. 1, we show the evolution of the scale factor and the evolution of the
inflaton density as well as the curvature density ρK := 3K/(8πa2(t)). We indeed see that when
both densities are equal, we have a big bounce istead of a big bang.

Using our standard model of cosmology and assuming an inflationary beginning, it can easily
be shown that the number of inflationary e-folds between the bounce and the reheating is given
by 2

N ≈ 1

2
ln

(
ρR,0

ρK,0

[
(1 + zeq)

TRH

Teq

]2)
, (1)
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Figure 2 – In blue, scalar primordial power spectrum for a closed universe for a very short deflation phase (left),
similar length of deflation and inflation (center) and very long deflation phase (right). The black dashed line
represents the standard flat case.

10 100 1000 104
4.0

4.5

5.0

5.5

6.0

6.5

7.0

discrete wavenumber n

P
T
(n
)
[*
10

-
10
]

Figure 3 – Tensor primordial power spectrum for a closed universe in blue. The black dashed line represents the
standard flat case.

where ρR,0 and ρK,0 are respectively the current densities of radiation and curvature, zeq is the
redshift at the equilibrium time, TRH is the reheating temperature and Teq is the equilibrium
temperature. When normalizing the curvature density at the value suggested in Ref.4, this leads
to N ≈ 65 using a reheating temperature of TRH ≈ 1016 GeV. This is to be contrasted with
the usual cosmological framework where no upper bound exists on the number of inflationary
e-folds.

4 Scalar and tensor primordial power spectra

The calculation of perturbations in a closed Universe has been considered in many studies.
Interesting results were recently derived in Refs. 9,10. Inhomogeneities in cosmology can be of
different form: scalar perturbations are responsible for the temperature anisotropies that were
observed in the CMB, tensor perturbations affect the polarization of the light of the CMB that
one hope to observe in a near future and vector perturbations, which are unobservable due to
their minuscule size. In the inflationary paradigm, it is thought that these inhomogeneities,
which later evolved into galaxies, planets and us, originates from quantum fluctuations at the
origin of our universe. These fluctuations have then been stretched out during inflation, leading
to the observed temperature anisotropies in the CMB. Most of the information about the state
of the early universe lie in the abundance of perturbations of different sizes or more precisely,
their power spectrum. In a nutshell, this function on the wavenumber n ∈ N − {0, 1} tells us
how many perturbations of length K−1/(n2−1) there are in the CMB. The theory of single field
inflation, that is commonly used, predicts a quasi-scale-invariant scalar and tensor power spectra
at the time of reheating which has been confirmed by observations for scalar perturbations 5.
Therefore, it is of high importance, when studying the very early universe, to predict the shape
of the primordial power spectra and this is what we are doing now.

For the detailed calculation of the tensor and scalar primordial power spectra, see Refs.3,9,10.
In this paper, we jump directly to the results that are exposed in Figs. 2 & 3. Note that the
initial quantum fluctuations were set right before the bounce, at a time where the perturba-
tions “feels” Minkowski spacetime. If the quantum fluctuations, that created late time inhomo-
geneities, originated from after the bounce instead, then the results are similar to the standard
flat universe case. Interestingly, we can see that the scalar primordial power spectrum in Fig. 2
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depends on the duration of the deflation period of the pre-bounce universe. Note also that in all
cases, the period of inflation lasts 65 e-folds. This is rather remarkable, the behaviour of the pre-
bounce contracting universe can affect observables in our expanding universe. Moreover, while
the small oscillation of the resulting power spectrum cannot bee observed in the temperature
anisotropies of the CMB, one could hope to observe the drop in the power spectrum for small n
in the short deflation case or the growth for small n again in the long deflation case. There is a
drop for small n in the tensor primordial power spectrum as well and future observations of the
polarization of the CMB might give us a clue about the origin of the expanding universe. The
pre-bounce universe does not affect the tenor power spectrum in a significant manner.

5 Conclusion

In this short article, we have shown that the experimentally valid assumption of a positively
curved universe and inflationary stage in the past, naturally resolves the big bang singularity
with a bounce. Furthermore, this fixes the number of e-folds – which can be anything above
60 in standard cosmology – and the reheating temperature. The view adopted here is the one
of a historian who tries to figure out what was the past knowing what we know. We have
not addressed the question of determining why the universe might have followed this specific
trajectory, which is a different question to be answered. It should be noticed that the model is
consistent in the sense that the density never approaches the Planck density. The physical size
of the Universe also remains always much larger than the Planck length, even at the bounce.
Both the density and size criteria to avoid the use of quantum gravity are fulfilled.

We have also exposed the primordial tensor and scalar power spectra and shown that foot-
prints of the curvature bounce might be observable at large scales. In particular, the duration
of the pre-bounce period of deflation might affect the temperature anisotropies of the CMB
that was observed by the Planck satellite. Hence the calculation of the power spectrum of the
temperature at recombination from the primordial power spectrum must be done in future work.
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9. Béatrice Bonga, Brajesh Gupt, and Nelson Yokomizo. Inflation in the closed FLRW model

and the CMB. JCAP, 1610:031, 2016.
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We compare two alternative representations of quantum mechanics: Polymer Quantum Me-
chanics (PQM), which presents features similar to Loop Quantum Gravity and Loop Quantum
Cosmology, and the Generalized Uncertainty Principle (GUP) representation, that through a
modified Algebra yields an alternative uncertainty principle similar to those derived in String
Theories and Brane Cosmology. These formalisms can be recast to apparently look similar,
but while the GUP yields an absolute minimal uncertainty on position, PQM implements
some kind of ultraviolet cut-off through a lattice and does not have a minimal uncertainty.
Then we implement them on the anisotropic Bianchi I model in Misner-like variables on a
semiclassical level: PQM always implies a removal of the singularities, while the GUP fails to
do so, highlighting once again how the two representations are fundamentally incompatible.

1 Introduction

The two most developed Quantum Gravity theories are Loop Quantum Gravity (LQG) 1 and
String Theories (STs) 2. The cosmological implementation of LQG, known as Loop Quantum
Cosmology (LQC) 3,4, is well reproduced by the minisuperspace implementation of Polymer
QuantumMechanics (PQM)5. Similarly, the low energy phenomenology of STs can be reproduced
by the Generalized Uncertainty Principle representation (GUP) 6,7,8 which, when applied to the
minisuperspace, yields a dynamics similar to Brane Cosmology (BC) 9.

Here we present a comparison between the implementation of the two phenomenological
approaches of PQM and GUP on the Bianchi I model. The leading idea is that both approaches
can be stated in terms of modified Heisenberg algebras, with the important difference of a sign.

We use the units } = c = 8πG = 1. For more details on this work, see the original paper 10.

2 Alternative Representations of Quantum Mechanics

2.1 Polymer Quantum Mechanics

PQM reproduces effects similar to LQG through a simpler, independent framework5; by assigning
one variable a discrete character, the conjugate momentum cannot be promoted to a well-defined
quantum operator and must be regularized through the introduction of a lattice on position with
constant spacing µ0. Then the regularized momentum is a multiplicative operator of the form

p̂ ψ(p) =
sin(µ0p)

µ0
ψ(p). (1)
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2.2 The Generalized Uncertainty Principle Representation

The GUP is an extension of the standard Heisenberg Uncertainty Principle inspired by STs.
Introducing modified commutation relations 6,7, it is possible to reproduce the modified Uncer-
tainty Principle that appears in STs, which implies an absolute minimal uncertainty on position:

[q, p] = i (1 +Bp2) with B > 0, ∆q∆p =
1

2

(
1 +B(∆p)2

)
, ∆q0 =

√
B . (2)

2.3 PQM as a Modified Algebra

It is possible to implement PQM effects also through the modified algebra11 [q, p] = i
√

1− µ20p2 ;
starting from this, we performed two different analyses. Firstly we Taylor-expanded the square
root and truncated (“t”) at second order to obtain a commutator similar to the GUP one (2); in
the second case, we used the exact (“e”) polymer representation (1) inside the square root.

[q, p]t = i

(
1− µ20

2
p2
)
, (∆q)2t ≥

µ40
4
〈p〉2 − µ20

2
; [q, p]e = i cos(µ0p), (∆q)e ≥

e−
µ2

0(∆p)2

4

4 (∆p)2
√
π
.

(3)
In both these Polymer Uncertainty Principles (PUPs) there is no minimal uncertainty on position
at zero order, and thus we can say that PQM and the GUP are intrinsically different.

2.4 A Different GUP formulation for Brane Cosmology

Now, from the original GUP commutator (2) we can construct a new modified commutator; the
corresponding uncertainty principle still implies (at zero order) an absolute minimal uncertainty:

[q, p]b = i cosh
(√

2B p
)
, ∆q∆p ≥ e

B(∆p)2

2

4 ∆p
√
π
, ∆q0 =

eB

8
√
π
. (4)

This formalism has been named brane-GUP (“b”) since it reproduces Brane Cosmology (BC).

2.5 Formalisms for the Semiclassical Cosmological Implementation

PQM can be easily implemented on any Hamiltonian system through a modified Hamiltonian
function where the momentum has been replaced by the sine function of equation (1).

The GUP and PUPs representations can be implemented using modified Poisson brackets
that are the classical limits of the modified commutators (2) and (3) respectively.

The GUPb formulation will be implemented in two ways: by using modified Poisson brackets
{q, p} =

√
1− 2Bp2 ; or by constructing a modified Hamiltonian where, similarly to PQM, the

momentum has been replaced by a hyperbolic sine function.

3 Bianchi I Semiclassical Dynamics

Now we implement all the formulations introduced above to the Bianchi I anisotropic model.
We use a Hamiltonian formalism and a variation of the Misner variables: the isotropic volume

v and the anisotropies β±; we also introduce a free massless scalar field φ. From the equations of
motion we derive the Friedmann equations at first in synchronous time (N= 1); then we perform
a change of timegauge setting φ̇ = 1 and solve the dynamics by finding the evolution v(φ).
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3.1 Classical Dynamics

First we show the classical dynamics. The Hamiltonian constraint and Friedmann equation are

Cclass =
−9P 2

v v
2 + P 2

+ + P 2
−

ξ v
+

ξ

12
ρφv = 0; H2 =

(
v̇

3v

)2

=
ρφ + ρa

3
; (5)

we see that the anisotropies contribute to the total energy density through ρa ∝
P 2

++P 2
−

v2 .
By changing the timegauge and rewriting the Friedmann equation, its r.h.s. results to be a

constant; it yields two singular solutions of the form v(φ) = v0 e
±v1φ : the plus sign is a model

expanding from a Big Bang, while the minus sign is a Universe contracting towards a Big Crunch.

3.2 Modified Bianchi I Cosmology

Now we present the semiclassical implementation of the alternative quantum mechanical repre-
sentations introduced above. Note that we modify only the volume sector, leaving the anisotropies
and the scalar field untouched. For each formalism, we report the Hamiltonian constraint and,
if necessary, the modified Poisson brackets that we used to derive the dynamics.

PQM: CPQM =
1

ξ

(
−9v

sin2(µ0Pv)

µ20
+
P 2
+ + P 2

−
v

)
+

ξ

12
ρφv = 0; (6)

GUP: CGUP = Cclass, {v, Pv}GUP = 1 +BP 2
v ; (7)

PUP: CPUP = Cclass, {v, Pv}t =

(
1− µ20

2
P 2
v

)
, {v, Pv}e =

√
1− µ20P 2

v ; (8)

GUPb1: Cb1 =
1

ξ

−9v
sinh2

(√
2B Pv

)
2B

+
P 2
+ + P 2

−
v

+
ξ

12
ρφv = 0; (9)

GUPb2: Cb2 = Cclass, {v, Pv}b2 =
√

1 + 2BP 2
v . (10)

In Table 1 we report the modified Friedmann equations and the corresponding solutions.

Table 1: Summary of the modified Friedmann equations and of the resulting modified evolutions v(φ).

Mod. Hamiltonian or Poisson Mod. Poisson brackets

brackets with square root with quadratic term

PQM & PUPs H2 =
ρφ+ρa

3

(
1− ρφ+ρa

ρµ

)
H2 =

ρφ+ρa
3

(
1− ρφ+ρa

2ρµ

)2
(non-singular) v(φ) = Rµ cosh(v1φ) v(φ) = Rµ

√
e±2v1φ+1

2

GUP & GUPb H2 =
ρφ+ρa

3

(
1 +

ρφ+ρa
ρB

)
H2 =

ρφ+ρa
3

(
1 +

ρφ+ρa
2ρB

)2
(singular) v(φ) = ±RB sinh(v1φ) v(φ) = RB

√
e±2v1φ−1

2

First, all of them yield a correction factor proportional to (1 ± ρ
ρi

) where ρi are constant
regularizing densities: ρµ = 108

µ2
0ξ

2 = const., ρB = 54
Bξ2 = const. This happens only using the

volume v as a configurational variable; in any other variable they would not be constant 12.
Secondly, lattice corrections (i.e. PQM and the PUPs) always have a minus sign; this in-

troduces a critical point in the dynamics and these formulations avoid the singularities, either
through a Big Bounce (similarly to LQC) or through asymptotes, as shown in the left and central
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Figure 1 – v as function of time φ. Left panel: comparison of PQM (blue) and GUP (red) dynamics with
the classical solutions (black). Central panel: comparison of the PUPt asymptotic solutions (red) with the PQM
Bouncing dynamics (blue). Right panel: similarity between the GUPb (red) and the original GUP (blue) solutions.

panels of Figure 1. The correction factors in all GUP formulations instead contain a plus sign,
and thus their solutions are always singular, as shown in the left and right panels of Figure 1.

Another feature is that when quantum corrections are implemented through modified Poisson
brackets with a quadratic term, the modified Friedmann equation has a ρ3 leading term; if instead
we use Poisson brackets with a square root or a Hamiltonian constraint modified with a sine
function (trigonometric for PQM, hyperbolic for the GUPb), the leading term is ±ρ2.

Finally, the GUPb Friedmann equation is the same of BC 9 (except for the curvature term).
We also implemented PQM and the GUP on a quantum level in their original formulations.

We studied the evolution of wavepackets and found that the expectation values of the volume
follow the corresponding semiclassical solutions. For more information, see the original paper 10.

4 Summary and Concluding Remarks

The two alternative representations of Quantum Mechanics presented here implement a funda-
mental minimal length in very different ways: PQM through a lattice and the GUP through an
absolute minimal uncertainty. They can be reformulated to perform a comparison, but PQM
never implies a minimal uncertainty, which is instead the main feature of the GUP.

The apparent similarity is present also in the minisuperspace implementation, but the evo-
lution is very different: PQM always avoids the singularities, while the GUP solutions cannot.

To conclude, the GUP reproduces BC only if formulated with a square root or a hyperbolic
sine. Therefore these formulations may be more faithful to the parent theories of ST and BC 13.
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Gravitational waves in scalar-tensor theory to one-and-a-half post-newtonian order
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We compute the gravitational waves generated by compact binary systems in a class of mass-
less scalar-tensor (ST) theories to the 1.5 post-Newtonian (1.5PN) order beyond the stan-
dard quadrupole radiation in general relativity (GR). Using and adapting to ST theories the
multipolar-post-Minkowskian and post-Newtonian formalisms originally defined in GR, we
obtain the tail and non-linear memory terms associated with the dipole radiation in ST the-
ory. The multipole moments and GW flux of compact binaries are derived for general orbits
including the new 1.5PN contribution, and comparison is made with previous results in the
literature. In the case of quasi-circular orbits, we present ready-to-use templates for the data
analysis of detectors, and for the first time the scalar GW modes for comparisons with nu-
merical relativity results.

1 Massless scalar-tensor theories

We consider a generic class of scalar-tensor theories in which a single massless scalar field φ
minimally couples to the metric gµν . It is described by the skeletonized action for N spinless
point-particles 1

S =
c3

16πG

∫
d4x
√
−g
[
φR− ω(φ)

φ
gαβ∂αφ∂βφ

]
− c

∑
A

∫
mA(φ)

√
− (gαβ)A dyαA dyβA , (1)

where R and g are respectively the Ricci scalar and the determinant of the metric, ω is a function
of the scalar field, yαA denote the space-time positions of the particles, and (gαβ)A is the metric
evaluated at the position of particle A. A major difference in ST theories compared to GR is
that, as a consequence of the breaking of the strong equivalence principle, we have to take into
account the internal gravity of each body by introducing a scalar-field-dependant mass mA(φ) 2.

To go from the “Jordan frame” to “Einstein frame”, we define a rescaled scalar field and the
conformally related metric as

ϕ ≡ φ

φ0
, g̃αβ ≡ ϕgαβ , (2)

so that the physical and conformal metrics have the same asymptotic behaviour at spatial
infinity. The scalar field is then minimally coupled to the conformal metric, so we will perform
most of our computations using this conformal metric and go back to the physical metric only
in the end when computing observable quantities.

Next, we define the scalar and metric perturbation variables ψ ≡ ϕ−1 and hµν ≡
√
−g̃g̃µνηµν

where ηµν = diag(−1, 1, 1, 1) is the Minkowski metric. We impose the harmonic gauge condition
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on the conformal metric : ∂µh
µν = 0. The field equations derived from the action (1) then read

�η h
µν =

16πG

c4

(
ϕ

φ0
|g|Tµν +

c4

16πG
Λµν

)
, (3a)

�η ψ =
8πG

c4

(
ϕ

φ0(3 + 2ω)

√
−g
(
T − 2ϕ

∂T

∂ϕ

)
− c4

8πG
Λs

)
, (3b)

where �η denotes the ordinary flat space-time d’Alembertian operator.
Here Tµν = 2(−g)−1/2δSm/δgµν is the matter stress-energy tensor, T ≡ gµνT

µν and ∂T/∂ϕ is
defined as the partial derivative of T (gµν , ϕ) holding gµν constant. The non-linearities in the
scalar source read

Λs = −hαβ∂α∂βψ − ∂αψ∂βhαβ +

(
1

ϕ
− φ0ω

′(φ)

3 + 2ω(φ)

)
g̃αβ∂αψ∂βψ . (4)

We write the tensor source as Λµν = ΛµνGR + Λµνφ , where ΛµνGR is given by Blanchet 3, where h is

now defined as in Eq. 3 and Λµνφ is given by

Λµνφ =
3 + 2ω(φ)

ϕ2

(
g̃µαg̃νβ − 1

2
g̃µν g̃αβ

)
∂αψ∂βψ . (5)

2 The Multipolar post-Minkowskian formalism in scalar-tensor theories

2.1 The scalar-tensor multipole moments

In order to solve the vacuum field equations �hµν = Λµν and �ψ = Λs in the exterior region of
the isolated matter system, we perform a multipolar decomposition (indicated byM) conjointly
with a non-linear post-Minkowskian expansion 4. In the exterior region we can formally write
the multipolar-post-Minkowskian expansion of the tensor and scalar field as w

hµνext ≡M(hµν) = Ghµν1 +G2hµν2 +O
(
G3
)
, (6a)

ψext ≡M(ψ) = Gψ1 +G2ψ2 +O
(
G3
)
. (6b)

To obtain the expressions of the source and current moments IL and JL (relative to the tensor
sector) as functions of the source, the procedure is essentially the same as in GR, with the caveat
that the moments are defined with respect to the conformal metric. The multipole expansion
of hµν is obtained using a matching to the PN expansion in the near zone of the source 5. In
addition to IL and JL, we introduce a new set of scalar multipole moments which we call IsL,
also chosen to be symmetric-trace-free (STF). We find

M(ψ) = FP
B=0

�−1ret

[( r

r0

)B
M(Λs)

]
+Gψ1 , (7a)

with ψ1 = − 2

c2

+∞∑
`=0

(−)`

`!
∂L

[
IsL(u)

r

]
. (7b)

Similarly to the GR case, the scalar moments are obtained in closed form and we find that

IsL(u) = FP
B=0

∫
d3x r̃B

∫ 1

−1
dz δ`(z) x̂LΣs(x, u+ zr/c) . (8)

where

Σs ≡
ϕ

φ0(3 + 2ω)

√
−g
(
T − 2ϕ

∂T

∂ϕ

)
− c4

8πG
Λs

Note that in contrast to the tensor monopole I, the scalar monopole Is is not constant but its
time-variation will be a post-Newtonian effect, i.e. dIs/dt = O(c−2).
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2.2 Non-linear effects in ST theory

Once the vacuum linearized solutions for scalar (7b) and tensor fields are obtained, with ex-
plicit expressions for the multipole moments as integrals over the PN expansions of τµν and τs,
the non-linear contributions can be computed by adapting to ST theories the Multipolar-post-
Minkowskian (MPM) algorithm 4.

The equations to be solved for the quadratic metric are

�hµν2 = ΛµνGR,2(h1, h1) + Λµνφ,2(ψ1, ψ1) , (9a)

�ψ2 = Λ
(h×ψ)
S,2 (h1, ψ1) + Λ

(ψ×ψ)
S,2 (ψ1, ψ1) , (9b)

where the source terms are reduced to their quadratic contributions with respect to ψ1 and h1.
Following the MPM algorithm, we can solve these equations and find a solution valid in

the exterior zone and in harmonic gauge. However, its expression contains logarithms at spatial
infinity. Of course, this is only a coordinate effect, which can be cured by introducing a radiative
type coordinate system (T,R), with U ≡ T −R/c being an asymptotically null coordinate such
that U = u − 2GI

c3
ln
(
r
cb

)
+ O

(
1
r

)
where I is the mass monopole moment and b is an arbitrary

constant time-scale.

2.3 Some non-local effects: tails and memory

At 1.5PN order, the non-linear metric includes non-local tail and memory terms. Tails can be
interpreted as linear waves reflecting against the curvature of space-time: the lowest order tail
effect is a quadrupole-mass interaction for gravitational waves and a dipole-mass interaction for
a scalar wave. Conversely, memory effects can be seen as linear waves generated by linear waves.
In our case, it is a scalar dipole-dipole interaction that enters the gravitational waveform. The
non-local expressions for the tail and memory terms that enter the quadratic waveform are:

hij2,TT = −2G2

c7R
⊥TT
ijab

{
2M

φ0

∫ U

−∞
dV

(4)

Iij(V )

[
ln

(
U − V

2b

)
+

11

12

]
+

3 + 2ω0

3

∫ U

−∞
dV

(2)

Is〈i(V )
(2)

Isj〉(V )

}

+ (instantaneous terms) +O
(

1

c8

)
, (10a)

ψ2 = −4G2M

c6Rφ0

{
Ni

∫ U

−∞
dV

(3)

Isi (V )

[
ln

(
U − V

2b

)
+ 1

]
+

1

cφ0

∫ U

−∞
dV

(2)

Es(V ) ln

(
U − V

2b

)

+
Nij

2c

∫ U

−∞
dV

(4)

Isij(V )

[
ln

(
U − V

2b

)]}
+ (instantaneous terms) +O

(
1

c8

)
,

(10b)

where F (n)(t) ≡ dnF/dtn, ⊥TT
ijab is the transverse-traceless (TT) projector, M ≡ I/φ0 and

Es is defined such that dEs/dt ≡ c2φ0 dIs/dt = O(1), since dIs/dt = O(c−2).

3 Results

3.1 Spherical harmonic decomposition of the fields

For quasi-circular orbits, we introduce the dimensionless PN variable x ≡ (G̃αmω/c3)2/3, thanks
to which the tail and memory terms can be integrated explicitly. The expressions for hµν and
ψ simplify considerably, and we can easily decompose the tensor field on its “plus” and “cross”
modes, and perform the following spherical harmonic expansion for the tensor and scalar modes

h+ − ih− =
+∞∑
`=2

∑̀
m=−`

h`m −2Y
`m and ψ =

+∞∑
`=0

∑̀
m=−`

ψ`m Y `m (11)
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where we have used spin-weighted spherical harmonics of weight -2 and 0. We then define the
phase variable ψ so as to remove most of the logarithms from the expressions of h`m and ψ`m,
which can always be written as

h`m =
2G̃(1− ζ)mνx

Rc2

√
16π

5
Ĥ`me−imψ and ψ`m =

2iG̃ζ
√
αS−mν

√
x

Rc2

√
8π

3
Ψ̂`me−imψ , (12)

with normalized modes Ĥ`m and Ψ̂`m defined such that Ĥ22 = 1 +O(x) and Ψ̂11 = 1 +O(x).
In this work, we computed all relevant tensor and scalar modes to 1.5PN order. The scalar

modes had never been computed, and the dominant ψ11 mode is given by :

Ψ̂11 = 1 + x

{
− 9

5
− 2

3
β̄+ −

1

3
γ̄ + 2β̄+γ̄

−1 +
2β̄−γ̄

−1S+
S−

(13)

+δ
[2

3
β̄− − 2β̄−γ̄

−1 +
4S+
5S−

− 2β̄+γ̄
−1S+
S−

]
+

14

15
ν

}

+x3/2

{
(2 + γ̄)π

2
− i
(

(2 + γ̄) (1 + 12 ln(2))

12
+

1

3
ζ
(
S2+ + S2−

)
+

4

3
ζS2−ν +

2

3
ζS−S+δ

)}
,

where the different post-Newtonian parameters are defined in our main paper 6.

3.2 Flux and phase

Using this formalism, we have also computed the flux for general and quasi-circular orbits
to 1.5PN and the phase for dipolar-driven quasi-circular binaries to 1.5PN. These lengthy results
are given in our main paper 6. We are in agreement with the literature 7,8,9 (in which these
quantities are compute to 1PN order), except for the 1PN flux in general orbits 8 for which
we find a discrepancy that could not be resolved, despite the fact that we agree on all the ST
multipole moments separately.
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Charges and fluxes on (perturbed) non-expanding horizons
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Non-expanding horizon (NEH) is a generalisation of the Killing horizon. This notion applies
to (outer or inner) horizons of a stationary black holes, as well as to cosmological horizons in
asymptotically de Sitter spacetimes. Perturbed NEH may be used to describe the late stages
of the event horizons of black holes resulting from mergers of binary systems as well as tp
gravitational radiation through the cosmological horizons. The result we present, is a frame-
work suited to define and calculate the energy, momentum, angular momentum and other
characteristics of gravitational radiation falling in black holes or radiated away by asymptot-
ically de Sitter spacetimes. In this talk we have presented results of the two papers1,2.

1 Non-expanding horizons and the extended BMS group of symmetries

1.1 Non-expanding horizons

Non-expanding horizon is a 3 dimensional null surface H that is non-expanding and shear free -
the geometry qAB of its 2 dimensional slice does not change while the slice evolves along the null
generators. Another element of the characteristics of the NEHs is a rotation 1-form potential
ωA defined on the slice by the extrinsic curvature of H, namely

∇A`a = ωA`
a, (1)

where ` is a (null) vector field tangent to and at the same time orthogonal to H. The first
step of our construction is to restrict the non-physical degrees of freedom. For that purpose we
normalise the null vector field `, such that

∇`` = 0, and DAωA = 0, (2)

where D is the intrinsic covariant derivative defined on the slice by the metric tensor qAB. Since
we are assuming that the spacetime satisfies the Einstein equations at H, the 1-form ωA is
independent of choice of the slice of H. The freedom in the normalisation of ` is restricted now
to rescaling by constant only.
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1.2 Background structure

The freedom in the diversity of diffeomorphically inequivalent 2-metrics qAB can be captured
by a single real function ψ and a decomposition

qAB =
1

ψ2
q̊AB, (3)

where q̊AB is diffeomorphically equivalent to the round sphere metric. We accompany this
decomposition with

`a = ψ˚̀
a. (4)

That decomposition is defined modulo a 3 dimensional family of conformal rescalings

q̊′AB = α2q̊AB, ˚̀′a =
1

α
˚̀a, (5)

1.3 The symmetry group

We fix the equivalence class [(q̊,˚̀)] as a background structure of non-expanding horizons. Its
symmetry group will play the crucial role for the theory of radiation through H. The group
consists of:

• the 6 dimensional group of the conformal transformations of the slice endowed with q̊ -
rotations and boosts - accompanied by suitable rescalings of ˚̀,

• the transformations that preserve the null curves in H and the vector field ˚̀- the infinite
dimensional group of super translations,

• a transformation that preserves the null curves in H and rescales ˚̀- dilation.

The first two subgroups generate a group isomorphic to the BMS group of the symmetries of
the conformal boundary of asymptotically flat spacetime. The third one is a 1 dimensional
extension.

1.4 Perturbed NEH

Next, we consider a perturbation of the spacetime, the first the second order. We are assuming,
H continues to be a null surface, the vector field ˚̀ continues to be null and geodesic and its
contraction with the perturbations vanishes. Those assumptions do not restrict physical degrees
of freedom. We also assume that the expansion of ˚̀ falls off sufficiently fast in the future, so
that H settles down to a NEH again. Given that final condition, the Raychaudhury equation
implies that the expansion of H vanishes identically to the first order, however the shear of ˚̀

and well as a first perturbation of ω are not zero.

2 The charges and fluxes

2.1 A neighbourhood of the NEH

At this point it is convenient to bring up specific formulae. For every spacetime metric tensor
that admits a NEH there are coordinates (v, r, x1, x2) such that the metric tensor can be written
in the following form,

gabdx
adxb = −r2 γ dv2 + 2 dvdr + 2r βA dvdx

A + qAB dx
AdxB where ∂vqAB|r=0 = 0. (6)

The NEH H is the surface r = 0,

` = ∂v, and ωA = −1

2
βA. (7)
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Then it follows from the Einstein’s equations Rµν = Λgµν that

∂vβA|r=0 = 0, (8)

and v is chosen such that
qABDAβB|r=0 = 0. (9)

The metric tensor qAB of the slice r = 0, v =const is conformally equivalent to a round sphere
metric q̊, however we will not apply the decomposition explicitly.

2.2 Spacetime extension of the horizon symmetries

In terms of the coordinates (v, r, x1, x2) and the metric tensor (12), a symmetry generator is a
vector field defined at the surface r = 0, that can be written in the following way

ξ = ((k + φ(x))v + s(x)) ∂v +HA(x)∂A, where LHA∂AqBC = 2φqBC . (10)

Comparing with the previous section, the vector field HA∂A is a conformal symmetry (includ-
ing rotations) of the round metric q̊, and the function φ is constructed from ψ and spherical
harmonics of the round sphere.

The symmetries of the background structure of H are suitably extended to a neighbourhood
of H. Every symmetry generator ξ gives rise to a spacetime vector field

X = ξ − r(k + φ(x)∂r + rX̃v∂v + rX̃A∂A + r2 ˜̃X
r
∂r (11)

where the tilded coefficients are arbitrary smooth functions irrelevant for the charges and fluxes,
however the term Xr gives contribution to the charges and is fixed such that in the case of a
non-extremal Killing horizon, the horizon forming Killing vector is the symmetry generator in
the sense defined above.

2.3 The perturbed spacetime

The perturbed spacetime metric tensor we consider can be represented by family of metric
tensors gµν(v, r, x1, x2;λ) parametrised by a parameter λ,

gµν(λ)dxµdxν = −r2 γ(λ) dv2 + 2 dvdr + 2r βA(λ) dvdxA + qAB(λ) dxAdxB (12)

where gµν(λ) = gµν + λ g′µν + λ2

2 g”µν + ..., and the perturbations are controlled by Einstein’s
equations and assumptions spelled out above. In particular,

qAB∂v
1hAB = 0 (13)

2.4 The charges and fluxes

We apply the definitions of charges and fluxes through a general null surface defined by Chan-
drasekaran, Flanagan and Prabhu in their development of the approach of Wald and Zoupas [].
The charge corresponding to a symmetry generator ξ of the NEH and to its extension X is

Qξ [C] =
1

8πG

∮
C

(
k + φ − 1

2
βA (λ) HA − θ (λ) ((k + φ)v + s)

)√
detq(λ) dx1 ∧ dx2 (14)

where the components of the symmetry generator are unperturbed, whereas the elements β(λ), q(λ)
of the metric tensor depend on the perturbation parameter λ, as well as the divergence θ(λ) of
the vector field ` = ∂v. The expansion to the second order in λ reads

Qξ [C](λ) = Qξ [C] + λQ′
ξ [C] +

1

2
λ2Q”ξ [C] +O(λ3) (15)
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where

Qξ [C] =
k

8πG
A[C] − 1

16πG

∮
C
βAH

A
√

detq dx1 ∧ dx2 (16)

Q′
ξ [C] =

1

8πG

∮
C

((
k + φ − 1

2
βAH

A
)

1

2
q′A

A − 1

2
β′AH

A
)√

detq dx1 ∧ dx2 (17)

Q”ξ [C] =
1

8πG

∮
C

((k + φ − 1

2
βAH

A)
1

2
(q”A

A − q′ABq′AB +
1

2
(q′A

A)2)− 1

2
β′′AH

A+ (18)

− θ” (kv + s)− 1

2
β′AH

Aq′B
B)
√

detq dx1 ∧ dx2 (19)

The flux of the charge Qξ through a segment H1,2 of the horizon bounded by two slices C1 and
C2 is at least of the second order in λ,

Fξ[H1,2](λ) =
1

2
λ2

1

16πG

∫
H1,2

(
Lξq′AB∂vq′AB + φ∂vq”A

A
)√

detqdv ∧ dx1 ∧ dx2 +O(λ3) (20)

where the indices at q′ are raised with the unperturbed metric qAB and the Lie derivative is
applied to the pullback to the horizon H of the metric perturbation that equals q′AB. The fluxes
and the charges satisfy the balance low

Qξ[C2](λ)−Qξ[C1](λ) = Fξ[H1,2](λ). (21)

In particular, for the dilation generator ξ = d := kv∂v we obtain the energy flux

Fd[H1,2](λ) =
1

2
λ2

1

16πG

∫
H1,2

kv∂vq
′
AB∂vq

′AB√detqdv ∧ dx1 ∧ dx2 +O(λ3) (22)

3 Summary

In the first section we have identified the symmetry group relevant for the NEH structure.
The group is equivalent to a 1-dimensional extension of the BMS group, the extra generator
corresponds to the Killing vector in the case of a Killing horizon. In the second section we
calculated the charges and fluxes corresponding to the very symmetries.
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Detection of Einstein Telescope gravitational wave signals from binary black holes
using deep learning

Wathela Alhassan1, T. Bulik1,2, M. Suchenek1
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The expected volume of data from the third generation gravitational waves (GW) detectors
such as the Einstein Telescope (ET) has motivated the necessity for the development of semi-
automatic and automatic machine learning algorithms for detection, denoising and parameter
estimation of GW sources. Compared to second generation detectors, ET will have a wider
accessible frequency band that can be used to investigate a huge number of key issues related
to astrophysics, fundamental physics and cosmology. The ET will have an annual detection
rate for BBHs and BNSs of order 105 − 106 and 7 × 104 respectively. In this work, we explore
the possibility and efficiency of using convolutional neural networks (CNN) for the detection
of BBHs in synthetic noisy data simulated specifically for the ET. With a simple CNN model,
consists of only three convolutional layers, we obtained an accuracy of 100% for BBHs sources
with SNR > 8, and 98%,95% and 75% for sources with SNR range 7 − 8, 6 − 7 and 5 − 6
respectively.

The recent detection of Gravitational Waves (GW) has opened a new era of multimessenger
astrophysics, where vast amount of data is expected to be delivered from the current obser-
vatories such as the advanced Laser Interferometer Gravitational-wave Observatory and the
upcoming ones such as the Einstein Telescope (ET) 1. The ET will revolutionise the field of
GWs in every sense including and most importantly the better sensitivity of one order of mag-
nitude that will provide, which will allow the detection at lower frequency. The ET -compared
to second generation detectors- will have a wider accessible frequency band that can be used
to investigate a huge number of key issues related to astrophysics, fundamental physics and
cosmology. The ET will have an annual detection rate for BBHs and BNSs of order 105 − 106

and 7 × 104 respectively, which will make the traditional methods for detections and param-
eters estimation inefficient, and computationally expensive. For second generation detectors,
machine learning and deep learning techniques have been successfully applied on both, time and
frequency domain GW data, for example the use of machine learning for glitches identification2.
Identification and removal of glitches using artificial neural networks, support vector machines,
and random forests on LIGO data 3. The main task of this work is to explore the possibility
of using frequency-time domain (spectrograms) for the detection of BBHs in the ET simulated
data using Convolutional Neural Networks (CNNs) 4.
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Figure 1 – Data preparation: Left: PYCBC parameters values for signal generation. Right: Data generation flow
chart.

ET data generation. PYCBC 5 Software package was used for the generation of our GW
signals and noise samples. 10,000 signal were generated with: SNR: 5 – 280 and signals duration:
0.29 – 0.93 Second. Each source was injected into 5 seconds long noise. Figure 1 shows data
preparation steps.

Results. We have trained a CNN model with only three convolutional layers on 7000
sources and vladitated on 3000, while tested on 100 sources for each SNR range (5–6, 6–7,7–8
and greater than 8). Figure 2 shows the confusion matrix for the testing sources.

Figure 2 – Confusion Matrix for sources with SNR range: 5-6, 6-7, 7-8 and > 8.
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Current and future constraints on cosmology and modified gravitational wave
friction from binary black holes

Konstantin Leyde

Université Paris Cité, CNRS, Astroparticule et Cosmologie, F-75006 Paris, France

In this proceedings, we are interested in dark gravitational wave standard sirens and their use
for cosmology and for constraining modified gravity theories. Due to the extra friction term
introduced in their propagation equation those theories predict different luminosity distances
for electromagnetic and gravitational waves (GWs). This effect can be parametrized by the
two variables Ξ0 and n, that can be measured from gravitational wave observations, and
specifically from the binary black hole (BBH) mergers detected by LIGO and Virgo. By fitting
jointly BBH population models in mass and redshift, the cosmological parameters, and the
modified GW luminosity distance to ∼ 60 signals observed during the first three LIGO/Virgo
observation runs, we conclude that general relativity is consistently the preferred model. The
future observation runs O4 and O5 are also considered. Using the same approach, we forecast
a measurement uncertainty on the modified gravity parameter Ξ0 of 51% with O4, and 20%
with O4 and O5, respectively if GR is the correct theory of gravity. However, we underline
that there are strong correlations between astrophysical, cosmological and modified gravity
parameters, possibly leading to bias if wrong priors are assumed. A more detailed version of
this communication can be found here.1

1 Introduction

The use of dark gravitational wave (GW) standard sirens in this work relies on the relation
between the source frame mass ms and the detector frame (observed) mass md , namely md =
(1 + z)ms. This relation, when combined with the assumption that binary black holes stem
from a unique and universal black hole mass distribution, allows to infer the source redshift
from the detector frame mass obtained from the GW data. We investigate if, in addition to
populations and cosmology, dark sirens can also be used to test theories of modified gravity, and
constrain deviations from GR at cosmological scales. We are specifically interested in beyond
GR theories which modify the GW propagation equation.2 It is assumed that these theories leave
the evolution of the cosmic background unchanged, i.e. the expansion of the Universe can be
described using Friedmann’s equations (H0 and Ωm for a flat ΛCDM model). We consider a
phenomenological parametrization of the GW luminosity distance dGW

L that is given by 2

dGW
L = dEML

(
Ξ0 +

1 − Ξ0

(1 + z)n

)
. (1)

2 Results with GWTC-3

Using the most recent BBH catalog of the LIGO-Virgo-KAGRA collaboration, we perform a
model selection analysis between GR vs the Ξ0 gravity model, as well as between four different
BBH mass distributions. We find that GR and the multi peak mass distribution are consis-
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Figure 1 – The marginalized posteriors of the modified gravity parameter Ξ0 of Eq. 1 that modifies the GW
luminosity distance. (Left) The Ξ0 posterior from GWTC-3 data (the GR value is indicated as a dashed line).
The three colors correspond to the SNR cuts of 10 (green), 11 (blue) and 12 (orange). (Right) Forecast for the
Ξ0 posterior with 510 events with an O4+O5 scenario, assuming wide priors on the cosmology (blue/Wide), or
Planck uncertainties (orange/Planck).

tently the preferred models irrespective of the chosen selection cuts (range of thresholds applied
to the measured SNR).

All measurements of Ξ0 are consistent with the value predicted with GR at the 90% con-
fidence interval. We note that the Ξ0 measurement depends on the assumptions made on the
BBH mass model. This underlines the importance of checking the robustness of the conclusion
using more than one BBH mass model. The modified gravity parameter Ξ0 is strongly correlated
with astrophysical and cosmological parameters such as the redshift evolution parameters and
the Hubble constant. The results for Ξ0 are compatible at the 1-σ level with previous works
with O3 data using the broken power law mass model.3

3 Forecast for O4 and O5

We simulate the expected outcome of future O4 and O5 runs which results in 87 and 423 observed
BBH events, resp. We find that if GR is the true theory of gravity, and assuming narrow priors
on the cosmological parameters (from Planck), we recover the modified gravity parameter with a
precision of 51% with O4, and 20% with O4 and O5 combined, cf. Fig. 1 (right). The uncertainty
on Ξ0 is increased by a factor of 1.5 when using agnostic priors on H0 and Ωm.

Acknowledgments We thank the LIGO Scientific Collaboration and Virgo Collaboration
for very helpful discussion and giving access to the parameter estimation software used. The
Fondation CFM pour la Recherche in Paris has generously supported KL during his doctorate.
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On the shortcomings of the Shapiro delay tests of the equivalence principle

Olivier Minazzoli

Artemis, Université Côte d’Azur, CNRS, Observatoire Côte d’Azur
BP4229, 06304, Nice Cedex 4, France

There are several shortcomings in the “standard” Shapiro delay tests of the equivalence prin-
ciple on cosmological scales1. Although many people in the community already acknowledged
this in the literature, and proposed alternative ways to compare potential Shapiro delays over
cosmological scales—e.g. 2,3 and references therein—papers are still submitted to journals
with the usual issues.

1 “Standard” definition of the problem

The “standard” Shapiro delay-based test of the equivalence principle relies on the measurement
of two arrival times from a unique source but from messengers with different properties, and
from the assumption that one can estimate the time of flight of the messengers from indirect
observations and a well-suited space-time model. It is meant to test whether or not various
messengers propagate along the same trajectories, as it is expected from the Einstein equivalence
principle—which encompasses notably both the weak equivalence principle and the Lorentz
invariance. In its most common form, it is based on the assumption that the universe is flat
at the relevant scale, and that the Shapiro delay δT with respect to the propagation time that
would have happened in a Minkowski spacetime is given at leading order by, e.g. 4,

δT = −1 + γ

c3

∫ rO

rE

U(r(l))dl, (1)

where rE and rO denote emission and observation positions, respectively, U(r) is the Newtonian
gravitational potential, and the integral is computed along the trajectory. Furthermore, γ is
usually assumed to parameterize differences for various messengers.

2 Newtonian potential

It is often assumed in the literature that the Newtonian potential and its first derivative vanish
at infinity, such that it reads
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U =
∑
P

GMP

c2

[
1

‖~x− ~xP ‖

]
, (2)

for a set of point masses with masses MP and positions ~xP . However, in a cosmological context
where there are masses everywhere on the past null-cone, this assumption is not physical. As a
consequence, it turns out, the Newtonian potential with this definition has a spurious divergence
with the number of sources: it quickly no longer can be treated as a perturbation due to the
unbounded contribution of all the remote masses.

One can nevertheless show that this divergence can be renormalized with an appropriate
choice of coordinate time. Among an infinite set of appropriate coordinate times, a convenient
one is defined as the proper time of the observer, which is assumed to be at the center of the
coordinate system. The potential then instead reads as follows

U =
∑
P

GMP

c2

[
1

‖~x− ~xP ‖
− 1

‖~xP ‖
− ~x · ~xP
‖~xP ‖3

]
. (3)

This potential does not diverge with the number of sources, and corresponds to the usual
potential that is used, for instance, in cellestial reference frames—such as the ones that are
recommended by the International Astronomical Union.

3 Various issues (at several levels)

• Eq. (1) is not motivated theoretically → There is no reason to expect a modification
of the propagation that modifies the Shapiro delay with different γ for different messengers.

• A one-way propagation time is not an observable → It is gauge dependent, as
“there is no natural way to compare the propagation of a light ray in a curved spacetime
with that of a ‘corresponding’ light ray in Minkowski spacetime” 5.

• Eq. (1) neglects cosmology.

• Eqs. (1)+(2) lead to a spurious divergence of the Shapiro delay with the
number of sources.

4 Outcome of the study Minazzoli et al.

Even assuming that Eq. (1) might make sense for a restricted class of theoretical models that has
yet to be found, and for a subset of close enough events, it cannot be used as a fiducial quantity
in order to compare the amount of Shapiro delay for various situations—notably because one
cannot compute a lower-bound estimate from it1. Other approaches that aim to define a fiducial
expression might be more appropriate—see, e.g., 6,2,3.
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Search for axion dark matter in the lab with an optical cavity and a fiber link

Jordan Gué, Aurélien Hees, Marc Lilley, Peter Wolf
SYRTE - Observatoire de Paris, Université PSL,CNRS, Sorbonne Université, LNE,

61 avenue de l’Observatoire 75014 Paris, France

As one of the leading candidates for dark matter, the axion has received in recent years a lot of
attention from the scientific community. In this communication, we present an overview of the
reachable sensitivity of two types of experiments to look for axion dark matter in the SYRTE
laboratory. We aim for the measurement of a phase shift of the electric field outside the cavity.
Two main approaches are discussed. First, we studied the rotation of the polarization vector
of light as a result of its interaction with the background axion field. Second, we investigated
the work of Goryachev et al., on the coupling between the cavity, in dual mode, and the axion
field, with the aim of applying it to our cavities.

1 Introduction on axion physics

The following term in the QCD Lagrangian violates the CP symmetry :

LQCD ⊃ θ
g2

32π2
G̃a

µνG
aµν (1)

The degree of violation is parametrized by θ, which can take any value from 0 to 2π. The
most stringent constraint from experiments is θ < 10−10 rad, obtained via the measurement of
the neutron Electric Dipole Moment. θ is therefore very close to 0, implying the conservation of
CP symmetry in the strong sector. As it is not predicted by the Standard Model, this fine-tuning
problem is known as the strong CP problem.
The axion was introduced by1 to solve it. The previously fixed θ parameter is now a dynamical
field, relaxing naturally to 0. The associated U(1)PQ symmetry is spontaneously broken at an
energy scale fa and the axion arises as the pseudo-Goldstone boson of this broken symmetry.
At late cosmological time (ma > H), the axion field oscillates. Its average energy is proportional
to a(t)−3, which makes it behave as non relativistic matter, hence as Cold Dark Matter.
The axion is supposingly only coupled to gluons, but this translates to an indirect coupling with
electromagnetism (EM) through the following interaction Lagrangian :

Lint = −gaγ
4

φFµνϵ
µνρσ∂ρAσ (2)

with φ the axion, A,F the EM 4-potential and strength tensor and gaγ the axion-EM coupling.
The scientific progress towards the axion discovery through this coupling is usually presented in
a (gaγ −ma) parameter space (Fig. 1).

2 How to detect axions in the lab ?

The Lagrangian (2) implies a modification of the usual Maxwell’s equations. Considering time-
dependent only axion field (consistent for our size of experiments) of amplitude a0 and frequency
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Figure 1 – Current progress in axion research. The cosmological, astrophysical and laboratory constraints are all
represented (resp. blue, green and red). The constraints from this work is shown in white dotted and full lines.
(Initial figure from https://github.com/cajohare)

ωa, the equation of motion for circular polarized light of wavevector k is2 :

Ä±
i + k2

(
1± gaγa0ωa

k
sin(ωat+ δt)

)
A±

i = 0 ⇒ c0 → c0 ±
gaγa0ωa

k
sin(ωat+ δt) (3)

where ± corresponds to R/L polarizations. The two polarization states of light have an extra
time-dependent phase velocity δc0 =

gaγa0ωa

k , oscillating with the axion field. This is equivalent
to a rotation of linear polarization direction.

2.1 Measurement of the phase difference induced by a velocity difference with an optical cavity

The small phase velocity difference between the two polarizations of light will induce a small
phase shift possibly measurable at the output of a cavity.

We consider a L = 10 cm cavity with finesse F = 8 × 105 = π
√
r

1−r (r the mirrors reflection
coefficients) in which we send a light signal of wavevector k0. The phase shift at the output is

∆ϕ(t) = −2rk0
δc0
2ωa

[A(t)Dc +B(t)Ds]

{
Dc =

1−r2 cos(2ωaτ0)
1−2r2 cos(2ωaτ0)+r4

Ds =
r2 sin(2ωaτ0)

1−2r2 cos(2ωaτ0)+r4

, τ0 =
L

c0

(4)
Currently, the typical sensitivity of the cavity developped at SYRTE is ∆ϕmax ≈ 10−8 rad3. We
use this result to plot the minimum detectable coupling gaγ (white dotted lines in Fig. 1).

2.2 Measurement of the phase difference induced by a velocity difference with a fiber link

We consider the phase difference between two electromagnetic signals (of equal frequency ω0)
of different circular polarizations counterpropagating in a fiber link of length L. The phase shift
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between the signals at the output is

∆ϕ(t) =
2ω0

ωa

δc0
c0

(
sin(ωat)− sin(ωa(t−

L

c0
))

)
(5)

The typical sensitivity reachable with current experiment is also at the level of ∆ϕmax ≈ 10−8

rad, such that we can estimate the limit on gaγ reachable with such experiments considering a
100 km fiber (see full white line in Fig. 1).

2.3 Axion-photon conversion detection using dual mode optical cavity

Another way of detecting low masses axions is to use a double sided cavity with two light
signals with frequencies ω1, ω2 corresponding to cavity modes. The detection of an axion-photon
conversion, a → γγ or γ → aγ is possible if ωa = ω1 ± ω2

4. The interaction hamiltonian is

Hint = ϵ0gaγaE⃗.B⃗ (6)

We currently study how Hint will impact the measured output power and phase of such a cavity.
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Influence of cosmological expansion in local experiments

Felix Spengler1, Alessio Belenchia1,2, Dennis Rätzel3, Daniel Braun1

1Institut für Theoretische Physik, Eberhard-Karls-Universität Tübingen, 72076 Tübingen, Germany
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Whether the cosmological expansion can influence the local dynamics below the galaxy clus-
ters scale has been the subject of intense investigations. Here we discuss how the cosmological
expansion, if present locally, would influence the frequency shift of a resonator and the ex-
change of light signals.

1 Introduction

The ΛCDM standard cosmological model, in accordance with current observations, describes
an accelerated expansion of the universe at large scales. This description is effective above the
supercluster scales where the evolution is dominated by the so-called Hubble flow. However,
whether the cosmic expansion of spacetime can affect local gravitating systems has been the
subject of a lively debate dating back to Einstein and Straus 1. Since then, a growing body of
literature has tackled the issue of the existence of local effects of the cosmological expansion 2.

In these proceedings, motivated by the rapid development of optical clocks and frequency
standards, we report on our investigation of the effect of the global cosmological expansion on
the frequency of propagating light signals 3.

2 Effects of the global expansion on local experiments

For our discussion, we employ the McVittie metric as an idealized model of the local gravitational
environment. This metric is a spherically symmetric solution to Einstein’s equations describing
a spherical symmetric object embedded in an expanding FLRW spacetime. We consider both
the frequency shift induced by the cosmological expansion in a resonator moving along a given
trajectory in spacetime and the effect of the expansion on the redshift ratio between two ob-
servers exchanging light signals. The timelike observer vector fields we consider are: (i) geodesic
observers in free fall, relatively simple to realize in practice; (ii) the (normalized) Kodama vec-
tor field, a distinguished field in spherically symmetric spacetimes whose orbits are at constant
areal radius and which is stationary for stationary spacetimes; (iii) the cosmological observer,
normalized version of ∂t in isotropic coordinates which asymptotically defines the Hubble flow.

Consider a resonator consisting of two mirrors connected by an elastic rod which is fixed to
a support moving along the observer timelike trajectory. The slowly varying acceleration and
tidal forces induce internal stress within the rod leading to a compression or elongation. A shift
in the resonance frequency results, given in the limit of a slowly moving observer by 4

∆ω

ω
≈ aJ

2c2

(
c2

c2s
β − σ

)
Lp +

R0J0J

24

(
2
c2

c2s
(3β2 + 1) − 3σ2 − 6σβ + 1

)
L2
p, (1)
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where ω is the resonance frequency in the absence of curvature and acceleration, aJ and R0J0J

are the proper acceleration and the Riemann curvature tensor components in the observer’s
detector frame, Lp is the proper length of the rod and β Lp/2 and σ Lp/2 the distances from
the center of mass of the rod’s support and the point of frequency measurement, respectively.
It can be shown that this frequency shift involves contributions linear in the Hubble parameter
H, suppressed by a factor rS/r, when considering the cosmological observer at a radius r in
isotropic spherical coordinates. However, in the case of Kodama or freely falling observers, the
corrections are at least quadratic in H, signaling a smaller effect of the expansion.

Similar conclusions can be drawn by considering the effect of the global expansion on the
frequency redshift of signals exchanged between observers and the double Doppler tracking of a
satellite 2. Contributions linear in H that appear when considering signals exchanged between
cosmological observers are not present in the case of freely falling or Kodama observers which
do not follow the Hubble flow and better capture realizable trajectories for space probes.

Consider the current value of the Hubble constant H0 ∼ 2.2 × 10−18 s−1 and a redshift
experiment between Kodama observers. By assuming the Sun as the central object, a relative
clock accuracy of 10−19, and a spacecraft at a distance from the Sun comparable to the one of
the Voyager 1, we obtain a bound H2

0 ≤ 3 × 10−29 s−2, “only” seven orders of magnitude away
from the currently accepted value. Given a scaling of the clock uncertainty with the inverse
of the square root of the averaging time and that currently an averaging time of the order of
102 s is needed to reach an uncertainty of around 10−19, we see that to fill the seven orders of
magnitude gap in measuring the frequency shift expected from the current value of H0 would
require ∼ 106 years of integration time. The situation becomes even worse when considering
the frequency shift of a resonator. For a geodesic observer and an aluminium rod, the relative
frequency shift of a resonator of length 10 m is only ∼ 10−42.

3 Discussion

The major difficulty in addressing unambiguously which structures in the universe participate in
the expansion resides in the difficulty of handling the solutions of general relativity (GR) outside
extremely idealized scenarios and calls for a conservative interpretation of results obtained using
such idealizations. With this caveat in mind, our investigation of the effects of the global
cosmological expansion on local systems 3 shows that the frequency shift of a resonator, as well
as the redshift ratio and double Doppler tracking between two observers, are influenced by the
expansion. We have argued that the general result consists of corrections that are at least
quadratic in H, placing these effects outside our current technological capabilities. Nonetheless,
the rapid advancements in the field of optical clocks and frequency standards calls for an in
depth investigation of such effects.

Acknowledgements: DB thanks Adrien Bourgoin and Agnès Fienga for interesting discus-
sions during the conference. The authors acknowledge support from the DFG project number
BR 5221/4-1, the Humboldt Foundation and the Marie Sklodowska-Curie Action IF program
(grant number 832250 — PhoQuS-G).
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Geometric post-Newtonian description of spin-half particles in curved spacetime a
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I studied the geometric theory of a spin-half particle coupled to gravity in a twofold indepen-
dent expansion scheme: first with respect to the distance to a preferred worldline (e.g., that
of a clock in the laboratory), based on Fermi normal coordinates (FNC), implementing weak
gravity; second with respect to 1/c (post-Newtonian expansion), implementing slow velocities.
I found new terms that were overlooked in the literature at order 1/c and extended the level
of approximation to the next order.

1 Introduction

The Einstein Equivalence Principle (EEP) requires all matter components to universally couple
to gravity via a single common geometry: that of spacetime. This relates quantum theory with
geometry as soon as interactions with gravity are considered. I consider the one-particle sector of
a massive spinor field in QFT, here described effectively by a classical field. A formal expansion
in powers of 1/c yields a systematic and complete generation of general relativistic corrections for
quantum systems. These findings are significant for a consistent inclusion of gravity corrections
in the description of quantum experiments of corresponding sensitivities, and also for testing
aspects of GR, like the EEP, in the quantum realm.

2 Expansion of the Dirac equation in Fermi normal coordinates

We want to expand the Dirac equation in generalisedb FNC, which may be seen as an analogue
of a ‘reference frame’ for an arbitrarily moving observer. This expansion implements the notion
of ‘weak gravity’ and ‘weak inertial effects’.

We start by considering the Dirac equation in curved spacetime:

(iγµ∇µ −mc)ψ = 0 (1)

By inserting the definition of the spinor covariant derivative, we may rewrite the Dirac equation
in the form i∂τψ = Hψ, with the Dirac Hamiltonian

H := (gss)−1γs(iγic∂i + iγicΓi −mc2)− icΓs . (2)

Here xi are the spacelike FNC, s = x0 is the timelike FNC (extended from the arc length
along the worldline) with dimension of length, τ = s/c, and Γµ are the components of the spin
connection.

aThis is a brief report on the result of my master’s thesis 1 which has been written under the supervision of
and in collaboration with Domenico Giulini and Philip Schwartz.

bWe use generalised FNC that allow for acceleration of the reference worldline and rotation of the frame.
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Using the general form of a metric expanded in generalised FNC along a worldline 2, and
choosing an appropriate frame, we can calculate the coordinate expression of the corresponding
spin connection. Therefore, we can calculate the Dirac Hamiltonian (2) expanded in FNC.

3 Post-Newtonian expansion of the Dirac equation

By applying a 1/c expansion to our Dirac Hamiltonian, which systematically implements a
post-Newtonian ‘slow-velocity’ expansion, we derive the following corrected Pauli Hamiltonian:c

H =

{
− 1

2m
− 1

2mc2
(~a · ~x)− 1

4m
R0l0mx

lxm
}
D2

+

{
− 1
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0l0 x
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εijkσ
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(
1

3
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1
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)
− 1
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(~σ · ~D)4

+
1

4m2c2
(i( ~D · ~E)− ~σ · ( ~D × ~E)) +

i

4m2c2
σbσjEjDb +

i
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(~ω × ~x)i(~σ · ~D)2Di

− i
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1
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1
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− i

4
xl(~ω × ~x)rRrl −

i

4
xl(~ω × ~x)rR0r0l +O(c−3) +O(x3) (3)

Our result extends and corrects the existing literature: on the one hand, this is the first sys-
tematic expansion to order x2; on the other hand, apart from the higher order terms, the terms
1
4mR00 and c

6ε
ij
kσ

kRilomx
lxm have been overlooked in the literature 3,4.

4 Conclusion

We have achieved the description of a spin-half particle under gravity in the form of a Pauli
equation with post-Newtonian corrections. We believe our approach to be the only systematic
and complete method for the inclusion of gravitational effects, i.e., the inclusion of all the
effects without repetition. Among other applications, our results are specifically important for
applications in quantum optics, for example in atom interferometry or measurements of the
electron g-factor. Details will be available in 1,5.
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Masó-Ferrando, A. Boson stars in Palatini f(R) gravity 249
Mastrogiovanni, S. Constraints on the cosmic expansion history from the third LIGO-Virgo-KAGRA

Gravitational-Wave Transient Catalog
81

Mathis, S. Gravitational waves radiated by magnetic galactic binaries and detection by LISA 127
Metris, G. MICROSCOPE: the test of the equivalence principle in space and its final data

processing
185

Micko, J. qBounce: first measurement of the neutron electric charge with a Ramsey-type GRS
experiment

137

Micko, J. qBounce systematic shifts of transition frequencies of gravitational states of ultra-
cold neutrons using Ramsey gravity resonance spectroscop

143

Minazzoli, O. INPOP Planetary ephemerides and applications in the frame of the BepiColombo
mission including new constraints on the graviton mass and dilaton parameters

165

Minazzoli, O. Black-holes and neutron stars in entangled relativity 237
Minazzoli, O. On the shortcomings of the Shapiro delay tests of the equivalence principle 283
Mitra, S. Jointly setting upper limits on multiple components of an anisotropic stochastic

Gravitational-Wave background
51

Montani, G. PQM and the GUP: implications of lattice dynamics and minimal uncertainties in
quantum mechanics and cosmology

265

Muratore, M. Time delay interferometry for LISA science and instrument characterization 123
Narola, H. A parameterized template based search for gravitational wave signals beyond GR 105
Perot, L. Effects of dense matter on the tidal deformations of binary neutron star inspirals and

gravitational waves
25

Perrin, G. Tests of gravitation and of the supermassive black hole paradigm at the galactic center
with GRAVITY

173

Petiteau, A. LISA: observing gravitational waves Universe from space (mission, objectives and
status)

109

Pitschmann, M. qBounce systematic shifts of transition frequencies of gravitational states of ultra-
cold neutrons using Ramsey gravity resonance spectroscop

143

Pitschmann, M. qBounce: first measurement of the neutron electric charge with a Ramsey-type GRS
experiment

137

Prevedelli, M. A gravity antenna based on quantum technologies: MIGA 223
Rätzel, D. Perspectives of measuring gravitational effects of laser light and particle beams 227
Rätzel, D. Influence of cosmological expansion in local experiments 289
Ramos Buades, A. Multipolar effective-one-body waveforms for eccentric binary black holes with non-

precessing spins
29

Renevey, C. Non-singular bounce in general relativity from inflation and curvature 261
Reynaud, S. Analysis of measurements of free fall acceleration of anti-hydrogen in the GBAR

experiment
159

297



Robert, A. MICROSCOPE: the test of the equivalence principle in space and its final data
processing

185

Roberts, B. Tests of the Einstein Equivalence Principle around the supermassive black hole in our
galactic center

197

Roccia, S. qBounce Systematic shifts of transition frequencies of gravitational states of ultra-
cold neutrons using Ramsey gravity resonance spectroscop

143

Roccia, S. qBounce: first measurement of the neutron electric charge with a Ramsey-type GRS
experiment

137

Rodrigues, M. MICROSCOPE: the test of the equivalence principle in space and its final data
processing

185

Roper Pol, A. Gravitational waves from MHD turbulence at the QCD phase transition as a source
for Pulsar Timing Arrays

45

Rousselle, O. Analysis of measurements of free fall acceleration of anti-hydrogen in the GBAR
experiment

159

Roussille, H. A new look on black hole perturbations in modified gravity 241
Roy, S. A parameterized template based search for gravitational wave signals beyond GR 105
Sabulsky, D.O. A gravity antenna based on quantum technologies: MIGA 223
Schnabel, R. The success story of squeezed light 59
Schnabel, R. Neutrino decoupling and the transition to cold dark matter 179
Sedmik, R. I. P. qBounce systematic shifts of transition frequencies of gravitational states of ultra-

cold neutrons using Ramsey gravity resonance spectroscop
143

Sedmik, R. I. P. qBounce: first measurement of the neutron electric charge with a Ramsey-type GRS
experiment

137

Sengupta, A. A parameterized template based search for gravitational wave signals beyond GR 105
Sing, N. Constraining parameters of low mass merging compact binary systems using Einstein

Telescope
77

Spengler, F. Perspectives of measuring gravitational effects of laserlight and particle beams 227
Spengler, F. Influence of cosmological expansion in local experiments 289
Staab, M. Time-delay Interferometry with unsynchronized clocks as part of an independent L0-

L1 pipeline for LISA
131

Stahl, C. Beyond Poisson equation in N-body simulations 73
Suchenek, M. Detection of Einstein Telescope gravitational wave signals from binary black holes

using deep learning
279

Suresh, J. Jointly setting upper limits on multiple components of an anisotropic stochastic
Gravitational-Wave background

51

Trestini, D. Gravitational waves in scalar-tensor theory to one-and-a-half post-newtonian order 269
Urban, F. Spin-2 ultra-light dark matter as a continuous gravitational wave 55
Van Den Broeck, C. GOLUM: A fast and precise methodology to search for, and analyze, strongly lensed

gravitational-wave events
69

Verma, P. Gravitational radiation from pulsars in Brans-Dicke theory 233
Vetrugno, D. Time delay interferometry for LISA science and instrument characterization 123
Vitale, S. Time delay interferometry for LISA science and instrument characterization 123
Voisin, G. One pulsar, two white dwarfs, and a planet confirming the strong equivalence principle 21
Wolf, P. Search for axion dark matter in the lab with an optical cavity and a fiber link 285
Wolf, P. Time-delay Interferometry with unsynchronized clocks as part of an independent L0-

L1 pipeline for LISA
131

Zou, X. A gravity antenna based on quantum technologies: MIGA 223

298



List of Participants

299



300



Family name First name Institution Country Email

Aiello Lorenzo Cardiff University UK AielloL@cardiff.ac.uk

Alhassan Wathela Nicolus Copernicus Astronomical Center Poland walhassan@camk.edu.pl

Ali-Haimoud Yacine New York University USA yah2@nyu.edu

Alibabaei Ashkan Institute of theoretical physics - Leibniz Uni. Germany ashkanalibabaei@gmail.com

Antoniadis Ignatios LPTHE - CNRS and Sorbonne University France antoniad@lpthe.jussieu.fr

Asenbaum Peter IQOQI Vienna Austria peter.asenbaum@oeaw.ac.at

Aveiro João University of Coimbra Portugal jpd.aveiro@gmail.com

Baghi Quentin CEA Saclay France quentin.baghi@cea.fr

Barca Gabriele La Sapienza University of Rome Italy gabriele.barca@uniroma1.it

Beaufils Quentin SYRTE - Observatoire de Paris France quentin.beaufils@obspm.fr

Bizouard Marie Anne Artemis, Observatoire de la Cote d'Azur France marieanne.bizouard@oca.eu

Blumer Philipp ETHZ, Inst.  Particle Physics and Astrophysics Switzerland philipp.blumer@cern.ch

Bombacigno Flavio University of Valencia Spain f.bombacigno.pli@gmail.com

Bosina Joachim Atominstitut, TU Wien Austria joachim.bosina@tuwien.ac.at

Boudet Simon University of Trento Italy simon.boudet@unitn.it

Bourgoin Adrien SYRTE, Observatoire de Paris France adrien.bourgoin@obspm.fr

Braun Daniel Institute for Theoretical Physics, Uni. Tübingen Germany daniel.braun@uni-tuebingen.de

Buchmueller Oliver Imperial College London UK oliver.buchmueller@cern.ch 

Bulik Tomasz University of Warsaw Poland tb@astrouw.edu.pl

Canuel Benjamin LP2N-CNRS/IOGS/Uni. Bordeaux France Benjamin.canuel@gmail.com

Caravita Ruggero TIFPA Trento Italy ruggero.caravita@tifpa.infn.it

Chalumeau Aurélien APC France chalumeau.aurelien@apc.in2p3.fr

Corgier Robin LNE-SYRTE/ Obs. Paris/ Uni. PSL / Sorbonne Uni. France robin.corgier@gmail.com

Curylo Malgorzata Astronomical Observatory, University of Warsaw Poland mcurylo@astrouw.edu.pl

Dall'Amico Marco University of Padova Vicenza marco.dallamico@pd.infn.it

Delva Pacôme Paris Observatory-PSL, Sorbonne University France pacome.delva@obspm.fr

Di Pumpo Fabio Institute of Quantum Physics, Ulm University Germany fabio.di-pumpo@uni-ulm.de

Ducoin Jean-Grégoire Institut d'Astrophysique de Paris France ducoin@iap.fr

Dumarchez Jacques LPNHE France jacques.dumarchez@cern.ch

Edwards Thomas Stockholm University Sweden thomas.edwards@fysik.su.se

Ejlli Aldo Cardiff University UK ejllia@cardiff.ac.uk

Estevez Dimitri IPHC / CNRS France dimitri.estevez@iphc.cnrs.fr

Fairhurst Stephen Cardiff University UK fairhursts@cardiff.ac.uk

Falxa Mikel Laboratoire APC France mikel.falxa@gmail.com

Famaey Benoit Observatoire astronomique de Strasbourg France benoit.famaey@astro.unistra.fr

Fienga Agnes Geoazur - Obs. la Côte d'Azur, UCA France agnes.fienga@oca.eu

Freire Paulo Max-Planck-Institut fuer Radioastronomie Germany pfreire@mpifr-bonn.mpg.de

Gaaloul Naceur Institute of Quantum Optics Allemagne gaaloul@iqo.uni-hannover.de

Ghosh Abhirup MPI Gravitational Physics / Albert Einstein Inst. Germany abhirup.ghosh@aei.mpg.de

Giovannetti Eleonora "La Sapienza" University of Rome Italy eleonora.giovannetti@uniroma1.it

Gonçalves Gonçalo University of Coimbra Portugal goncalo.mota.goncalves@gmail.com

Hartwig Olaf SYRTE - Observatoire de Paris France olaf.hartwig@obspm.fr

Hees Aurelien SYRTE - Observatoire de Paris France aurelien.hees@obspm.fr

Iacovelli Francesco University of Geneva Switzerland Francesco.Iacovelli@unige.ch

Janquart Justin Nikhef Netherlands j.janquart@uu.nl

Krolak Andrzej Polish Academy of Sciences Polska krolak@impan.pl

Lewandowski Jerzy Uniwersytet Warszawski Poland jerzy.lewandowski@fuw.edu.pl

Leyde Konstantin APC, Université de Paris France kleyde@apc.in2p3.fr

Lilley Marc SYRTE France marc.lilley@obspm.fr

Mancarella Michele University of Geneva Switzerland michele.mancarella@unige.ch

Maniccia Giulia Sapienza University of Rome Italy giulia.maniccia@uniroma1.it

Mariani Vincenzo Geoazur - Obs. la Côte d'Azur, UCA France vmariani@geoazur.unice.fr

Masó-Ferrando Andreu Universitat de València Spain andreu.maso@uv.es

Mastrogiovanni Simone ARTEMIS, Observatoire Cote d'Azur France smastro@oca.eu

Mentasti Giorgio Imperial College UK g.mentasti21@imperial.ac.uk

301



Micko Jakob ILL France micko@ill.fr

Minazzoli Olivier ARTEMIS, Observatoire de la Côte d'Azur France ominazzoli@gmail.com

Mota David F. University of Oslo Norway d.f.mota@astro.uio.no

Muratore Martina University of Trento Italy martina.muratore@unitn.it

Narola Harsh Unversiteit Utrecht Netherlands h.b.narola@uu.nl

Nikiforova Vasilisa IHES France nikiforovavas@ihes.fr

Onofre Antonio University of Minho/LIP/CFUMUP Portugal antonio.onofre@cern.ch

Pagel Zachary UC Berkeley USA zpagel@berkeley.edu

Palmese Antonella University of California Berkeley USA antonella.palmese@gmail.com

Perot Loïc Université Libre de Bruxelles Belgium loic.perot@ulb.be

Perrin Guy Observatoire de Paris/LESIA France yug.nirrep@free.fr

Petiteau Antoine DPhP / IRFU / CEA France antoine.petiteau@cea.fr

Pizzuti Lorenzo Osservatorio Astronomico della  Valle d'Aosta Italy pizzuti@oavda.it

Ramberg Nicklas Johannes Gutenberg universität mainz Germany nramberg@uni-mainz.de

Ramos Buades Antoni AEI Potsdam Germany antoni.ramos.buades@aei.mpg.de

Ratzinger Wolfram Johannes-Gutenberg-Universität Mainz Germany w.ratzinger@uni-mainz.de

Regimbau Tania LAPP/CNRS France regimbau@lapp.in2p3.fr

Renevey Cyril LPSC Grenoble France renevey@lpsc.in2p3.fr

Roper Pol Alberto APC France roperpol@apc.in2p3.fr

Rousselle Olivier LKB -  Sorbonne Université France olivierrousselle@live.fr

Roussille Hugo AstroParticule et Cosmologie France hugo.roussille@apc.in2p3.fr

Sala Lorenzo University of Trento Italy lorenzo.sala@unitn.it

Schnabel Roman Institute of Laser Physics, Hamburg Uni. Germany roman.schnabel@physnet.uni-hamburg.de

Singh Neha Astronomical Observatory, Uni. Warsaw Poland nsingh@astrouw.edu.pl

Stahl Clément ObAS France clement.stahl@unistra.fr

Suresh Jishnu Université catholique de Louvain Belgium jishnu.suresh@uclouvain.be

Trestini David LUTH & IAP France david.trestini@obspm.fr

Urban Federico CEICO, CAS Czechia federico.urban@fzu.cz

Verma Paritosh National Centre for Nuclear Research Poland pv.verma05@gmail.com

Vermeulen Sander Cardiff University    uk vermeulensm@cardiff.ac.uk

Vikman Alexander CEICO, CAS Czechia vikman@fzu.cz

Voisin Guillaume LUTH, Obs. Paris, PSL  Uni., CNRS France guillaume.voisin@obspm.fr

Wieland Wolfgang IQOQI Vienna Austria wolfgangmartin.wieland@oeaw.ac.at

Wolf Peter SYRTE/ Obs. Paris  PSL CNRS, Sorbonne Uni./ LNE France peter.wolf@obspm.fr

302





Dépôt légal : octobre 2022 
Achevé d’imprimer : octobre 2022

www.copy-media.net
1 bis avenue de Guitayne - 33610 CANÉJAN 



Proceedings of the 56th Rencontres de Moriond


	Pages de 152978_IN_V0
	152978_IN_V0
	Page vierge
	Page vierge



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Sélection : toutes les pages
     Rognage : format fixe 11.693 x 16.535 pouces / 297.0 x 420.0 mm
     Retrait : non spécifié
     Normaliser (option avancée) : 'original'
      

        
     32
            
       D:20220930082604
       1190.5512
       a3
       Blank
       841.8898
          

     Tall
     1
     0
     No
     1665
     206
     None
     Up
     0.0000
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0c
     Quite Imposing Plus 2
     1
      

        
     49
     310
     309
     310
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Sélection : toutes les pages
     Rognage : format fixe 8.268 x 11.693 pouces / 210.0 x 297.0 mm
     Retrait : non spécifié
     Normaliser (option avancée) : 'original'
      

        
     32
            
       D:20220930082604
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     1665
     206
     None
     Up
     0.0000
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0c
     Quite Imposing Plus 2
     1
      

        
     53
     310
     309
     310
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Sélection : toutes les pages
     Rognage : format fixe 6.299 x 9.331 pouces / 160.0 x 237.0 mm
     Retrait : non spécifié
     Normaliser (option avancée) : 'original'
      

        
     32
            
       D:20220930082951
       671.8110
       Blank
       453.5433
          

     Tall
     1
     0
     No
     1665
     206
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Right
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0c
     Quite Imposing Plus 2
     1
      

        
     15
     310
     309
     310
      

   1
  

 HistoryList_V1
 qi2base





