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2021 RENCONTRES DE MORIOND
The 55th Rencontres de Moriond were initially scheduled to be held in La Thuile, Valle d’Aosta, Italy
in March 2020. Unfortunately the Covid-19 pandemic led us to cancel all these events for the first
time. In 2021 the sanitary situation did not allow in-person meetings and we have decided to go for
an online edition of these Rencontres, trying to keep as much as possible the “Moriond spirit” under
these unexpected conditions.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientific preoccupations, but also the household chores.
The participants in the first meeting were mainly french physicists interested in electromagnetic interactions. In subsequent years, a session on high energy strong interactions was added.

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

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.
The 55th Rencontres de Moriond in 2021 comprised three physics sessions:
• March 9 - 11: “Gravitation”
• March 20 - 27: “Electroweak Interactions and Unified Theories”
• March 27 - April 3: “QCD and High Energy Hadronic Interactions”
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1.
Laboratory tests of gravitation

Are top sensitivity Sagnac gyroscopes suitable to fundamental physics, for Earth
gravito-magnetism and Lorentz violation tests?
A. D. V. Di Virgilio for the ∗ GINGER Collaboration a
INFN Sez. di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy

The Earth rotation is a tool to investigate fundamental physics, since it is related to general
relativity terms, as de Sitter and Lense Thirring, and can provide unique data to investigate
Lorentz violation. Its usefulness for fundamental physic is connected to sensitivity, which is
quite often express in relative to the average Earth rotation rate; the boundary to be meaningful to fundamental physics is to reach 1 part in 109 and long term continuous operation.
Present high sensitivity ring laser gyroscope have already fulfilled those requirements. The
GINGER (Gyroscopes IN General Relativity) project is devoted to fundamental physics and
based in an array of RLG. GINGERINO is a top sensitivity RLG built inside the underground
Gran Sasso laboratory to validate the Gran Sasso laboratory for GINGER. Its sensitivity has
been carefully investigated with standard statistical means, using 103 days of continuous operation and the available geodesic measurements of the Earth angular rotation rate. Sensitivity
of 0.1 frad/s appears, with 600s bandwidth at frequency of 40 days, indicating the feasibility
of 1 part 1013 of the Earth rotation rate, and accordingly for GINGER the gravitomagnetism
test on Earth at the 0.1% level or even better.

1

Sagnac gyroscopes and experimental gravitation

The debate on gravity theories, to extend or modify General Relativity is very active for the
issues related to ultra-violet and infra-red behavior of Einstein’s theory. The first is connected to
the Quantum Gravity problem, the other to Dark Matter and Dark Energy governing large scale
structure and cosmology. Up to now, no final theory, capable of explaining gravitational interaction at any scale, has been formulated, and it is important to say that for the discrimination
a

GINGER Collaboration, present status:
• INFN and Univ. of Pisa: Andrea Basti, Nicolò Beverini, Filippo Bosi, Giorgio Carelli, Donatella Ciampini,
Angela D. V. Di Virgilio, Francesco Fuso, Umberto Giacomelli, Enrico Maccioni, Paolo Marsili, Andrea
Simonelli, Giuseppe Terreni
• INFN, University of Naples and CNR-SPIN: Carlo Altucci , Francesco Bajardi , Salvatore Capozziello,
Alberto Porzio, Raffaele Velotta
• INFN-LNL: Antonello Ortolan
• INGV: Gaetano De Luca, Roberto Devoti, Giuseppe Di Stefano and Aladino Govoni

3

between different theories sensitivity breakthrough is certainly required. Earth based experiments can be in principle advantageous allowing a thorough analysis of the systematic, little
modelling of external perturbation and the feasibility of upgradings. The GINGER project,1,2,3
an array of Sagnac gyroscopes, can be used for Earth based gravity measurements, in particular to constrain parameters of gravity theories, like scalar-tensor or Horava-Lifshitz gravity, by
considering their post-Newtonian limits matched with experimental 4 . In the framework of Extended Standard Model, it has been shown that GINGER can provide data for suitable Lorentz
violation tests, competitive with present best astrophysical limits 5 .
2

The beauty of ring lasers gyroscopes

The Sagnac effect states that two light beams counter propagating inside a closed path complete
the path at different times, tc and tcc for clockwise and anti-clockwise beam respectively, if
the closed path rotates; in general the Sagnac effect, ∆t = tc − tcc is proportional to the
non reciprocity between the two paths. Based on the Sagnac effect, several devices have been
developed mainly for inertial navigation. The closed path of the devices with higher sensitivity
is defined by an optical ring cavity, and two different technology are feasible: passive and active.
The Sagnac gyroscope is identified by its area vector, and measures the scalar product between
the local angular rotation and its area vector, in return the gravitomagnetic (Lense Thirring),
and geodetic components act as angular rotations summed to the cinematic ones. b The passive
one requires an external laser source. The active device, called Ring Laser Gyro (RLG), has
an active medium inside the cavity, to feed the two counter propagating beams. It is a rather
convenient solution, since external laser source with high spectral purity is not required. At
present the RLGs, with perimeter from 10 up to 36m, have the sensitivity record for angular
rotation rate measurement.
They have many advantages:
• unattended continuous operation for months
• typically sub-prad/s sensitivity in 1 second of measurement
• very large bandwidth, fast response, in principle as fast as milli-seconds
• very large dynamic range. Since it is based on frequency measurement, the same device
can record sub-prad/s variations and strong signals from near by earth-quakes
• they can be oriented at will
RLGs have the drawback to deal with the non linear dynamic of the laser, a problem that has
highly limited their diffusion. High sensitivity RLG are attached to the Earth crust, so able to
measure the Earth rotation rate Ωgeo ; at present several RLGs are operative: in Germany, G7
of the geodetic observatory of Wettzell and ROMY in the geophysical observatory of Bavaria8 ,
GINGERINO in the underground Gran Sasso laboratory, in Italy, ER1 of the University of
Canterbury,9 in NewZealand, and HUST-110 passive gyroscope at HUST, part of the TianQin
project, at Wuhan in China.
3

The Earth angular rotation provides the “test beam” to our prototype

GINGERINO is located inside the underground laboratory of Gran Sasso, it is taking data with
high duty cycle since several years. Being an inertial sensor, it is sensitive to Ωgeo and its variations as polar motion, Annual and Chandler wobbles, tides and crust deformations; quantities
b
Usually Lense Thirring is used to express the relativistic correction to the precession of a gyroscope, associated
to the gravitomagnetism, in this case the gyroscope is a special one, since it is based on light, and the effect on the
RLG is the presence of and extra very small angular rotation vector summed to the kinetic one, for this reason
we use indifferently the term gravitomagnetism or Lense thirring effect.

4

Figure 1 – Spectacular agreement of the variations of the LoD Earth rotation rate variations with higher frequency
effects due to deformations, evaluated with the linear regression and the data provided by the international system
IERS.

constantly measured with very high accuracy by the international system IERS. This provides a
“natural test beam” to investigate the characteristics and the sensitivity of GINGERINO. The
true Sagnac signal ωs is recovered taking into account the laser dynamic, and assuming that it
is ωs = ωgeo + ωlocal , where ωgeo indicates the scalar product of the total variations of the Earth
with the RLG area vector, ωlocal the signals of local origin, related to temperature fluctuations
and local tilts. Comparing the recorded data with the IERS measurements, the different terms
are recovered using linear regression and standard statistical means based on minimum square,
providing clear indication about the sensitivity of the apparatus, for example see Fig. 1 6 .

4

Sensitivity below fractions of frad/s

GINGERINO operates far from external disturbances and protected from large thermal excursions in the deep underground environment of Gran Sasso. Its data are compared with the
evaluated global signal provided by IERS.
The analysis takes into account and eliminates the nonlinear laser disturbances and recovers
the global IERS signal with all tiny features 11,12 . At the same time disturbances of an instrumental and local origin are estimated using the environmental signals as temperature and local
tilts. The obtained residuals, i.e. the unmodeled part of the Sagnac signal indicate a rotational
sensitivity below the frad/s level. Disturbances are mainly of an instrumental origin, suggesting the need for improvements in the mechanical design of the RLG structure. By injecting
probe signals in the GINGERINO data, we conclude that the sensitivity is 0.1 frad/s with 600
s integration time, more than a factor one hundred below the expected noise for this class of
instruments 13,14 . In the near future it will be necessary to investigate this aspect from a theoretical side, and to develop a detailed Monte Carlo study in order to carefully investigate the
analysis procedure.
The technique is finally mature to propose GINGER, a project based in 10 years experience and
which contains many experimental details aiming at improving the long term stability, reducing
instrumental disturbances. GINGER is based on RLGs only, Fig. 2 shows a view of the experimental apparatus. The general relativity test will require high accuracy, not only sensitivity. It
is certainly challenging, but it is an apparatus which will be able to provide unique information
for fundamental physics, and to other research fields, as geodesy and geophysics in general.

5

Figure 2 – Pictorial view of GINGER (Gyroscopes IN GEneral Relativity), based on an array of RLG, underground
located in order to reduce the environmental disturbances and provide suitable very low frequency measurements
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How does antimatter fall ?: the GBAR experiment
Olivier Rousselle, Pierre Cladé, Saïda Guellati, Romain Guérout and Serge Reynaud
Laboratoire Kastler Brossel, Sorbonne Université, ENS-PSL, Collège de France, CNRS, 75005 Paris,
France
One of the main questions of fundamental physics is the action of gravity on antimatter.
We present here the simulation of the last part of the experiment GBAR at CERN, i.e. the
measurement of the free fall acceleration ḡ of antihydrogen atoms in the gravitational field of
the Earth. It includes the Monte-Carlo generation of trajectories and the analysis leading to
the estimation of ḡ. A precision of the measurement beyond the % level is confirmed when
taking into account the experimental design.

1

Introduction

The asymmetry between matter and antimatter observed in the Universe is one of the fundamental problems of modern physics challenging the Standard Model. Hints on this puzzle are
looked for in experiments testing CPT symmetry between matter and antimatter as well as the
interaction of antimatter with gravity 1,2 . CPT tests are already quite precise but tests on antimatter gravity have currently a limited precision, with the sign of gravity acceleration not yet
known experimentally 3 .
The Einstein Equivalence Principle, a cornerstone of General Relativity, implies that all
objects fall with the same acceleration in a given gravity field. This Weak Equivalence Principle
has been tested with high precision 4 , and ambitious projects are developed at CERN facilities to
produce low energy antihydrogen with the aim of measuring the free fall of antihydrogen atoms.
Among them, the GBAR experiment (Gravitational Behaviour of Antihydrogen at Rest) aims at
measuring ḡ, the gravity acceleration of antihydrogen in the Earth gravity field, by timing the
free fall of ultra-cold H̄ atoms 5 .
2

Presentation and modelling of GBAR experiment

The principle of GBAR experiment is based upon the original idea of Hänsch and Walz 6 . Antihydrogen ions H̄ ` are cooled in an ion trap by using laser cooling techniques. The excess
positron of H̄ ` is photodetached with a laser, forming a neutral antihydrogen atom H̄, and this
marks the start of the free fall time 7 . At the end of this free fall, the antiatom 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 (see fig.1).
The free fall acceleration ḡ is deduced from a statistical analysis of annihilated events.
The dimensions of the cylindrical chamber are the free fall height Hf “ 30 cm, the ceiling
height Hc “ 30 cm, and the chamber radius Rc “ 25 cm. It is expected that about N “ 1000
antiatoms will be used in the experiment. In the simulations, we assume that free fall acceleration
of antihydrogen has its standard value and study the precision for its measurement.
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Figure 1 – Principle of the free fall measurement in the GBAR experiment. Details of the figure: cylindrical
chamber (in grey); an example of H̄ trajectory from trap to detection surface (in blue); secondary particles
produced by the annihilation (in green); Micromegas detectors (in orange).

The initial wave packet is in the ground state of an harmonic ion trap. It has minimal
dispersion identical along the three space directions:
d
c
~
~
hf
ζ“
, ∆v “
“
(1)
2mf
2mζ
2m
with ζ position dispersion, ∆v velocity dispersion, f trap frequency, m mass of antihydrogen
atom and ~ reduced Planck constant.
After photodetachement, atoms are freely falling in the Earth gravityl field. Each detection
point is characterized by its position (X, Y, Z) and time of flight T . There is a one to one
matching between these parameters and the components of initial velocity, described by classical
mechanics. The observable is the particle current J which counts the number of particle per unit
of time and per unit of surface (flux):
~ Tq “
JpR,

m3 |VK |
Π0 p~
p0 q,
T3

(2)

with |VK | the speed orthogonal to the surface of detection and Π0 the initial momentum distribution which results from convolution of initial velocity distribution inside trap and velocity kick
induced by photodetachement.
3

Simulations and estimation of the uncertainty

In this section, we present two manners of analysing the accuracy to be expected in the experiment. The first one, close to the data analysis to be designed for the experiment, is a numerical
Monte-Carlo method. Another one is the analytical Cramer-Rao method. We compare the
results of the two methods, and use their good agreement as a cross validation of the results.
3.1

Monte-Carlo simulation

Using the standard valuer g0 “ 9.81 m{s2 , we generate N “ 1000 atoms with random initial
velocity ~v0 . Each atom undergoes a classical free fall, and each detection event is characterized by
its impact position pX, Y, Zq, its time of flight pT q and the surface it reaches (floor/walls/ceiling).
For a random draw of N annihilation events, we calculate the likelihood function:
Lpgq “

N
ź

Jg pXi , Yi , Zi , Ti q.

i“1

We define the estimator as the mean of the likelihood: gp “

8

ş
şgLpgqdg .
Lpgqdg

(3)

We repeat this process (generation of events and mean likelihood estimation) a large number
M of times, each simulation providing an estimator gp. An example of random draws is illustrated
on fig.2. From the histogram, we extract the mean value (close to g0 ) and the standard deviation
denoted σgMC .
40
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Figure 2 – Normalized likelihood functions obtained for 15 independent random draws of 1000 atoms (left) and
histogram of the estimators gp for 5000 random draws (right)

3.2

Cramer-Rao method

The Cramer-Rao lower bound for the dispersion σgCR is deduced from the Fisher information Ig
calculated from the g-dependence of the distribution:
ż
Ig “

dSdT

pBg Jg q2
,
Jg

1
σgCR “ a
.
N Ig

(4)

With the parameters of the design, we get a relative uncertainty of σg {g below 1%, thus
confirming the precision goal of the GBAR experiment. We also get σgMC « σgCR , which shows
the good statistical efficiency of the analysis method 8 .
4

Measurement with quantum interferences

We also propose to improve the accuracy of the measurement by using the idea of quantum
techniques drawn from experiments performed on ultracold neutrons 9 . To the previous design,
we add a circular reflecting mirror of diameter d “ 5cm at a distance h “ 10 µm below the trap
(see fig.3). Anti-atoms bounce several times above the mirror thanks to quantum reflection, and
the quantum paths corresponding to different GQS (Gravitational Quantum States) interfere 10 .
After a free fall of height H, we show that the quantum interference pattern on the detector
reveals much more information on the value of ḡ than the classical one.

Figure 3 – 2D schematic representation of the experimental design 10 .

9

The total time T is now the sum of the time above the mirror t and the free fall time τ and
the expression of the annihilation current at the detection is:
~ Tq “
JpR,

m3 |VK |
Πd p~
pq
τ3

(5)

where Πd is the momentum distribution at the end of the mirror (of radius d).
We represent in fig.4 the current J obtained, which clearly reveals interference fringes.

Figure 4 – Probability current density JpX, T q on the detection plate - with Y “ 0 and Z “ ´H 10 .

Determining the uncertainty of the quantum experiment with the methods described in part 3,
we get a relative uncertainty of σg {g improving the accuracy by a factor of about 1000 compared
to the classical timing method.
5

Conclusion

We have modelled the GBAR free fall chamber by taking into account the main parameters of the
experiment. This work aims at preparing the data analysis and finding the optimal parameters
for the GBAR experiment.
The Monte-Carlo simulation for N “ 1000 antihydrogen atoms used in the experiment leads
to a relative uncertainty of σg {g below 1%, and this result is confirmed by using the analytical
Cramer-Rao method.
We also proposed a new method using quantum reflection of H̄ atoms above a reflecting
mirror followed by a classical free fall. The quantum interference pattern thus obtained brings
more information on the value of ḡ than the classical method, and then improves the accuracy
of the experiment by approximately 3 orders of magnitude.
The authors acknowledge insightful discussions with members of the GBAR collaboration.
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Optimisation of table-top 3D interferometers for Observational Quantum Gravity
W. L. Griffiths, L. Aiello, A. Ejlli, A. L. James, S. M. Vermeulen, K. L. Dooley, and H. Grote
Gravity Exploration Institute, School of Physics and Astronomy,
Cardiff University, CF24 3AA, UK

With the use of twin, co-located, 3D interferometers, Cardiff University’s Gravity Exploration
Institute aims to observe quantum fluctuations of space-time as predicted by some theories
of quantum gravity. Our design displacement sensitivity exceeds that of previous similar
experiments, which have constrained the magnitudes of the fluctuations in the 1–25 MHz
band. The increased sensitivity comes in large part from the comparably higher circulating
power we aim to achieve, which reduces the overall shot noise. One complication of higher
circulating power is an increase in contrast defect light, which includes higher-order modes.
We will use the DC-readout scheme, whose dark-fringe offset must sufficiently dominate the
contrast defect in order to detect faint signals. However, too much total output power risks
saturating the high-bandwidth photodetectors. Suppressing the higher-order mode content of
the contrast defect is a key strategy to realising the high circulating power and eliminating
non-signal-carrying power that contributes to shot noise. For this, the inclusion of an output
mode cleaner, whose design is described, is required.

1

Introduction

An expected consequence of theories of quantised space-time is an irreducible variance of the
fluctuations of repeated measurements of distance 1,2 . The holographic principle 3 implies that
these distance fluctuations are correlated in a given volume of space-time such that the crossspectrum of the respective differential length changes in two identical and physically overlapped
(co-located) interferometers, would reveal any coherent signals. There is also theoretical evidence
that the quantum space-time fluctuations exhibit certain angular correlations 4 , hence the 3D
configuration. Signatures of quantum space-time fluctuations will thus present themselves as a
constant, unavoidable and common noise between the two instruments.
Co-located interferometery experiments for quantum gravity investigations are not new:
the Fermilab Holometer 5 constrained the magnitude of longitudinal quantum space-time fluctuations 6 . √Each of their interferometers had a shot-noise-limited displacement sensitivity of
10−18 m / Hz in the 1–25 MHz band. With a five-fold increase of circulating power (among
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other improvements, including the injection of squeezed light), we expect to exceed this displacement sensitivity and increase the detection bandwidth up to about 250 MHz.
These proceedings motivates and describes the technical design of our output mode cleaner,
a new component that is essential for achieving the higher circulating power. For a thorough
description of the overall experimental aims, design and projected sensitivity, we recommend
our recent paper published in CQG 4 .
2

Experimental design

A simplified layout for a single interferometer is displayed in Fig. 1. A 1064 nm continuous wave
laser with an output power of 0.5 W will be amplified to result in a 10 W injection. We will use a
power-recycled Michelson configuration 7 as a strategy to mitigate shot noise, with the expected
circulating power reaching ∼10 kW. The fundamental TEM00 mode of the carrier will be locked
to the common mode arm length of the power-recycled-cavity using a PDH technique 8 . Signals
will be obtained using DC-readout 9 , and the output photodetectors (PD1,2 of Fig. 1) will be
sampled at 500 MHz using high-frequency digitizers.
for moriond.png

Figure 1 – The 0.5 W, 1064 nm laser will be amplified to provide 10 W injection power to the power-recycled
Michelson interferometer, which will generate a circulating power of 10 kW. The power recycling mirror (PRM),
beam splitter (BS) and end mirrors (ETM) will be in 10−8 mbar vacuum. At the AS port of the interferometer,
the light will be spatially filtered via the OMC and split 50/50 between two high-bandwidth photodetectors.
Squeezed vacuum states will be injected into the AS port. The OMC is expanded to emphasise scale. 1 and 2 are
the input and output mirrors respectively, and CM is the concave mirror.

3
3.1

Output Mode Cleaner
Motivation

The DC-readout scheme relies on a small dark-fringe offset, δDF O , created by an intentional
mismatch in arm length such that some carrier leaks out of the anti-symmetric (AS) port to act
as a local oscillator. Along with δDF O , unwanted light in the form of a contrast defect (CD) is
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also transmitted to the AS port. Contributors to the CD include light due to reflectance and
absorption differences between the two arms (causing imperfect destructive interference), and
light in the form of higher-order modes a (HOMs). The CD will be minimised with high quality
optics and control systems but some unwanted light is unavoidable. In order to resolve faint
signals, δDF O must be dominant over the CD, but increasing it introduces new noise sources;
δDF O magnitude instability and laser power noise in particular. Excess CD power at the AS
port is problematic because it contributes to shot noise, but not signal, and the high-bandwidth
PDs risk saturation.
An output mode cleaner (OMC) is a cavity designed to optically filter the laser light transmitted at the output of an interferometer. TEM00 light is resonant while HOMs are not, and
are thus suppressed. The inclusion of an OMC a) reduces the required δDF O ; b) facilitates
maximising the circulating power in the interferometer; and c) eliminates non-signal-carrying
power that otherwise contributes to shot noise. Our upper limit target for CD due to TEM00 is
< 10−6 , and for HOMs it’s < 10−5 . Fermilab’s Holometer’s 5 lowest recorded CD was ∼ 2 · 10−5 .
3.2

Design fundamentals

Here we discuss the process of reaching our design specifications, summarised in Table 1. The
principal function of the OMC is HOM suppression; if T00 is the power transmission of the
fundamental mode, the ratio of the power transmission of the mnth mode is 10



−1
Tmn
2F 2 2 
√
= 1+
sin ( m + n)acos( gcav )
.
(1)
T00
π
F is the cavity finesse and gcav the cavity g-factor,
F=

∆νFSR
;
∆νcav

∆νFSR =

c
;
Lrt

gcav = 1 −

Lrt /2
,
ROCCM

(2)

where ∆νFSR is the cavity free spectral range, ∆νcav the cavity bandwidth, Lrt the cavity’s
optical round trip length and ROCCM the radius of curvature of the concave mirror (CM).
Choosing finesse is a matter of ensuring the local minimums of Tmn /T00 are below a desired
level. Fig. 2 shows transmission for the first 6 HOMs, as a function of gcav . We sought g-factor
values which give ∼ 2 orders of magnitude HOM suppression; there are 4 acceptable minimums
in this example, where F = 40.
Cavity bandwidth was chosen to roughly match the useful operating limit of the highbandwidth PDs, but it is not a strict limit; it can be increased by decreasing the round trip
length. It also is not a hard cut-off; signals with a frequency greater than the cavity bandwidth
will not be immediately lost.
With finesse and cavity bandwidth, the round trip length is determined. Finally, the ROCCM
is calculated upon selecting the g-factor value. The g-factor also governs the waist size and the
amount of power coupled to the counter-rotating field within the OMC. In both cases, a higher
g-factor is beneficial since a larger waist is easier to maintain, and less power is lost to the
counter-rotating field.
Increasing the angle of incidence (AOI) on the concave mirror couples more power to HOMs
since the astigmatism in the waist is worsened (therefore mode matching is deteriorated b ). It
also increases the HOM spacing in the sagittal and transverse planes of the cavity, reducing the
effective suppression. There is a lower limit to the AOI, due to the bi-directional reflectance
distribution, which generates the counter-rotating field. This is minimised at AOI > 5◦ .
a
TEM00 is the lowest order solution of the paraxial wave equation. An infinite number of higher-order solutions
exist which are referred to as HOMs. Compared to TEM00 , HOMs pick up additional phase during propagation 10 .
b
Models using 2 concave mirrors as an astigmatic telescope have been trialed. So long as AOICM is kept small
(minimising the astigmatism), the power recovered is not worth the added complexity and cost. Though it is an
interesting avenue to re-explore if required.
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Figure 2 – The expected power transmission for the first 6 higher-order modes (Eq. 1). Finesse is altered until
local minimums reach the desired level, which in our case is ∼ 2 orders of magnitude. This is achieved as
displayed, at F = 40. Appropriate local minimums then reveal the acceptable cavity g-factors. The x line shows
the specification g-factor.

Table 1: OMC design specifications

F
40

∆νcav
200 MHz

∆νFSR
8GHz

Lrt
3.75 cm

ROCCM
100 mm

Waist
115 µm

AOICM
6◦

2
r1,2
92.5%

2
rCM
99.99%

Cavity finesse also depends on the reflectivities of the mirrors as 10 ,
F≈

√
π r1 r2 rCM
,
1 − r1 r2 rCM

(3)

where r1,2,CM are the field amplitude reflectivities of the input, output and concave mirrors
respectively. Finesse is already known and, since no light transmits through the concave mirror,
it’s reflectivity should be as high as practically possible to avoid loss. The input and output
mirror reflectivities, which must be equal for an impedance matched cavity, is then determined.
3.3

Additional considerations

For a given physical footprint, the bow-tie geometry produces ∼ double the round trip to that of
the triangular geometry. With such a small round trip length, a non-monolithic bow-tie cavity
would be impractical. A linear cavity is also not desirable since reflection is then directed back
into the interferometer’s AS port.
A monolithic design was considered, where control of round trip length for locking would
be achieved via altering the refractive index with temperature. But, a piezoelectronic actuator
glued to the concave mirror was decided to be a more straightforward (and well established)
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method. It will also facilitate a faster response, compared to varying the temperature of a
monolithic block.
The flat input and output mirrors will be so close together that individual mounting and
alignment control is impractical. Instead, we have decided to have a wedge cut from the edge
of the output mirror, such that it can be glued to, or otherwise held in contact with the input
mirror (shown in the expanded view, Fig. 1) in order to maintain a stable angle.
4

Projected sensitivity

Our co-located interferometers are designed to be shot-noise-limited in the 1–250 MHz band.
Other than modal frequency peaks excited by the thermal noise of the optics, all remaining
noise sources will be mitigated below this shot noise limit. For a single interferometer
√ without
squeezing, the estimated shot-noise-limited displacement ASD is ∼ 5 × 10−19 m / Hz. This
is shown in Fig. 3, along with the ASD for other levels of squeezing.
sensitivity.jpg

Figure 3 – The blue lines show the estimated shot-noise-limited displacement noise ASD of Cardiff’s co-located
interferometers, each assume 10 kW of power on the beam splitter. Major reasons for Cardiff’s increased sensitivity over the Fermilab Holometer (red) include the higher circulating power, the output mode cleaner, and the
injection of squeezed vacuum states. The cyan curve is an equivalent displacement sensitivity, taking into account
phenomena that are sensitive to the interferometer frequency response.
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The DAMNED experiment !
New constraints on ultralight dark matter scalar field oscillations.
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Roberts2 , Lucie Cros1,3 , Ben T. McAllister4 and Peter Wolf1
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The theory of ultralight scalar field assumes the existence of an oscillation of the fundamental
constants (FC) as a consequence of dark matter (DM) coupling. In order to look for these
FC oscillations, we proposed a new experiment that compares the frequency of a clock to
itself in the past, by “storing” photons in a fibre delay line, which thus makes it sensitive
to a relative variation of the constants. Although we report no dark matter evidence, the
DAMNED experiment improves the constraints on the intensity of the putative DM coupling
to normal matter.

1
1.1

Theoretical background
Dark matter model

Dark matter (DM) is known to constitute around 85 % of our universe total mass but it does
not directly interact with light. The lack of evidence for the existence of the favorite candidates
(WIMPs or axions) turns the spotlight onto a diversity of other DM-models. Recent theoretical
and experimental works are focused on ultra-light dark matter detection using the outstanding
atomic clocks accuracy.
1.2

Ultralight scalar field theory

The scalar fields theory 1,2,3 relies on an action in which appears ϕ the scalar field :

S=

1
c

Z


√  R − 2g µν ∂µ ϕ∂ν ϕ − V (ϕ)
d4 x −g 
+ LSM [gµν , Ψi ] +

2κ
|
{z
}
|
{z
}
Standard Model

General relativity
+ Scalar field





Lint [gµν , ϕ, Ψi ] 
|
{z
} 


(1)

Field interaction
with Standard Model

where LSM is the lagrangian density of the Standard Model and Lint caracterizes the interaction
between standard model fields and the scalar field such that :
"
#

X 
2
e2 c
β3
Lint = ϕ de
F 2 − dg
F A − c2
dmk + γmk dg mk ψ̄k ψk
(2)
16πh̄α
2g3
k=e,u,d
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The constants dj characterize the interaction between the scalar field ϕ and the different SM
sectors. If we only consider the electromagnetic effect, the effective lagrangien Lint + LSM yields
a variation of the fine structure constant :
LEM
eff = −
1.3

e2 c
e2 c
e2 c
F 2 + de ϕ
F2 ' −
F 2 ⇒ α(t) = α (1 + de ϕ)
16πh̄α
16πh̄α
16πh̄α (1 + de ϕ)

(3)

Oscillation of the length of solids

Solving the Klein-Gordon equation leads to an oscillation of the massive field ϕ with a pulsation
ωϕ and amplitude ϕ0 that depends on the local dark matter density ρDM :
s
ϕ(t) =

8πGh̄2 ρDM
sin
m2ϕ c6



mϕ c2
t
h̄


= φ0 sin (ωϕ t)

(4)

This yields oscillations in a fundamental constant X and the corresponding coupling constant
dx so that
X(t) = X0 [1 + dX φ0 sin (ωϕ t)]
(5)
where {X, dx } can be
 the fine structure constant {α, de }, the electron mass {me , dme } and
average quark mass mq , dmq , and/or the QCD mass scale {Λ3 , dg }.
We can expect a change in the length of solids L which follows the Bohr radius a0 = h̄/(αme c)
oscillation :
L(t) ∝ a0 (t) = L0 − L0 (de + dme ) ϕ(t)
(6)
2
2.1

Dark matter
Density

In the classical dark matter galactic halo, the dark matter density ρDM is equal to 0.4 GeV/c2 .
From recent simulations of our Universe formation, some models predict the existence of dark
matter halos that would have formed around the bodies of the Solar System, thus increasing the
local dark matter density 4 .
2.2

Stochastic nature of the field

With the Earth movement through the dark matter halo, the Compton frequency of the scalar
field is broaden because of the DM velocity distribution. This broadening introduces a coherence
time τc which implies that the scalar field has a stochastic component from the sum of all the
scalar fields allowed by the velocity distribution.

Figure 2 – Simulated amplitude modulation of the
scalar field as a function of time. For short duration
(lower than the coherence time), the field is oscillating
at the nominal frequency). For long duration, the incoherent sum of fields coming from differents parts of
the galactic halo will create an envelop in the signal.

Figure 1 – Dark matter local overdensity in the relaxion
model as a function of the ultralight scalar field mass.
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3
3.1

The DAMNED experiment
Blueprint

A 1542 nm laser source locked onto an ultrastable cavity is unevenly distributed in the an
unequal arm length Mach-Zender interferometer (top part) as well as in an equal arm length
interferometer. The two optical beatnotes are measured through a photodiode with a high sampling frequency phasemeter. The use of the two interferometers makes it possible to isolate the

54 km fiber spool

Signal

37

39

AOM
Reference

putatitve DM signal (solid length oscillation) detected in the “Signal” arm from the systematic
effects and noise characterized in the “Reference” arm.
3.2

Dark matter effect on the setup

The dark matter scalar field creates a cavity frequency ω(t) variation due to the change in the
Bohr radius a0 = meh̄cα which yields an oscillation in the cavity length Lc . In the same time,
the fiber delay T = n0 L0 /c varies with the refractive index n0 and the fiber length L0 . We can
model these two effects as follows :
Z
| {z }
Noise

|

{z

t

T (t) = T0 +

ω(t) = ω0 + ∆ω(t) + δω sin (ωϕ t)

t−T0

}
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|
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2
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}
{z
} |
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Darkmatter

(7)
Both of this effect creates an oscillation in the desynchronisation between the delayed and non
delayed signal :


∆Φ(t) = ω0 T0 + ω0 T0
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Dark matter induced oscillations

3.3

DAMNED noise

(8)

Experimental results

In order to increase sensitivity and account for the stochastic nature of the signal, we acquired
the phase desynchronisation for the “Signal” and “Reference” interferometers during 12 days
with a sampling frequency of 500 kHz using two lengths of fiber.
The transfer function of the unequal-arm length interferometer is responsible for the valved
shaped of the PSD while the overall level in the raw data (blue) is limited by the cavity noise
contribution (black).
Although we can see peaks in the residuals “Signal” -“Reference” - cavity noise model), all
of them can be attributed to systematics effects and we report no evidence of a DM signal with
the DAMNED experiment.
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Figure 3 – Power spectral density (PSD) of the desynchronisation measured in the DM sensitive interferometer
part of the experiment. The blue line corresponds to the 12 days acquisition PSD while the orange line show the
limiting noise coming from the cavity instabilities.

Figure 4 – PSD of the desynchronisation normalized by the measured and modelled noise of the experiment.
Apart from few systematics peaks, the typical residuals corresponds to a white noise leaving no trace of DM,
unfortunately.

4

Data analysis

The data analysis scheme needed to translate the raw measurement to the actual constraints on
the dark matter model can be read in more details in the supplemental material of our paper 5 .
5

Conclusion

Our experiment sets new constraints on the coupling parameters to the fine structure constants
de (in paper) and the electron mass dme .

Figure 5 – In the standard galactic halo model, only a
marginal improvement is made on the dme parameter
thanks to a resonance mechanism in the optical cavity.

Figure 6 – In the Earth relaxation halo, we benefit
strongly from the increase of the local dark matter density to the detriment of the Eöt-Wash torsion balance
experiment which is not sensitive to it.
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ROYMAGE project: a transportable clock for geodetic and geosciences
applications
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ROYMAGE (hoRloge Optique à Ytterbium Mobile Appliquée à l’exploration GEodésique) is
a project funded by the French ANR dedicated to develop a transportable ytterbium (Yb)
optical lattice clock. Connected to the fiber network REFIMEVE+, the clock will allow remote
clock comparisons to perform chronometric geodesy applications and tests of gravitational time
dilation. With a relative frequency uncertainty targeted in the low 10−17 (equiv. 10 cm in
height) at a first step, the clock will provide geopotential measurements which are not directly
available with traditional techniques (e.g. GNSS/levelling, InSar, gravimetry, gradiometry).
This could revolutionize the determination of the gravity field and geodetic vertical references,
the exploration of the Earth’s internal dynamic and the connection between sea level measured
either by tide gauges or by satellites. We present here the objectives and motivations for the
4-years project involving 4 partners in the consortium (Observatoire de Paris, IPGP, IGN and
SHOM).

1

Introduction

Einstein’s General Relativity successfully predicted gravitational time dilation: the time flow
measured by clocks depends on the intensity of the surrounding gravitational potential, and
therefore on the mass distribution. It implies that variations of the terrestrial gravity potential
(geopotential W) are directly proportional to the relative frequency shift between distant clocks:
∆ν/ν = ∆W/c2 (c being the speed of light). This is the principle of the chronometric geodesy 1,2
(see Fig. 1). In the last years, state-of-the-art optical clocks have reached a control over 18 digits
of their frequency (10−18 uncertainty in relative value 3,4,5 ), which enables measuring geopotential
variations of 0.1 m2 /s2 (∼ 1 cm height variation), thus rivaling with the best geodetic techniques.
In parallel, the deployment of optical fiber networks in charge of disseminating an ultrastable
reference at 1542 nm is ongoing across Europe, and particularly in France where it takes the
form of the Equipex REFIMEVE+ (see Fig. 2). In the future, the transportable clock will
enable the resolution of height changes at the 1 cm level between a reference point and any
access point to this European network, even for distances of several thousands of kilometers.
Such a measurement is presently unreachable for any classical instrument, ground-based or in
orbit around the Earth. Coupling this sensitivity with the ability of measuring at chosen places
opens new operational and scientific applications investigated in the ROYMAGE project.
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Figure 1 – Principle of chronometric geodesy. Two distant clocks on Earth’s surface are compared via a fiber link.
W is the geopotential value on each equipotential surface and Wref , the geoid, its reference defining the zero
elevation approximating the mean sea level. HP is the orthometric height along the plumb line, N the geoid
height and h the ellipsoidal height obtained from GNSS techniques. All points on the same equipotential are
at the same elevation: horizontal surface defined by the spirit level, but bumps and hollows on the geoid indicate
variations of the gravity field ~g . Near masses or with positive mass change (e.g. inflating magma chamber), the
time flow speeds down, the clocks frequency decreases and the geopotential increases.

Figure 2 – Deployment of REFIMEVE+ and international connections.

2

ROYMAGE: motivations and objectives

The project aims at developing a transportable ytterbium Optical Lattice Clock (OLC) connected to the fiber network REFIMEVE+ to perform chronometric geodesy/tests of gravitational time dilation. The clock will provide data inaccessible with traditional means and could
revolutionize the determination of geodetic vertical references and the exploration of the Earth’s
internal dynamic (volcanology, tectonic plates, seismic activity, ...). We give below an overview
of our motivations and the main objectives of ROYMAGE.
2.1

Development of a transportable ytterbium lattice clock

Countless technological and conceptual challenges must be tackled to transfer a device as precise
as an atomic clock from a well-controlled lab environment to outdoor uncontrolled conditions
- and to make it compact and transportable. Optical lattice clocks are the most accurate
instruments ever built, while thir stability (statistical resolution) reaches a few 10mHz in a
single measurement and averages rapidly. External effects resulting in a change of the atomic
frequency such as gravitational dilation can be detected efficiently, and their dynamics can be
measured;
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In 2021, the ROYMAGE consortium is starting the design and the construction of a 171 Yb
optical lattice clock, with the aim of connecting it to the ∼ 60 possible outputs of the Equipex
REFIMEVE+ (optical fiber network disseminating an ultrastable 1542 nm carrier). The goal
is to measure locally the geopotential by remote comparisons to the ∼ 12 existing European
stationary optical clocks;
The initial effort will be devoted to the stability of the clock, to maximize the loading speed
of the trapped atoms and to help resolving dynamical effects. New techniques, such as a reference
cavity stabilized by seismometers, 2D+3D magneto-optical traps to load > 104 atoms in < 100
ms and absorption imaging will be implemented to allow extreme statistical resolutions.
2.2

Gravity field and geopotential models

The methods used so far to determine geopotential are mainly based on indirect approaches
combining gravity, gradiometry, and leveling/GNSS data. Currently, it is possible to determine
the geopotential from GRACE and GOCE satellite data with a centimeter accuracy over the
entire globe, but with a limited spatial resolution of 90 km 6,7 . To access finer spatial resolutions, the potential is calculated by integrating near-surface gravity data. However, the uneven
distribution of these data and their quality limit the model accuracy, especially in mountainous
regions for example. Based on previous work 2 , we will assess the contribution of clock measurements at the nodes of REFIMEVE+ to complete the French gravimetric network and to improve
the French geoid model. We will also assess the quality of geopotential recovery by combining
GNSS/leveling and gravity gradients, and the contribution of clock data in the coastal areas.
2.3

Vertical reference frames

In operational geodesy, accurate and high-resolution measurements of height differences over
long distances will enable the correction of biases specific to traditional leveling methods.
Thanks to the transportable optical clock connected to the REFIMEVE+ nodes, we want
to improve the modeling of the French leveling networks errors, and set up a methodology for
selecting clock locations that benefit the most to leveling error propagation mitigation. Also,
we would like to prepare the use of 10−18 accuracy clocks in operational high accuracy leveling
in the context of the European vertical reference frame (EVRF).
2.4

Monitoring geodynamic processes

We already know that the performance of future clocks will further improve and is likely to
reach 19 or possibly even 20 digits. The fact that a clock is sensitive to mass sources and
vertical displacement makes it an indispensable device for high-precision geodesy, in addition to
laser telemetry and space geodesy. This also raises questions about the possibility of studying
and monitoring geodynamic processes involving very small vertical deformations, difficult to
describe by GNSS observations of crustal deformation and mass transfers at depth. This part of
the project is very exploratory and aims at evaluating the contribution of clocks to monitor the
Earth (see e.g. 8,9 ). We will seek to evaluate the contribution of clock measurements for sensing
large-scale geopotential changes by identifying and modeling geodynamic signals quite sensitive
for clocks (e.g. static structure 10 cm uplift): volcanism, earthquakes, sea level rise,...
2.5

Littoral zone

A tide gauge provides information on the sea level wrt the support on which it is based. In
France: 50 digital coastal tide gauges managed by the SHOM allow us to make the link between
land and sea references and to predict the tides, for example. They are also used to manage
coastal areas, for storm wave and tsunami warning networks, to calibrate satellite measurements
or to study the evolution of mean sea level.
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However, vertical ground motion is a source of uncertainty in the estimation of sea level
variations from tide gauge data. As an example, the ocean loading effects can reach 20 cm at
Brest 10 using GNSS and absolute gravi data (with 10−8 m/s2 accuracy).
One of the components of the project will be the analysis of clock data in a coastal context
by making a comparison with absolute gravimetry and GNSS to decorrelate the variations of
mass and altitude, and to improve the connection of references in coastal areas.
2.6

Metrology

Of course, the transportable clock will be able to make a contribution in other fields related to
metrology. In particular, it will participate to the tests of Fundamental Physics (Lorentz invariance, variations of the fundamental constants, research of dark matter, ...), for a redefinition of
the second - by the means of a better determination of the geoid (better than 10 cm) so that all
the metrological laboratories can use the same reference; as well international comparison campaigns of evaluation of the reliability of the next possible primary and secondary representations
of the second (e.g. Sr, Hg, Yb, Yb+, Al+, ...).
3

About the consortium

The ongoing collaboration IPGP-SYRTE has so far studied geopotential determination improvements with clock data over terrestrial areas. ROYMAGE includes IGN and SHOM to apply
this methodology to more unanswered questions, sometimes little explored by the community:
unify vertical references between countries, unify land and marine vertical datums, and quantify detection thresholds of geodynamical effects. In this multidisciplinary project, all teams
will benefit from parallel progress on several fronts: SYRTE experimentalists will use IGN and
SHOM gravimetric and leveling surveys to design a clock accommodating for field constraints,
and to locate regions where the clock will surpass the limitation of classical leveling.
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Despite decades of searches, and extensive gravitational evidence pointing to its existence,
the nature of dark matter remains a mystery. Axions are a promising dark matter candidate,
which arise from an elegant solution to the strong CP problem in quantum chromodynamics,
and have the expected properties to comprise dark matter. Confounding experimental searches
for them is the fact that the axion mass is unknown. The Oscillating Resonant Group AxioN
Experiment (ORGAN), is an axion haloscope designed to probe for high mass dark matter
axions in the laboratory, in the 60-200 micro-eV mass range (15-50 GHz frequency range).
This is significantly higher in mass than other, similar searches. ORGAN Phase 1a will
commence in early 2021, and pave the way for future phases, running until 2026/2027. The
early phases of ORGAN will rely on established technology like tuning rod-driven resonators,
and HEMT-amplifiers. Future phases will employ quantum technology for the readout, and
novel resonator design based on dielectric materials.

1

Introduction

Axions, first proposed as part of an elegant solution to the strong CP problem, can be formualted as a compelling dark matter candidate 1,2 . Haloscopes are a class of experiment which
aim to directly detect axion dark matter as it passes through the Earth. Haloscopes operate
by exploiting the inverse Primakoff effect, whereby a dark matter axion inside the laboratory
converts to a photon in the presence of a strong, static magnetic field. A resonant cavity is
present to capture the photons, and the signal is read out by amplification or photon counting 3 .
Confounding these experiments is the fact that the axion mass is unknown, and thus the frequency of the generated photons is unknown. This necessitates that the experiments must be
highly tunable, as the range of possible axion masses is many orders of magnitude. It is also
beneficial to operate several haloscope experiments targeting different mass ranges. There are
several haloscopes in operation around the world presently, including ADMX, HAYSTAC, and
CAPP 4 .
The Oscillating Resonant Group AxioN (ORGAN) Experiment is a haloscope designed to probe
the high-mass axion regime, with masses in the range of 60 − 200 µeV. This range is increasingly promising theoretically, but as yet poorly constrained by experiments, owing to a host of
technical difficulties 5 .
The critical quantity in haloscope design is the allowable rate of frequency scanning of the resonator, which must be held at the same frequency as the photons generated via axion conversion.
Since the axion mass is unknown, the resonator must be scanned to test for axions of different
masses. The haloscope scan rate is given by:
4 B4C 2V 2Q ρ Q
df
1 gaγγ
L a a
∝
.
2
2
dt
m2a kB Tef
SNR
f
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(1)

Figure 1 – Left: Colour plot of the field distribution of the TM410 mode in an empty cylindrical resonator. Blue
colours represent positive electric field in the z-direction (out of the page), and red colours represent negative
electric field. Right: Colour plots for the modes which result after inserting dielectric wedges to suppress all field
in one phase of the empty cavity mode. There are two TM410 -like modes, both are axion sensitive.

Here SNR is the goal signal-to-noise ratio, gaγγ is the axion-photon coupling constant, B is the
magnetic field strength, C is a form factor, which measures the uniformity of the electric field
of the cavity mode 6 , V is the volume of the resonator, QL is the loaded quality factor of the
resonance, ρa is the local density of axions, Qa is the effective axion signal quality factor (taken
to be ∼ 106 ), ma is the axion mass, and Tef f is the effective noise temperature of the readout
chain. We will discuss the various efforts made in the design of ORGAN to maximize the scan
rate, and present the future run plans. In particular, we focus on resonator design to maximize
the quantities C, V , and QL , and the use of low-noise readout, to minimize Tef f .
2

Resonator Design

Traditionally in a haloscope the TM010 cavity mode is employed, and the resonator is tuned by
driving a rod radially inside the cavity from the wall to the centre . The TM010 mode is chosen
due to having the highest form factor.
However, at higher frequencies these resonators become impractical for a host of reasons. For
instance, the volume of the resonator scales down considerably, which radically reduces sensitivity, and when the rod and cavity become a few mm in scale (such as above 20 GHz), machining
and assembly tolerances become a dominant limiting factor in design.
Initial stages of ORGAN will employ such resonators, but due to these limiting factors, later
stages will employ a novel resonant design based on TMm10 modes, which are larger than a
TM010 resonator of equivalent frequency. TMm10 modes would typically have a form factor of
zero, owing to the equal proportion of electric field in two opposite phases. However, with careful
placement of dielectric material, we can alter the field structure of these resonators, and boost
the form factor by increasing field uniformity. This technique is discussed in detail in 7,8 .
The resulting resonators contain wedges of dielectric, and can be frequency tuned by adjusting
the angles between the wedges. The result is a resonator with higher axion sensitivity than a
TM010 tuning rod resonator of equivalent frequency, and multiple sensitive modes to tune in
parallel.
3

Photon Counting

The effective noise power in the readout chain is a critical design parameter in haloscopes. In
traditional haloscopes linear amplifiers are used. It has been shown however that at higher frequencies an efficient, low dark count single photon counter (SPC) is a superior readout method 9 .
The ratio of effective noise power for a linear amplifier, such as a HEMT, vs. a single photon
counter is given by:
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Figure 2 – The acquired samples of SIS Josephson junctions on chip, which are currently under test. The junction
plasma frequency when appropriately current biased is approximately 15 GHz.

Pl
n̄ + 1
= √
Psp
n̄

s

∆νa
.
ηΓ

(2)

Here Pl is the effective noise power of a quantum-limited linear amplifier, Psp is the effective
noise power for a shot noise limited single photon counter, n̄ is the average thermal photon
occupation number of the resonator, ∆νa is the axion signal bandwidth, and Γ is the detection
efficiency. For the parameters of ORGAN, and modest photon counter parameters, this ratio
can be many thousands - indicating that SPCs are much more appropriate. Unfortunately, no
efficient SPCs exist in the GHz frequency range. A promising candidate technology to fill this
niche is the current-biased Josephson junction (CBJJ). For a discussion of these devices and
their application as GHz SPCs see 10 .
We have received samples of 15 GHz SIS Josephson junctions, and developed prototype SPCs.
We are in the process of testing these devices to determine their efficiency and dark count rate.
This work is ongoing, and results will be reported soon. If the device shows moderate efficiency,
it will be employed in ORGAN from Phase 2a.

4

ORGAN Run Plans

The ORGAN run plan is broken down into multiple phases. Phase 1a and 1b rely on established
technologies, such as TM010 tuning-rod based resonators, and HEMT-amplifiers. These runs
will commence in 2021, and cover the 15-16 GHz and 26-27 GHz ranges. The more optimistic
projections in these phases represent what is possible if we develop efficient, low dark count SPCs.
Phase 2 is broken down into 5 GHz sub-phases. It will commence in 2022, and run through
2026/2027. The more optimistic projections rely on the development of efficient, low dark count
SPCs, whereas the less optimistic projections rely on the implementation of quantum-limited
readout, such as Josephson parametric amplification.
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Figure 3 – Sensitivity projections for ORGAN. The details of Phases 1 and 2 are discussed in the text. The grey
band represent the region excluded by the CAST experiment 11 , the yellow band represents the region of predicted
couplings due to ALP cogenesis models, and the blue band represents the region of popular QCD axion models 12 .
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Some recent developments in 5th force searches
Ephraim Fischbacha,b , Dennis E. Krausec,a , Megan H. McDuffiea , and Michael J. Mueterthiesa
a
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b
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Recently we drew attention to the fact that most recent 5th force searches and tests of the
weak equivalence principle (WEP) utilize only one or two pairs of test samples. We argue that,
despite the great precision of these experiments, the lack of diversity of samples may mean
they are unable to detect new composition-dependent forces, which requires the observation
of a pattern in the data. Such a pattern was observed in the experiment by Eötvös, Pekár,
and Fekete (EPF), the last high precision test of the WEP which used a significant number of
different samples. We advocate for new experiments utilizing a sufficient number and range
of samples to either confirm or refute the pattern found in the EPF experimental data.

1

Introduction

Beginning with Newton and continuing through the early 20th century, experiments searching
for a composition-dependence of the force of gravity, i.e., violations of the weak equivalence
principle (WEP), utilized a rich variety of materials.1,2,3,4 However, this is not true for modern,
more precise experiments5,6,7,8 as seen in Table 1. The signature of a composition-dependent force
would be a pattern in the acceleration data of a WEP experiment which can only be observed
when a sufficiently large number of different samples is used, as was done in the earlier tests of
the WEP. Such a pattern, a coupling to baryon number was, in fact, observed in the data of the
most sensitive experiment which used more than three samples,9 the torsion balance experiment
by Eötvös, Pekár, and Fekete (EPF).3 Yet, despite a significant subsequent experimental effort,
no compelling additional evidence for a new “fifth force” coupling to baryon number has been
observed. However, as we pointed out recently,10 the more contemporary experiments have only
utilized one or two pairs of different materials.
Here we briefly review the work by Fischbach, et al., 9,11 which discovered the pattern in the
EPF data, and what the data can tell us about the force which might have caused it. We also
discuss how subsequent experiments might have failed to observed this force. As an example,
we show that the EPF experiment, and experiments by the Eöt-Wash group,7 have different
sensitivities to new forces, this despite the fact they both use torsion balances. Together, these
observations build a compelling case for conducting new WEP experiments with sensitivities
comparable to the most recent experiments, but which compare accelerations for a significantly
broader range of samples.10
2

The Eötvös Pattern and Paradox

The last high-precision WEP experiment which used a significant number of different samples
was conducted by Eötvös, Pekár, and Fekete (EPF), the results of which were published in 1922.3
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Table 1: Tests of the WEP with the method, the number of different samples and pairs of samples used, and their
sensitivity ∆κ = ∆a/g. (The number of pairs for pendulum experiments are not given since it is the same as the
number of samples.)

Experiment
Newton1 (1687)
Bessel2 (1832)
Eötvös3 (1922)
Potter4 (1923)
Dicke5 (1964)
Braginskii6 (1972)
Eöt-Wash7 (2012)
MICROSCOPE8 (2017)

Method
Pendulum
Pendulum
Torsion Balance
Pendulum
Torsion Balance
Torsion Balance
Torsion Balance
Satellite

# of Samples
9
10
11 (10 pairs)
7
2 (1 pair)
2 (1 pair)
3 (2 pairs)
2 (1 pair)

Sensitivity (∆κ)
∼ 10−3
∼ 2 × 10−5
∼ 10−9
∼ 3 × 10−6
∼ 10−11
∼ 10−12
∼ 10−13
∼ 10−15

Motivated by a number of theoretical and experimental considerations, Fischbach and colleagues
reanalyzed the EPF data, discovering evidence of a new Yukawa “fifth force” coupling to baryon
number B with range λ, 9
B1 B2 −r/λ
V5 (r) ∝
e
.
(1)
r
Specifically, when the acceleration differences relative to gravity (∆κ = ∆a/g) of the samples
were plotted versus their baryon-to-mass ratio differences ∆(B/µ) (µ = m/mH , the sample
mass relative to atomic hydrogen), one observes that the data fall along a line with a vanishing
intercept (Fig. 1). That is, if we write
∆κ = a [∆(B/µ)] + b,

(2)

a weighted least-squares fit to the EPF data finds that the slope a and intercept b are given
by9,10
a = (5.65 ± 0.71) × 10−6 ,
b = (4.83 ± 6.44) × 10−10 .
(3)
Artificially inflating the uncertainties to force the data to agree with the WEP only worsens the
χ2 of the fit without affecting the slope.10 We are then led to the Eötvös Paradox: There is no
evidence of any fault in the experiment by EPF, or in the subsequent re-analysis of their data by
Fischbach, et al., which revealed the pattern shown in Fig. 1. Yet, no convincing evidence of a
Yukawa force coupling to baryon number has been found in subsequent experiments.7,12,13,14,15,16
How is this possible?
3

Towards a Resolution of the Eötvös Paradox

We take the first steps towards resolving the Eötvös paradox by noting that the pattern shown
in Fig. 1 does not give any indication of the spatial dependence of the interaction which may
be causing the pattern. While recent experiments have set very stringent limits on new Yukawa
interactions of the form given by Eq. (1), this does not necessarily exclude other non-Yukawa
forces coupling to baryon number. The Eötvös pattern can be produced by any force proportional
to baryon number. If we write the formula for the force on a test body as F~B = B~F, where ~F is a
baryon force field, the difference in accelerations of two test bodies relative to their gravitational
accelerations is
  ~
 
∆~a
B
F
B ~
=∆
≡∆
F,
(4)
g
µ mH g
µ
~ is the dimensionless force field. In the original fifth force hypothesis by Fischbach et al,
where F
the source of the Eötvös pattern was the Earth with the Yukawa interaction given by Eq. (1).
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Figure 1 – The Eötvös Pattern: Data from the EPF experiment exhibit a linear dependence of ∆κ = ∆a/g on
the baryon-to-mass ratio difference ∆(B/µ) which passes through the origin.

Then the dimensionless fifth force field would be 9
F = F5 =

f 2 (R⊕ /λ)
Gm2H



B⊕
µ⊕


,

(5)

where f is the fifth force charge, B⊕ /µ⊕ ' 1 is the average baryon-to-mass ratio of the Earth,
and (R⊕ /λ) is a constant arising from integrating over the volume of the Earth.
While a large number of experiments have found no evidence for a Yukawa fifth force, this
does not exclude the possibility that another model for a fifth force may exist that can produce
the Eötvös pattern, and yet would not have been seen in these more recent experiments. There
are several reasons for this. First, as shown above, any force with a linear coupling in B will
produce the Eötvös pattern, not just a Yukawa potential. Second, none of the newer experiments
utilize more than two pairs of different samples and so cannot convincingly reproduce the Eötvös
pattern. By investing great effort in maximizing precision at the price of using only two or
three samples, it is possible that an unexpected new force might be unintentionally zeroedout by misinterpreting it as an irrelevant background effect. Finally, one usually optimizes an
experiment to maximize its sensitivity to an expected signal, but possibly at the expense of
reducing its sensitivity to an unexpected signal.
To investigate the latter effect, Mueterthies compared the sensitivity of the EPF experiment
with the Eöt-Wash (EW) group’s experiment,7 both of which use torsion balances, to a very
general dimensionless fifth force.17 Specifically, he assumed both EPF and
balances
 EWPtorsion 
where acted upon by a force whose ith component was given by Fi = B Fi + j Dij rj , where
Fi and Dij are components of vector and tensor force fields, and rj is the jth component of the
sample’s position relative to the torsion balance’s pivot point. Mueterthies then showed that
the differential accelerations produced by this force on the EW and EPF apparatuses were


 q
√
∆a
B
∆κEW ≡
= 2∆
(Fx + Fz sin β)2 + Fy2 ,
(6)
g EW
µ


  h

∆a
B
ν
∆κEP F ≡
=∆
Fz sin β + Fx + Fy
g EPF
µ
σ


ν
ν
− L (Dyy − Dxx ) + h Dxz + Dyz
2δ 
σ
i
ν
−h sin β Dxx + Dyx − Dzz ,
(7)
σ
respectively. Here Fi = Fi /mH g and Dij = Dij /mH g are the components of the normalized
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force fields, and β is the angle of the torsion fiber relative to the vertical. The other parameters
ν, σ, L, h characterize the dimensions of the EPF experimental setup.17
The differences between ∆κEW and ∆κEPF given by Eqs. (6) and (7) are clearly evident.
While both experiments are sensitive to the fifth force components Fi , their functional dependence differs significantly. Furthermore, the EPF experiment is sensitive to a fifth force that
depends on Dij (force gradients), while these terms are absent from ∆κEW . This vividly illustrates an important point: while the EPF and EW experiments both use torsion balances,
their different configurations of test masses and methodologies make them potentially sensitive
to different signals. It is thus clearly possible for a new force to be detected by one experiment
and be missed by the other, as demonstrated by a simple model given by Mueterthies.17
4

Conclusions

We have argued that, despite their great precision, modern WEP tests utilize too few pairs of
samples to detect a pattern such as seen in the EPF experimental data. New high-precision
WEP experiments using pairs of samples with the widest possible range of B/µ are needed to
search for, or exclude, the Eötvös pattern.
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Quantum sensors based on light-pulse atom interferometers allow for measurements of inertial
and electromagnetic forces such as the accurate determination of fundamental constants as
the fine structure constant or testing foundational laws of modern physics as the equivalence
principle. These schemes unfold their full performance when large interrogation times and/or
large momentum transfer can be implemented. In this work, we demonstrate how interferometry can benefit from the use of Bose-Einstein condensed sources when the state of the art is
challenged. We contrast systematic and statistical effects induced by Bose-Einstein condensed
sources with thermal sources in three exemplary science cases of Earth- and space-based sensors.

1

Introduction

Light-pulse atom interferometry employs the coherent splitting and subsequent recombination
of a matter wave to detect electromagnetic and inertical forces. The beam-splitters and mirrors
are comprised of laser beams that interact with a quantum gas to create a spatial superposition
state that is sensitive to ambient fields and accelerations of the system. The interference of
the dispersive matter-waves allows to determine phase differences between interferometer arms,
which depend on certain external factors, e.g. accelerations.
The assortment of applications for this technology is widely diversified. They range from
tests of fundamental physics and determination of fundamental constants 2 over the detection of
rotations and accelerations 3 to the detection of gravitational waves 4 . Atom interferometers can
be operated with uncondensed (thermal) sources or Bose-Einstein condensed sources (BECs).
In ref. 1 we compared BECs to thermal sources regarding their performance and maximum
sensitivity in atom interferometers. Here, we synthesize the key findings of this work.
The sensitivity of atom interferometers depends on several scaling factors, e.g. the interrogation time 2T , the effective wavevector keff of the incident beam and the detector baseline L.
According to the interferometer setup one is investigating, the proportionality of the phase to
the scaling factors is given by
• keff T 2 for gravimetry, WEP tests and G measurements,
2 T for h̄/m measurements,
• keff

• keff L cos(f T ) for detection of gravitational waves with frequency f,
• keff LT 2 for gravity gradiometry,
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• keff T 2 v for rotations of the area spanned by the laser beams and the initial velocity v of
the atoms.
Increasing these scaling factors, i.e. creating larger spatial superpositions or realizing longer
times of free-fall, allows an improvement in sensitivity. However, there are several performance
limiting factors that will decrease the sensitivity of the interferometer. We have taken several
phenomena into account to compute the sensitivity of an atom interferometer under imperfect
conditions, e.g. spurious rotations and gravity gradients, imperfect beam-splitters or incomplete
coherent excitation, wave-front aberrations as well as collimation and contrast/detection issues.
All systematic and statistical effects discussed here are size- or momentum-related. This
implies that their manipulation is critical for controlling the resulting uncertainties. As their
values are interconnected at these energy scales, a trade-off between size and momentum has to
be carried out to find the optimal parameters under which the sensitivity of the interferometer
reaches its maximum.
Experimentally, this trade-off is realized via a Delta-Kick collimation, depicted in figure 1.
Releasing a trapped gas for a defined period of time and recapturing it afterwards allows the gas
to expand and reduce in momentum width while growing in diameter. Tuning this DKC-stage
allows to create ensembles with well defined momentum and spatial widths.
3
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Figure 1 – Size evolution of thermal ensembles (red)
and BECs (blue) after release from a trap. A DKC
stage is reducing the expansion energies down to
80 nK and 50 pK for the thermal and BEC ensembles, respectively. The dashed lines illustrate the
expansion in the freely expanding case without collimation. (rescaled from ref. 1 )
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2

Study cases

The assessment of the different performance limiting factors was done for three exemplary science
cases: a gravimeter, a gravity gradiometer and a WEP-test.
A gravimeter sequence - to measure the coupling constant g of the gravitational field to one
species - is based on a single Mach-Zehnder (MZ) configuration of light pulses. A MZ sequence
is formed by three consecutive light pulses that constitute a beam splitter (π/2-pulse), a mirror
(π-pulse) and a merging beam splitter after 2T .
The geometry for a gradiometer consists of two MZ sequences that are operated simultaneously to measure the spatial gravity gradient between the mid-points of the trajectories.
Two MZ sequences operated with two different species allow for a determination of an EP
violation, quantified by the Eotvos parameter η ∝ g1 − g2 . In this case the sequences spatially
overlap to eliminate the gravity gradient, but remain sensitive to a potentially species specific
differential acceleration (WEP-test).
The results of our numerical study are presented in table 1 and discussed below. It is
especially noteworthy that mean-field effects, which are commonly assumed to be a significant
error source for BECs, are actually less troubling at larger time scales (figure 2). This is due to
the different expansion behaviour of thermal and BEC sources.

3

Discussion

In this work, the current limits for state-of-the-art precision experiments with atom interferometry were analyzed. A particular emphasis was put on the comparison of the statistical and
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Table 1: Estimation of statistical and systematic uncertainties for three scenarios: a lab-based 87 Rb gravimeter 5 , a
space-borne 87 Rb gradiometer 6 and a satellite 87 Rb/41 K WEP-test analogous to the STE-QUEST mission 7 . The
phase uncertainties are given as fractions ∆a/g = δφ /keff gT 2 (gravimeter and WEP-test) and ∆Γ = δφ /keff DT 2
(space gradiometer). The expansion sequence over the course of the atom interferometer is depicted in figure 1.
Systematic effects are denoted by δ, while statistical effects are denoted by σ and calculated after integrating
over a number ncycle of experiments with Nat atoms in each cycle. Gravity gradients are abbreviated with GG,
the Coriolis effect with C, wave-front aberrations by WFA, shot noise with SN and mean-field effects by MF.
(reprinted from ref. 1 )

systematic uncertainties between condensed and thermal ensembles. Three detailed study cases
of a lab-based gravimeter, a space gradiometer and a satellite WEP-test were chosen to illustrate
the limits of each regime.
Thermal sources benefit from a shorter cycle time, smaller mean-field effects and larger atom
numbers compatible with experiments where moderate scale factors suffice or rapid readouts
are required (gravimetry scenario). This is, however, beneficial at short interferometry times
only. When moving beyond the current state-of-the-art, i.e. from drift times of a fraction of
a second to a few seconds, this advantage is lost. In our last two study cases, the scenarios
utilizing BECs show the same level of shot-noise and magnitude of mean-field effects. Moreover,
the condensed sources benefit from a very large contrast (close to 1) when compared to their
thermal counterparts. More dramatically, the WFA set an ultimate limit for thermal ensembles
that would not be compatible with long interrogation times, which are required for advanced
scenarios. For BEC ensembles, their compact sizes make this limit at least three orders of
magnitude lower, highlighting their potential in the field of metrology.
Small scale distortions (few µm) of the optical beams, not considered in this article, can
hint to a disadvantage for the BEC samples by means of averaging effects for WFA. However,
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the flexibility in tuning their initial size mitigates this effect and could bring them to starting
sizes similar to thermal ensembles if necessary. This engineering of the BEC size allows for a
distinct analysis of WFA with long and short periodicity. This might be especially relevant on
short time scales, i.e. for very small ensemble sizes. Their subsequent expansion could still be
limited to a few mm thanks to the DKC technique. In consequence, a trade-off between the
size-stretch-induced phase uncertainties, e.g. to balance the level of GGs or Coriolis systematics
versus WFA effects is required.
Other considerations that are not reflected by our study would further consolidate the BEC
choice. Indeed, we optimistically assumed here that thermal ensembles can be collimated to the
80 nK level and that the same level of efficiency in preparing, transporting and engineering of
their the quantum states can be achieved as for BECs. As a conclusion, thermal and BEC sources
could equally be employed in relatively short interferometry times (a few hundred ms) for the
same performance. With respect to longer times, BEC sources are clearly more advantageous
since size-related systematic effects are several orders of magnitude smaller than those of thermal
ensembles.
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Towards testing gravitational precession of quantum spin
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Johannes Gutenberg-Universitt Mainz, 55128 Mainz, Germany

1915 A. Einstein formulates General Relativity 1 .

⇓
1916-18 W. de Sitter, J. Lense, and H. Thirring calculate how the curvature of spacetime affects the gravitational force acting on a body 2,3
See Figure 1 .

⇓

Figure 1 – Curved spacetime. The radial contraction of gridlines near the Earth represents the de Sitter effect,
while the spiral shape of these gridlines, created when the Earth rotates, represents the Lense-Thirring effect.
Figure by J. P. Eekels 4 .
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1961 L. I. Schiff shows that these effects cause a spinning body, like a
gyroscope, to precess 5 .

⇓
1970 it is calculated that quantum spin, like the spin of the electron,
might also be affected by these gravitational effects 6 .

⇓
2011 Lense-Thirring and De Sitter precessions are observed in a satellite
experiment Gravity Probe B. in this experiment, four quartz spinning
spheres were monitored for more than a year. The spheres were coated
with niobium to create a magnetic moment. Changes in its direction
were observed with a SQUID device 7 . These precessions have been also
observed in the orbital motion of satellites 8,9 .

⇓
2000s Theoretical predictions disagree on how these gravitational effects
act on a quantum spin. The effect might be the same 10 as on a mechanical gyroscope, or it might differ by a factor of 2 11 or 3 12 Experimental
constraints on the gravitational coupling to a quantum spin are relatively
weak 13 .

⇓
We propose how to observe the gravitation effect on the magnetization
of a ferromagnet 14 . To do so, we need to turn the ferromagnet into
a spinning top, a gyroscope. In other words, we would like to observe
the behavior of a ferromagnet in the regime where the precession motion
dominates. The precession motion occurs, like in the spinning top, when
the total quantum spin is much bigger than the mechanical angular
momentum. This criterion results in a threshold magnetic field, below
which the precession motion of the ferromagnet dominates 15 .

⇓
First, we would like to demonstrate a precessing ferromagnet in a laboratory environment, like a freely falling elevator, or a magnet levitating
above a superconductor 16 . Such ferromagnetic torque sensors tend to
generically beat “traditional” quantum limits 17 .

⇓
38

Once the concept is proved, we suggest a space mission, Gravity Probe
Spin, which would be similar in its design to Gravity Probe B, but
instead of a spinning quartz sphere there will be a ferromagnet precessing
in low magnetic field (Figure 2). The gravitational effects will affect
the precession dynamics. We model the dynamics and observe in the
modelling such possible effects 14 .

Figure 2 – Schematic diagram of a Gravity Probe Spin experiment. A freely floating ferromagnet located within
a superconducting shield is in a circular polar orbit. The insert shows the initial orientation of the ferromagnet’s
magnetic moment m. The ferromagnet situated in a magnetic field B. The pick-up coils measure the magnetization
along x direction. This geometry is designed for the detection of the Lense-Thirring effect 14 .
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Dark matter Axion search with riNg Cavity Experiment
DANCE: Development of control system for long-term measurement
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Axion-like particles (ALPs) are pseudo-scalar particles that are candidates for ultralight dark
matter. ALPs interact with photons slightly and cause the rotational oscillation of linear
polarization. DANCE searches for ALP dark matter by enhancing the rotational oscillation
in a bow-tie ring cavity. The signal to noise ratio of DANCE can be improved by longterm observation, and we are planning a year-long observation for the final DANCE. In this
document, I will report on the control systems of the ring cavity we developed for the future
long-term observation.

1

Introduction

Researches on cosmology and astrophysics have revealed that more than 80% of the matter in
the universe consists of dark matter. The nature of dark matter is still unknown and there
has been many searches for various dark matter candidates. “Dark matter Axion search with
riNg Cavity Experiment” (DANCE) 1 is a laser interferometric detector of axion-like particles
(ALPs), which are the candidates of ultralight dark matter. ALPs are pseudo-scalar particles
predicted from high energy physics such as string theory and behave as classical coherent fields
due to their small mass, ma  eV.
ALP produced via the misalignment mechanism behaves as dark matter by oscillating its
background field 2, 3, 4, 5 . The presence of the oscillating ALP field causes a small phase velocity
difference between left- and right-handed circularly polarized light 6, 7 . From the point of view
of linear polarization, this phase velocity difference can be regarded as the rotational oscillation
of the polarization plane, and the signal of ALP appears as the sidebands with polarization
orthogonal to the carrier polarization 8 . In the DANCE experiment, this rotational amplitude
induced by the ALP field can be amplified by using an optical ring cavity composed by 4 mirrors
(see Fig. 1) and extending the effective light path length.
The rotational oscillation of linear polarization can be regarded as coherent during τ , during
which the cavity of DANCE is in the de Broglie wavelength of the ALP dark matter. With the
observation for Tobs , the signal to noise ratio (SNR) of DANCE can be improved as 9
(

SNR ∝

1/2

Tobs (Tobs < τ )
1/4
Tobs (Tobs > τ ),
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τ ' 1 yr
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Figure 1 – Configuration of the double-loop feedback control system (yellow) and the automated cavity locking
system (green).

Therefore, the long-term observation (e.g. 1 year) is important for DANCE to search ALPs
widely.
However, there had been some issues in the prototype experiment of DANCE (DANCE Act1) for long-term observation. Firstly, in the previous setup 10 , the cavity was locked to resonance
by only one piezo actuator, and the lock continued for only one hour due to the narrow actuation
range of the actuator. Secondly, when the cavity drops out of lock, we needed to lock the cavity
manually again.
In this document, we report the double-loop feedback control system and the automated
cavity locking system developed to solve these issues for long-term observation of DANCE Act1. By applying the double-loop feedback control, the lock duration time has been improved to
more than 60 hours, and by using the automated cavity locking system, the cavity resonance
has become capable of recovering from the unlock automatically.
2
2.1

Method
Double-loop feedback control system

Generally, a laser frequency can be locked to an optical cavity resonance by the feedback control
of the laser frequency or the cavity length. In the previous setup of DANCE Act-1, we locked
the cavity by using the piezo actuator in the laser source. However, the piezo actuator has a
narrow actuation range of 51 ± 12 MHz, and the cavity was easily unlocked within about one
hour due to low frequency disturbances such as temperature changes.
To improve the lock duration time, we developed the double-loop feedback control system by
using the temperature of the laser crystal as the second actuator (Fig. 1). The laser frequency
can be changed also by the thermal expansion of the laser crystal. The actuation range of this
temperature of the laser source is 5.46 ± 0.12 GHz and much wider than that of piezo actuator.
Because the temperature in the laser source can takes on the low frequency disturbance instead
of the piezo actuator by the double-loop feedback configuration, the drift in the feedback signal
to the piezo actuator can be suppressed, preventing the feedback signal from going out of the
actuation range. To implement this system, we used SEAGULL mini by MTT Corporation as
a digital signal processor (DSP) to design a filter for the second actuator.
2.2

Automated cavity locking system

In order to lock the cavity to the resonance, the laser frequency needs to be roughly adjusted
to the resonant frequency at first. After that, the feedback control system becomes capable of
locking the cavity because the error signal can be obtained around the resonant frequency. This
rough adjustment is also needed when the cavity is unlocked due to the temperature change
or sudden shock and vibration. In the previous setup of DANCE Act-1, we needed to do
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this adjustment manually, although the unlocking of the cavity in the long-term observation is
inevitable.
To enable long-term observation, we developed the automated cavity locking system, which
takes on the rough adjustment of the laser frequency automatically. The green line in Fig. 1
shows the scheme of the automated cavity locking system. To implement this system, the DSP
is used again. The DSP monitors the transmitting light from the cavity and identifies whether
the cavity is locked or unlocked. If the cavity is unlocked, the DSP sweeps the temperature of
the laser source until the cavity is locked again. The sweep direction is always set upward in
this experiment.
3
3.1

Results and Discussion
Lock duration time measurement

Fig. 2 shows the transmitting light from the cavity and the feedback signal to the piezo actuator
when the cavity is locked with the double-loop feedback control system. In this measurement,
the lock duration time is improved to more than 60 hours.
The right panel of Fig. 2 shows the feedback signal to the piezo actuator with the singleand double-feedback control for the first one hour of the measurement. As can be seen from the
figure, the large drift in the feedback signal to piezo actuator is decreased greatly due to the
double-loop control.
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Figure 2 – The lock duration time measurement. In the figure of transmitting power, 0.02-second flickers from
unknown causes can be seen, although the cavity is not unlocked.

3.2

Recovery of lock

To demonstrate the automated cavity locking system, the cavity was intentionally unlocked with
vibration, and the transmitting light and the output of the DSP to the temperature of the laser
source were measured(Fig. 3). At the point of 40 seconds in the figure, the cavity is unlocked
and the DSP started sweeping the temperature. After around 15 seconds from the unlock, the
transmitting light is recovered and the cavity is successfully locked again automatically.
3.3

Noise of digital signal processor

To investigate whether the DSP is affecting DANCE Act-1 as a large noise source, the noise of
DSP and that of DANCE Act-1 were measured (Fig. 4). The displacement noise spectrum of
DANCE Act-1 was calculated from the error signal of the ring cavity under feedback control, and
the electrical noise of DSP was calibrated to the
√ displacement spectrum noise. The requirement
of DANCE Act-1 was set to 1.4 × 10−15 m/ Hz so that the relative intensity noise of the
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Figure 3 – The demonstration of the automated cavity
locking system.

Figure 4 – The noise spectra of DANCE Act-1 and DSP
with feedback control.

transmitting light can be less than the shot-noise level. The noise of DSP is less than that of
DANCE Act-1 by around two orders of magnitude and also satisfies the requirement of DANCE
Act-1.
4

Conclusion

DANCE searches for ALP dark matter with a ring cavity by enhancing the rotation of linear
polarization. To realize the long-term observation for better SNR, stable control of the cavity is
needed. In this study, the double-loop feedback control system for the longer lock duration time
and the automated cavity locking system for dealing with the inevitable unlock were developed.
As a result, we succeeded in improving the lock duration time to more than 60 hours and in
automatic locking of the cavity after around 15 seconds from the unlock. For future works, we
are currently planning to develop an algorithm, which can identify the fastest sweep direction
to lock the cavity automatically, and planning to specify the cause of the light flickers observed
during long-term lock.
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Dark matter Axion search with riNg Cavity Experiment
DANCE: current sensitivity
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Dark matter Axion search with riNg Cavity Experiment (DANCE) was proposed. To search for
axion-like particles, we aim to detect the rotation and oscillation of optical linear polarization
caused by axion-photon coupling with a bow-tie cavity. DANCE can improve the sensitivity
to axion-photon coupling constant gaγ for axion mass ma < 10−10 eV by several orders of
magnitude compared to the best upper limits at present. A prototype experiment DANCE
Act-1 is in progress to demonstrate the feasibility of the method and to investigate technical
noises. We assembled the optics, evaluated the performance of the cavity, and estimated
the current sensitivity. If we observe for a year, we can reach gaγ ' 9 × 10−7 GeV−1 at
ma ' 10−13 eV. The current sensitivity was believed to be limited by laser intensity noise at
low frequencies and by mechanical vibration at high frequencies.

1

Introduction

Axions are pseudo-scalar fields originally proposed to solve the strong CP problem in QCD
physics. Moreover, string theory and supergravity generically predict a plenitude of axion-like
particles. Hereafter we collectively call them axions. Axions are one of the well-motivated
candidates for dark matter since axions typically have a small mass ma  eV and behave like
non-relativistic classical wave fields in the present universe. High energy physics predicts that
axions may weakly interact with photons 1 .
A small coupling between axions and photons provides a good chance to detect axions
through direct search experiments by using well-developed photonics technology. Recently, several novel methods were proposed to observe axion-photon coupling using carefully designed
optical cavities 2 3 4 5 6 . These laser interferometric searches can be done without a strong magnetic field, and have good sensitivity in the low mass region. In this paper, we review our Dark
matter Axion search with riNg Cavity Experiment (DANCE) proposal, and report the current
sensitivity of the prototype experiment, DANCE Act-1.
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2

Principle of DANCE

The axion-photon interaction gives a phase velocity difference between left- and right-handed
circularly polarized light 1 . The phase velocity difference δc = |cL − cR | = δc0 sin(ma t + δτ (t))
with axion mass ma and a phase factor δτ (t) for a wavelength of light λ = 2π/k is estimated to
be



gaγ a0 ma
λ
gaγ
δc0 =
= 1.8 × 10−24
.
(1)
k
1064 nm
10−12 GeV
Here, we assumed axion energy density equals local dark matter density, ρa = m2a a20 /2 '
0.3 GeV/cm3 .
This phase difference between circular polarizations is equivalent to a rotation of linearly
polarized light 1 . Small signal sidebands are generated as a linearly polarized laser propagates
in the presence of axions 4 . Optical path length can be effectively increased using an optical
cavity and the amplitude of the sidebands is enhanced for detection. The polarization flip upon
mirror reflection have to be taken into account when designing the optical cavities. A bow-tie
ring cavity is proposed to prevent the linear polarization from inverting since the laser beam is
reflected twice at both ends 3 .
The fundamental noise source of DANCE would be quantum shot noise. The one-sided
amplitude spectral density of the shot noise is given by
q

Sshot (ω) =

s

h̄λ
4πcPtrans



1
+ ω2 ,
t2c


(2)

where ω is the fourier angular frequency and Ptrans is the transmitted laser power. The averaged
storage time of the cavity tc is given by tc = LF/(πc), where L is the cavity round-trip length
and F is the finesse. Assuming L = 10 m, F = 106 , and Ptrans = 100 W, we can reach gaγ '
3×10−16 GeV−1 for ma < 10−16 eV (see purple dotted line in Figure 2). Here, we set λ = 1064 nm
and the integration time T = 1 year. Simultaneous resonance of both carrier and sidebands
beams is also important for good sensitivity at low frequencies.
3

Experimental Setups of DANCE Act-1

Figure 1 (left) shows the schematic of DANCE Act-1. The S-polarized beam (the carrier in
this work) was fed into the bow-tie cavity, and the laser frequency was locked to the resonance
by the Pound-Drever-Hall technique. Polarization of transmitted light was rotated with a halfwave plate (HWP) to introduce some P-polarization (the sidebands in this work), and then
split into S- and P-polarization with a polarizing beam splitter (PBS). P-polarization can be
measured with a photodetector (PD), and in this signal we can search for axions. The amount
of S-polarization was also recorded with a PD in order to calibrate the signal.
A photo of the experimental setup of DANCE Act-1 is shown in Figure 1 (right). The optical
table was surrounded by aluminum plates to stabilize frequency by reducing air turbulence and
shield the optical setup from external light. The bow-tie cavity was constructed from four
mirrors rigidly fixed on a spacer made of aluminum.
4

Results and Discussion of DANCE Act-1

We evaluated the performance of the bow-tie cavity by modulating the laser frequency and taking the cavity scan of transmitted light (see Table 1). Measured values of round-trip length and
finesse for S-polarization were consistent with designed values. Current injected laser power was
lower than designed power because we used a laser source with maximum power of 500 mW.
Transmitted laser power was lower than injected power due to loss of light in the cavity. Measured resonant frequencies for two polarizations were different because S- and P-polarization
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Frequency servo
Laser
1064 nm

Faraday
isolator

PBS

EOM
S-pol.

PD

Bow-tie cavity

50 cm

HWP
P-pol.

Axion signal

Figure 1 – The schematic of DANCE Act-1 (left), and a picture of DANCE Act-1 (right). S-polarized (Ppolarized) beam is drawn as red (blue) lines. EOM: electro-optic modulator. PBS: polarizing beam splitter. PD:
photodetector. HWP: half-wave plate.
Table 1: Summary of the performance evaluation of the bow-tie cavity.

Round-trip length L
Injected laser power
Transmitted laser power Ptrans
Finesse for S-polarization (carrier) Fcar
Finesse for P-polarization (sidebands) Fside
Resonant frequency difference between polarizations δres

Designed values
99.4 cm
1W
1W
3 × 103
3 × 103
0 Hz

Measured values
97.1(4.5) cm
274(14) mW
158(8) mW
2.80(34) × 103
193(10)
3.92(16) MHz

obtained non-zero phase shift from mirror coating layers at mirror reflections with non-zero incident angle. Measured finesse for P-polarization was smaller than the designed finesse because
the mirrors had lower reflectivity for P-polarization. This was not an issue in this work since the
sensitivity in low mass region gets better with smaller finesse for P-polarization when resonant
frequency difference between polarizations is non-zero.
The amount of P-polarization PP (t) was measured for 50 minutes with a PD and calibrated
to the rotation angle of linear polarization φ(t) by
s

φ(t) =

PP (t)
− 2θ,
Ptot

(3)

where Ptot is the averaged total amount of transmitted light and θ is the fixed angle of a
HWP. Then, the spectrum of the rotation angle of linear polarization and the current estimated
sensitivity were calculated. If we observe for a year, we can reach gaγ ' 9 × 10−7 GeV−1 at
ma ' 10−13 eV (see red solid line in Figure 2). Rotation angle of linear polarization in 0.1 Hz
- 1 Hz correlated significantly with injected laser power, therefore the current sensitivity was
believed to be limited by laser intensity noise. Whereas, rotation angle of linear polarization in
30 Hz - 5 kHz correlated significantly with error signal for frequency servo, therefore the current
sensitivity was believed to be limited by mechanical vibration.
5

Conclusion

A new table-top experiment, DANCE, was proposed to search for axion dark matter with an
optical cavity. We aim to detect the rotation and oscillation of a linear polarization caused by
axion-photon coupling with a bow-tie cavity. DANCE can improve the sensitivity beyond the
current bounds of axion-photon coupling constant gaγ for axion mass ma < 10−10 eV by several
orders of magnitude. A prototype experiment DANCE Act-1 is underway to demonstrate the
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feasibility of the method. We finished the assembly of the optics, the performance evaluation of
the cavity, and the estimation of the current sensitivity. If we observe for a year, we can reach
gaγ ' 9 × 10−7 GeV−1 at ma ' 10−13 eV. The current sensitivity was believed to be limited by
laser intensity noise at low frequencies and by mechanical vibration at high frequencies.
We plan to observe for a week and analyze the data in May 2021. Furthermore, we plan
to build a new setup to improve the sensitivity by injecting higher input laser power and by
canceling out resonant frequency difference between polarizations with an auxiliary cavity 6 .

SHAFT

ABRA-10cm

CAST
SN1987A
M87

Figure 2 – The sensitivity curves for the axion-photon coupling constant gaγ . The orange solid lines with shaded
region are current bounds obtained from CAST 7 , SHAFT 8 , and ABRACADABRA-10cm 9 experiments, and
the astrophysical constraints from the gamma-ray observations of SN1987A 10 and the X-ray observations of
M87 galaxy 11 . The red solid line shows the current estimated sensitivity of DANCE Act-1 if we observe for a
year. The dotted lines represent the expected shot noise limited sensitivity of DANCE Act-1 with current setup
parameters (blue; the cavity round-trip length of L = 1 m, transmitted laser power of Ptrans = 158 mW, finesse
for carrier (S-polarization in this work) of Fcar = 2.80 × 103 , finesse for sidebands (P-polarization in this work) of
Fside = 193, and resonant frequency difference between polarizations of δres = 3.92 MHz), DANCE Act-1 target
(green; L = 1 m, Ptrans = 1 W, Fcar = Fside = 3 × 103 , and δres = 0 Hz), and DANCE target (purple; L = 10 m,
Ptrans = 100 W, Fcar = Fside = 106 , and δres = 0 Hz) with one-year integration time.
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ACES/PHARAO: high performance space-to-ground and ground-to-ground clock
comparison for fundamental physics
M. Lilley
SYRTE, Observatoire de Paris, 61 Avenue de l’Observatoire, 75014 Paris, France
The Atomic Clock Ensemble in Space (ACES) mission 1 is a fundamental physics mission of
the European Space Agency (ESA) to be launched in 2024. It relies on a high performance
clock onboard the International Space Station (ISS), a network of high-performance clocks on
ground, a dedicated two-way microwave link (MWL) enabling space-to-ground and ground-toground clock comparisons, as well as an optical link (ELT). PHARAO/SHM 4 , which stands
for “Projet d’Horloge Atomique par Refroidissement d’Atomes en Orbite/Space Hydrogen
Maser”, and is the clock onboard the ISS, has a relative frequency accuracy at the 10−6 level,
√
a relative frequency stability (Allan deviation) equal to 10−13 / τ (τ being the integration
time in seconds) and a time deviation of 12 picoseconds after one day of integration. The
MWL is designed to reach a time deviation below 7 ps after one day of integration. While
space-to-ground clock comparisons will enable precise tests of the gravitational redshift, tests
of deviations from General Relativity (GR) at the 10−6 level, and tests of local Lorentz
invariance at the 10−10 level, ground-to-ground clock comparisons will enable a search of
the time variation of fundamental constants with uncertainty at the 10−17 level after one
year. In this contribution, we review the mission set up with a particular emphasis on the
MWL, discuss the simulation and data analysis software developed to investigate mission
performance, focusing on its primary scientific objective: the test of the gravitational redshift.

1

The ACES mission and its microwave link

The ACES payload includes a cesium atomic clock (PHARAO), an active hydrogen maser
(SHM), a GNSS receiver for precise orbit determination, a Frequency Comparison and Distribution Package (FCDP) for local comparison of the onboard clocks and generation of the onboard
timescale and a MicroWave Link (MWL) that uses both code-phase and carrier-phase measurements. The MicroWave Link (MWL) will be used for space-to-ground time and frequency
transfer. While a time transfer is the ability to synchronize distant clocks, i.e. determine the
difference of their displayed time for a given coordinate time, frequency transfer is the ability to
syntonize distant clocks, i.e. determine the difference in clock frequencies for a given coordinate
time.
2

The ACES ground segment

On ground, ACES will rely on a network of ground terminals (GTs) to retrieve the data that
will be needed to compare ground and space clocks. Several institutes will be equipped with
an ACES MWL GT and/or Laser Ranging facility (SLR). These terminals will exchange signals with the on-board payload during each pass ISS (typically 300-500s), all data then being
centralised in an archive at CADMOS/USOC. The SYRTE DPC will be in charge of the final
processing steps, from calibrated raw data to scientific products.
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Clock comparisons will be performed using pseudo-times-of-flights (pToFs) between the GT
clock and PHARAO aboard the ISS. These pToFs are determined using code date (unambiguous
but coarse with 20 ps resolution) together with carrier data (that has a phase ambiguity but
reaches ps resolution).

3
3.1

Simulation and data processing software
Simulation software

A dedicated mission simulation software was developed in order to generate the data required
as input to the data processing and data analysis code, which will be used with real data during
the mission. Inputs to the simulation software are the orbit of the ISS, terrestrial coordinates
of a set of GTs and a model of the geopotential in order to compute the relation between the
proper times given by the ISS and GTs on the one hand, and coordinate time on the other.
The total ToF is the sum of a geometric ToF obtained by solving a two-point boundary value
problem in GR, a Shapiro delay and atmospheric delays. The pToF is then obtained from the
total ToF and the coordinate to proper time transformations for the GTs and the ISS. These
pToFs can then be used to compute MWL observables.

3.2

Data processing software

The data processing software 5 seeks to interpolate the uplink or downlink signals so that they
share arrival and departure time at the ISS (t2 ' t3 ' t5 ). This is called the Λ configuration
and it removes, to first order, the range, tropospheric delay and Shapiro effect 3 . It is depicted
in Fig. 1.

Figure 1 – A one-way uplink is shown in red from t1 to t2 , and two one-way downlinks are shown in dark blue
from t3 to t4 and in light blue from t5 to t6 . The Λ configuration, obtained by setting t2 = t3 = t5 , removes, to
first order, the range, tropospheric delay and Shapiro effect.

Processing of the pToFs initially starts from MWL data in a non-Λ configuration, i.e. the
configuration that is realized in practice. Initial range estimates are obtained from orbit data
for the ISS and the positions of the GTs. These estimates are used together with atmospheric
models and atmospheric data to produce tropospheric and ionospheric delays. Once computed,
the atmospheric delays are used to refine the initial range estimates. By combining those refined
range estimates with the pToFs, an estimate of desynchronization can be obtained and used
to obtain the Λ configuration. The pToF data is then re-computed in the Λ configuration and
produces the value of desynchronization 2 . The data processing steps are depicted in Fig. 2.
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Figure 2 – ACES data processing pipeline. The main output of the processing software is desynchronization. The
pre-processing step that computes the pToFs from the the microwave link is not represented in the figure. Note
that orange arrows highlight the iterative nature of some of the data processing steps.

4

Uncertainties

In Table 1, we summarize our current understanding of the ACES error budget 3,5,6 , derived from
theoretical considerations and from the performance of the PHARAO/SHM clock. This error
budget is expressed in terms of the Allan or time deviations associated with PHARAO/SHM,
the MWL, the impact of orbitography on the determination of desynchronization and on the
determination of the gravitational redshift.
The performance of PHARAO/SHM is given in terms of Allan deviation. This is the performance
achieved by the clock in the laboratory.
Table 1: Impact of PHARAO/SHM, the MWL and orbits on the time deviation and Allan deviation.

Time deviation

Allan deviation
√
10−13 / τ for all τ

PHARAO/SHM
MWL

√
7 × 10−12 / τ for τ < 103 s
9 × 10−12 /τ
for 100 m orbit error and τ > 103 s

Impact of orbits
on redshift
Impact of orbits
on MWL

6.5 × 10−16 τ 3/2 for
1 km orbit error and 10 s < τ < 300 s

The performance of the MWL and the data processing software that computes desynchronization is evaluated in terms of time deviation. The requirement on the MWL is chosen to
be about an order of magnitude lower than that achieved by the ACES clocks. The impact of
errors in the orbitography on calculating desynchronization from MWL data remains below the
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requirements on the MWL for orbit errors smaller than 1 km and are relevant only on short
time scales of the order of the duration of a single pass of the ISS. The impact of errors in
the orbitography on calculating the gravitational redshift expressed in terms of Allan deviation
remain below the stability of PHARAO/SHM for orbit errors smaller than 100 m.
5

Residuals for simulated data

The performance of each module is validated by comparing expected values (as calculated from
the simulation’s input parameters) to values calculated by the data processing software. The
plots in Fig. 3 illustrate the difference between simulation input and data processing output for
some physical quantities, for a single ISS pass. The three first plots on the left show the time
series of the tropospheric delay, the ionospheric delay and the geometric time of flight (ToF)
for the uplink (blue) and the two downlink (green and yellow) signals. The last plot on the
left shows the desynchronization. The plot in Fig. 4 shows the corresponding temporal Allan
deviation (Time deviation). These plots demonstrate that the data processing software recovers
the input of the simulation at the ps level and that the temporal Allan deviation complies with
the ACES requirement on time and frequency transfer performance.

Figure 3 – Difference between simulation input and data processing output for some physical quantities, for a
single ISS pass. The top three plots show time series of the tropospheric delay residual, the ionospheric delay
residual and the geometric ToF residual for the uplink (blue) and for the two downlinks (green and yellow). The
fourth plot shows the desynchronization residual.
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Figure 4 – Temporal Allan deviation (Time deviation) of a single pass.

6

The gravitational redshift

For ideal clocks, the fractional frequency difference between a clock on the ground and one in
space is given by
dτ g
dτ s
∆ν g
∆ν s
1
v 2 (t) vg2 (t)
−
= g − s = 2 U (t, ~xs ) − U (t, ~xg ) + s
−
+ O(c−4 )
dt
dt
ν
ν
c
2
2
"

∆y(t) =

#

(1)

In this expression, τ is proper time, t is coordinate time, ν is frequency, U is the gravitational
potential and v is velocity. The superscripts and subscripts “g” and “s” stand for “ground”
and “space” respectively. The gravitational redshift for ACES is ∆U/c2 which is of order
3.6 × 10−11 . Deviations from General Relativity can be introduced and tested for against ACES
data by introducing a multiplicative factor 1 + α in the expression for ∆U/c2 . If the value of
α is found to be significantly different from zero when confronting the data with the theoretical
model, a deviation from GR is detected. Space-to-ground clock comparisons with ACES will
enable precise tests of the gravitational redshift, tests of deviations from General Relativity at
the 10−6 level.
A dedicated simulation software 6 , computing desynchronization data for a set of ground
stations induced by GR, deviations from GR, and the second order Doppler effect, including
MWL and PHARAO/SHM error, is used to test the ability of a companion data analysis software
to detect the value of α. The simulated effect of the gravitational redshift in phase for one day
is shown in Fig. 5, while it is shown for frequency in Fig. 6.

Figure 5 – Gravitationnal redshift model over one day
for phase data.

Figure 6 – Gravitationnal redshift model over one day
for frequency data.

The simulation software and its companion data analysis software were used to perform four
performance tests. The four test results are summarized in Table 2. The first test establishes
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that 12 days of data from a single ground station suffices to achieve a level of uncertainty in the
determination of α at the 3 × 10−6 level, an order of magnitude better than existing constraints.
In the second test, one finds the performing the analysis using phase data rather than frequency
data achieves a better level of precision on α. The third test finds that an error on the orbit
determination of the ISS at the 1 km level is sufficient, while the fourth test finds that performing
the analysis on several ground stations rather than a single one does not improve the precision
with which α can be measured.
Table 2: Simulation software performance test results for 12 days of observation time.

7

Test

Test result

Level of uncertainty achievable

σα12 days = 3.1 × 10−6

Phase vs. Freq. analysis

σαphase  σαfreq

Orbital error

< 300 m

Number of GTs

σα1 station ' σαnetwork

Conclusion

The ACES mission relies on state-of-the art ground and space clocks as well as a high-performance
MWL in order to perform tests of fundamental physics, such as the measurement of the gravitational redshift, among others. The MWL link, discussed in this contribution, is an integral part
of the measurement process. The success of the experiment relies heavily on its performance
being within requirements. For this reason, we focussed the first part of our contribution to the
Rencontres de Moriond 2021 and to these proceedings on the MWL and on the method that
computes desynchronization from the MWL raw data. Both a MWL simulation software and
a MWL data analysis software were developed at SYRTE in order to ensure that the scientific
goals of the mission could be achieved. The results of our analyses are shown in Fig. 3 and
Fig. 4. We next discussed one of the main scientific goals of the mission: the measurement of
the gravitational redshift and an improvement of current constraints on deviations from General
Relativity. The ability of ACES to reach a sensitivity on the parameter α of order 10−6 was
studied by developing dedicated simulation software and data analysis software. The main results of this study are presented in Table 2 and show that this objective will be achieved within
12 days of observation for a single GT, as long as orbitography errors are within 300 m.
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Searching for new physics during gravitational waves propagation
Leı̈la Haegel
Université de Paris, CNRS, AstroParticule et Cosmologie,
F-75013 Paris, France
The direct detection of gravitational waves by ground-based interferometers opened an unprecedented channel to probe alternative theories of gravitation. Several theories predict a
dispersion of the gravitational waves during their propagation, distorting the signals observed
by LIGO and Virgo compared to their predictions from general relativity. Such dispersion
could induce a modification of the luminosity distance inferred with gravitational radiation
with regards to electromagnetic radiation. By analysing two multimessenger events, we set
constraints on a large class of proposed theories, including extra-dimensional and scalar-tensor
theories. The multimessenger events are the binary neutron star merger GW170817 associated
to GRB170817A, and the binary black hole merger GW190521 with postulated candidate
electromagnetic counterpart ZTF19abanrhr. Without relying on multimessenger emission, a
class of proposed theories predict a frequency-dependent dispersion of the gravitational waves
breaking Lorentz invariance. By analysing 31 GW events from binary-black holes coalescence,
we constrain several coefficients parameterising Lorentz violation, including the best constraint
on the graviton mass.

1

Introduction

Since the first direct detection of gravitational waves (GW) by the LIGO-Virgo collaboration
(LVC) in 2015, 50 events have been reported during three observation runs 1 . The GW observations originate from the coalescence of binary systems of compact objects, of which the LVC
interferometers record the late inspiral, plunge and merger. Most of the compact objects are
stellar-mass black holes, the other type being neutron stars characterised by their low mass and
potential presence of tidal effects. The closest event detected is GW170817 2 ., the coalescence of
two binary neutron stars at 40+8
−14 Mpc, and the furthest event detected is GW190413 134308,
1
the coalescence of two black holes at 4.45+2.48
−2.12 Gpc .
GW offer a new way to probe fundamental physics with purely gravitational signals. Several
alternatives to General Relativity (GR), including scalar-tensor theories of gravity or effective
field theories such as the Standard Model Extension, predict that GW may disperse during their
propagation. The dispersion can lead to a distortion of the pattern seen by the LVC interferometers and a modification of the apparent luminosity distance inferred from the amplitude of
the GW signal. Section 2 describes constraints on several parameterisation of alternative theories of gravitation using multimessenger events. Section 3 describes the constraints on different
coefficients responsible for Lorentz invariance violation obtained from GW signals only.
2

Constraining GW friction with multimessenger events

Multimessenger events consist of the simultaneous observation of emissions from different channels, including gravitational and electromagnetic (EM) radiations, as well as astroparticles. The
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coincident observation of GW and EM signals in “standard sirens” events enable to measure
the expansion of the Universe from the combined information of the EM redshift and the GW
amplitude. The LVC has published the first measurement of the Hubble constant inferred from
the redshift and luminosity distance of the event GW170817 described below 3 . The source of
this expansion being currently unknown, several classes of alternative theories of gravitation
have been proposed to explain its origin.
A part of the phenomenology induced by those theories consists of GW friction, i.e. a
modification of the wave amplitude due to dispersion leading to a different luminosity distance
inferred from GW and EM signals, i.e. dGW
6= dEM
L
L . By analysing several multimessenger
events, we measure the Hubble constant H0 , the matter density Ωm,0 , as well as the coefficients
parameterising the difference in the luminosity distances inferred from GW and EM signals from
several theories.
In this work, we analyse two events:
• GW170817, the coalescence of two neutron stars (kilonova event) at 40+8
−14 Mpc emitting
both GW and the short γ-ray burst GRB170817A, followed by EM emissions in a large
spectrum of wavelength 4 .
• GW190521, the coalescence of two black holes at 3.92+2.19
−1.95 Gpc with GW detected by the
LVC and the candidate EM counterpart ZTF19abanrhr possibly due to the surrounding
environment of an AGN disk 5 . While the association of the two events has not been
confirmed, we include them to study the impact of a large redshift and additional degrees
of constraints on the analysis.
Extra dimensions: Several alternative theories of gravitation, including proposals of quantum gravity 7 and Dvali-Gabadadze- Porrati (DGP) gravity 8 , assume a spacetime with more
than 4 dimensions. In the case where those extra dimensions are not compactified, they are
characterised by the length scale RC beyond which gravitation is modified from GR. The GW
additional energy loss in those dimensions modifies the GW luminosity distance as:
"

dGW
= 1+
L

dEM
L
Rc

!n # D−2
2n

,

(1)

where D is the number of spacetime dimensions. As shown on Figure 1 left, the events are
consistent with a 3+1 spacetime.
Scalar-tensor theories: A large set of alternative theories of gravitation, including BransDicke, Horndeski and Degenerate Higher-Order Scalar-Tensor (DHOST) theories, are constructed
by adding a scalar field to the tensor field of GR. A subset of those theories predict a modification of the GW luminosity distance similar to the one predicted from non-local gravity 9 , that
is:


1−Ξ
dGW
= dEM
Ξ+
,
(2)
L
L
n
(1 + z)
where n > 0 is the spacetime stiffness and Ξ > 0 recovers GR for Ξ = 1. As shown on Figure 1
right, the observations are consistent with GR.
Time-varying Planck mass: A time-varying Planck mass arises in several alternative theories of gravitation, and impacts the GW luminosity distance in case of the presence of an extra
field impacting the expansion of the Universe as 10 :
"

dGW
= dEM
L
L exp

#

cM
1+z
ln
,
2ΩΛ,0 Ωm,0 (1 + z)3 + ΩΛ,0

(3)

where cM parametrise the evolution of the dark energy content in the Universe. The analysis of
the multimessenger events lead to a measurement consistent with GR where cM = 0.
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Figure 1 – Constraints on the Hubble constant H0 , matter density Ωm,0 and alternative theories of gravitation
parameters 6 . Left: constraints on the number of spacetime dimensions D. Right: constraints on the scalar-tensor
theories coefficients Ξ and n.

3

Constraining Lorentz invariance violation with gravitational-waves observations

The Standard Model Extension (SME) formalism is an effective field theory designed for phenomenological searches of new physics. It has been developed to probe low-energy manifestation
of a possible unified theory at the Planck scale, and has been extensively probed in the particle sector. Recently, it has been extended to search for deviations from General Relativity, by
adding new fields to the linearised GR Lagrangian 11 :
L =

+

1 µρακ νσβλ
ε
ηκα hµν δα δβ hρσ
4ε
1
µρνσ
+ q̂ µρνσ + k̂ µρνσ )hρσ ,
4 hµν (ŝ

(4)

where the first line is the linearised Einstein-Hilbert Lagrangian, and the second line contains
three gauge-invariant irreducible operators that can be described in 3 classes of increasing minimal mass dimensions, starting from d = 4.
The presence of new fields leads to a frequency-dependent modification of the speed of the
GW, inducing dispersion and a breaking of Lorentz symmetry 14 . Dispersion effects arise for
d ≥ 5, while d = 4 coefficients lead to dispersion-free propagation. The dispersion is polarisationdependent for a certain class of coefficients, inducing CPT-even and CPT-odd birefringence
according to the mass dimension parity 12 .
Polarisation-independent dispersion: A parameterisation of the dispersion can be written
as a modification of the energy conservation relation 15 :
E 2 = p2 c2 + Aα pα cα ,

(5)

where Aα = 0 corresponds to GR, and integer Aα can be associated to SME coefficients.
The dephasing of the GW signal induced by Aα has been probed for incremental values of
0.5 for α ∈ [0, 4], with the exception of α = 2 that is degenerate with the coalescence time.
Correspondancies can be made between several values of α and alternative theories of gravity,
including massive gravity for Aα=0 > 0, multi-fractal spacetime for Aα=2.5 , doubly special
relativity for Aα=3 , Hořava-Lifshitz and extra dimensional theories Aα=4 16 .

59

The analysis of the GW from 31 binary black-hole coalescence events detected during the
three first observational runs of the LVC leads to the constraints shown on Figure 2. The
corresponding constraint on the graviton mass is mg ≤ 1.76 × 10−23 eV / c2 .
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10−20

10−21

GWTC-1
GWTC-2
0

1

2

3

4

0

α

1

2

3

4

α

Figure 2 – Constraints on the dispersion coefficients Aα of Eq.(5). The blue diamond and grey triangle correspond
to the different integrated catalog of GW event detected by the LVC 13 .

Polarisation-dependent dispersion: In the SME, starting d = 5 and for increasing odd
values of the mass dimension, the dispersion impacts the h+ and h× polarisations of the GW
differently. The modification of the GW signal can be computed analytically and is function
of the k̂ operator, the GW spherical harmonics Ylm , the redshift z and the Hubble constant
H(z) 12 :
GR
h+ = f (k̂, Ylm , z, H(z))hGR
+ + g(k̂, Ylm , z, H(z))h×
0
GR
0
h× = f (k̂, Ylm , z, H(z))h+ + g (k̂, Ylm , z, H(z))hGR
×

(6)

Eq.(6) lead to a different speed of propagation for the two GW polarisations, inducing a
birefringent nature of the spacetime medium.
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MICROSCOPE : new improvement on the systematic error
O. Dhuicque M. Rodrigues G. Métris
ONERA, IEA, 29 avenue de la Division Leclerc,
92320 Châtillon, France

MICROSCOPE is a space mission that aims to test the equivalence principle with an unprecedented accuracy of 10−15 on the Eötvös parameter. The equivalence principle is the
main postulate of general relativity, it states the equivalence of the inertial and the gravitational masses. The satellite was launched in 2016 and decommissioned in 2018. Its instrument
T-SAGE is composed of two differential accelerometers. The first one, SUREF, is composed
of two test-masses (or inertial sensors) both made of Platinum and is used to test the consistency of the experiment and the data process. The second one, SUEP, used for EP test,
is composed of an internal mass of Platinum and of an external mass in Titanium. In case
of an EP violation, a signal is expected to appear at the frequency of Earth’s gravity field
modulation, called fEP , on the differential acceleration of the two test-masses. The first
result published in december 2017 1 showed no evidence of violation higher than 1.3 × 10−14
at 1 sigma. The upper bound of the systematic error was evaluated of 7 × 10−15 and was
compatible with this statistic error. 94% of this systematic error came from the evaluation
of the upper limit of the instrument thermal variations. The result was obtained with only
7% of the data, thus an improvement of the statistical error is excepted with the analysis
of the whole data and it becomes important to be less conservative in the evaluation of the
systematic error. Several sessions were dedicated to the in-orbit estimation of the thermal
sensitivity at a fsti frequency (close to the fEP frequency) related to the sensor unit or to the
electronic unit. I have analysed these sessions by the mean of two different methods which
provide coherent estimations of the thermal sensitivity. I have demonstrated that for 2 parts
of the instrument the thermal sensitivity doesn’t depend on the frequency, while for both part
of the SUEP instrument we note a frequency dependency that we modelize by an exponential
function. After a brief presentation of the MICROSCOPE mission, I will present the result
obtained with these methods.

1

MICROSCOPE mission

MICROSCOPE mission is the first mission that tests the Equivalence Principe (EP) in space.
This allow us to have a quasi infinite free-fall thanks to the drag-free system 2 and to break free
from on-earth perturbations.
The aim of the MICROSCOPE mission is to measure the Eötvos parameter η while the
satellite orbits the Earth at an altitude of 710 km in order to check the EP validity. T-SAGE
instrument of the MICROSCOPE satellite is composed of two pair of accelerometers. The first

63

one, SUREF, is made of two concentrical test-masses, each one in platinum. The other, SUEP,
has its inner mass in platinum and its outer mass in titanium. Both masses are kept in the
center of an electrode cage that allows to detect their motions and to keep them at rest with
respect to the satellite by applying voltages on them.
As we want to compare the free-fall of two test-masses, we are interested in the difference of
acceleration measured between these two masses, ~Γmeas
≡ ~Γmeas
− ~Γmeas
, 1 refers to the inner
1
2
d
mass and 2 to the outer mass of one Sensor Unit. A more detailed mathematical model of this
difference is developed in 3 but here we use a simplified expression which is more than enough
for our needs. The measurement equations reads :
(n)
(s)
~Γmeas = [Mc ](δ(2, 1)~g (Osat ) + ([T ] − [In ])∆)
~ + 2[Md ]~Γapp
+ B~0 + ~Γd + Γd
c
d

(1)

Each term of this equation is detailed bellow :
• ~g (Osat ) is the gravity acceleration at the center of mass of the satellite and δ(2, 1) is defined
as
mG,2 mG,1
δ(2, 1) =
−
(2)
mI,2
mI,1
G
δ(2, 1) is close to the Eötvös parameter η(2, 1) since m
mI does not differ from 1 by a quantity
−13
larger than 10
as demonstrated by previous experiments (4 5 6 ); thus δ(2, 1)~g (Osat )
quantifies the possible EP violation signal.

~ which leads to the gravity
• The centers of the 2 test masses are separated by the vector ∆
~
~
gradient [T ]∆ and to the acceleration of inertia −[In ]∆. Here [T ] is the gravity gradient
tensor and [In ] = [Ω]2 + [Ω̇] where [Ω] is the angular velocity tensor that can be defined
~ ×.
by the operator Ω
• These two terms constitute the theoretical “applied” differential acceleration ~Γapp
which
d
would be measured by a perfect instrument; [Mc ] and [Md ] are matrices which gather the
linear transformation between the “applied” acceleration and the measured acceleration:
rotations, scale factors and couplings between axis; [Mc ] (close to the identity matrix)
is the component common to the two masses and multiplies the “applied” differential
acceleration.
• ~Γapp
is the applied acceleration common to the two test masses; in case of perfectly identical
c
instruments it would have no contribution to the measured differential acceleration but in
practice it has a small projection [Md ]~Γapp
due to the relative difference of characteristics
c
between the two test masses.
• B~0 is the DC acceleration bias due to electronics offsets and to parasitic forces.
(n)
• ~Γd is the acceleration measurement noise.
(s)
• ~Γd represents the systematic thermal effects on which we will focus in this paper.

2

Thermal model

Some thermal sessions have been created in order to establish the thermal model of the T-SAGE
instrument. These sessions consist to warm a part of the instrument : Front End Electronics
Unit (FEEU) or Sensor Unit (SU) on the SUEP or the SUREF, with a period Tsti thanks to
double layers heaters (Figure 1).
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In order to estimate the thermal behaviour of the instrument we consider it as a black box
and take as a model :
(s)

Γd ≈ λS ∆TSU + λF ∆TF EEU

(3)

With λS (respectively λF ) the thermal sensitivity of the SU part (respectively the FEEU part)
of one Sensor Unit, and with ∆TSU and ∆TF EEU the temperature variation of the SU and the
FEEU part.

Figure 1 – Part of the instrument warmed. Credits : 7

Thus some thermal sensors (Figure 2) placed in each SU and FEEU measure the temperature
variations in order to quantify the influence on the differential acceleration. We consider the
influence on the other part as negligible.

Figure 2 – Different sensors location on the instrument
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The thermal stimulus induced in the instrument is presented bellow (Figure 3).

Figure 3 – Time-domain representation of the stimulus and Discret Fourier Transform (DFT). Credits : 7

3

Methods and results

Two methods were used to estimate the thermal sensitivity to the frequency thermal stimuli fsti
that are more detailled in this article 7 .
The first method used is based on a Least-Squares Algorithm. It consist to fit both signals
(differential acceleration and temperature variation) with a sum of sine which the fundamental
frequency is fsti . For each frequency multiple of fsti we can deduce a sensitity λ by doing the
ratio of the signals amplitudes.

Figure 4 – Fit of the temperature variation (left) and of the differential acceleration(right) by a sum of sine for
session 782 with the fundamental and 5 harmonics. Credits : 7

The second method consist in calculating the DFT of both signal, determining a frequency
range around fsti and applying a Least-Squares Algorithm on the frequency range of the signals
in order to deduce a sensitivity λ.
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Figure 5 – DFT of the temperature variation (left) and of the differential acceleration (right) for session 782.
Credits : 7

These methods provide coherent estimations of the thermal sensitivity λ. For the two parts
(SU and FEEU) of the SUREF the thermal sensitivity doesn’t depend on the frequency, while
for both part (FEEU and SU) of the SUEP instrument we note a frequency dependency that
can be modelized by an exponential function and two values for the thermal sensitivity λ are
considered for each frequency used during science session (fEP 2 and fEP 3 ).
For both part of the SUREF, as we didn’t evidence a clear frequency dependency we adopt
the largest value computed on the overall sessions. For the SUEP we have found a frequency
dependency that we represented by an exponential function, we can apply this function to the
frequencies fEP 2 and fEP 3 which are used in the EP sessions.
Table 1: Final results for thermal sensitivity of each instrument

Part of the instrument
SU SUEP (fEP 2 )
SU SUEP (fEP 3 )
FEEU SUEP (fEP 2 )
FEEU SUEP (fEP 3 )
FEEU SUREF
SU SUREF

4

λ(m.s−2 .K−1)
1.4 × 10−8
6.4 × 10−9
7.3 × 10−11
5.5 × 10−11
7.1 × 10−11
5.2 × 10−9

Conclusion

These thermal sensitivities will be used in a Classical Quantum Gravity on the overall systematics
of MICROSCOPE mission in order to estimate systematics effects. Thus, I will focus on the
thermal sensitivity drift of the instrument.
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Testing general relativity with black hole X-ray data: recent progress and future
developments
Cosimo Bambi
Center for Field Theory and Particle Physics and Department of Physics
Fudan University, 200438 Shanghai, China
The theory of General Relativity has successfully passed a large number of observational
tests. The theory has been extensively tested in the weak-field regime with experiments in
the Solar System and observations of binary pulsars. The past five years have seen significant
advancements in the study of the strong-field regime, which can now be tested with gravitational waves, X-ray data, and mm Very Long Baseline Interferometry observations. Here I
summarize the state-of-the-art of the tests of General Relativity with black hole X-ray data,
discussing its recent progress and future developments.

1

Introduction

The theory of General Relativity was proposed by Einstein at the end of 1915. After more than
100 years and without any modification, it is still our standard framework for the description
of gravitational fields and the spacetime structure. The theory has been extensively tested, but
mainly in the weak field regime 1 . In the past five years, there have been significant advancements 2 and we can now test the strong gravity region around black holes with gravitational
waves 3 , X-ray data 4 , and mm Very Long Baseline Interferometry observations 5 .
Fig. 1 shows the astrophysical system for testing General Relativity with black hole X-ray
data 6 . A black hole is surrounded by a geometrically thin and optically thick accretion disk.
The gas in the disk is in local thermal equilibrium: every point on the surface of the disk emits a
blackbody-like spectrum and the whole disk has a multi-temperature blackbody spectrum. The
emission from the inner part of the accretion disk is peaked in the soft X-ray band (0.1-1 keV)
for stellar-mass black holes (M ≈ 10 M ) and in the UV band (1-100 eV) for supermassive black
holes (M ∼ 105 -1010 M ). The “corona” is some hotter (∼ 100 keV) gas around the black hole
and the inner part of the accretion disk. It may be the atmosphere above the accretion disk, the
accretion flow in the plunging region between the inner edge of the disk and the black hole, or the
base of the jet, and more than one corona may coexist at the same time. Thermal photons of the
accretion disk inverse Compton scatter off free electrons in the corona, generating a continuum
with a power-law spectrum and a high-energy cutoff. A fraction of the Comptonized photons
illuminate the disk: Compton scattering and absorption followed by fluorescent emission produce
a reflection spectrum.
The reflection spectrum of the disk is characterized by fluorescent emission lines below
10 keV, in particular the iron Kα complex at 6.4 keV for neutral or weakly ionized iron and
up to 6.97 keV for H-like iron ions, and a Compton hump peaked at 20-30 keV. The iron
Kα complex is a very prominent and intrinsically narrow feature, so it is particularly suitable
for measuring relativistic effects occurring in the strong gravity region around the black hole
(gravitational redshift, Doppler boosting, and light bending) 7,8,9 . The analysis of the thermal
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Figure 1 – Cartoon of the disk-corona model.

spectrum of the disk can also provide some valuable information about the spacetime geometry,
because the disk’s temperature increases as we approach to the black hole and from the shape
of the spectrum it is possible to infer some properties of the innermost stable circular orbit of
the spacetime 10,11 .
2

Testing the Kerr black hole hypothesis

The spacetime metric around astrophysical black holes is thought to be described well by the
Kerr solution of General Relativity 9 . However, macroscopic deviations from the Kerr geometry
can be expected in other theories of gravity, in scenarios with large quantum gravity effects, or
in the presence of some exotic matter fields. All these scenarios of new physics motivate current
efforts of testing the spacetime around astrophysical black holes and check whether its geometry
is consistent with the Kerr solution.
In the past few years, my group at Fudan University has developed the relativistic reflection
model relxill nk 12,13,14,15 and the multi-temperature blackbody model nkbb 16,17 . Both models
are specifically designed to test the Kerr black hole hypothesis from the analysis of relativistic
reflection features and disk’s thermal spectrum, respectively.
Following an agnostic approach, the spacetime metric around a black hole can be described
by a deformed Kerr metric in which ad hoc deformation parameters are introduced to quantify
possible deviations from the Kerr solution. relxill nk and nkbb calculate reflection and thermal
spectra in such a deformed Kerr spacetime. From the analysis of X-ray data of specific sources,
we can constrain the value of these deformation parameters and verify the Kerr black hole
hypothesis.
One of the most popular metrics for testing the Kerr black hole hypothesis is the Johannsen
metric 18 . Its line element reads
Σ̃ ∆ − a2 A22 sin2 θ 2 2a r2 + a2 A1 A2 − ∆ Σ̃ sin2 θ
dt −
dtdφ
B2
B2 i
h

2
r2 + a2 A21 − a2 ∆ sin2 θ Σ̃ sin2 θ
Σ̃
+
dr2 + Σ̃dθ2 +
dφ2 ,
∆A5
B2

ds2 = −









(1)

where M is the black hole mass, a = J/M , J is the black hole spin angular momentum, Σ̃ = Σ+f ,
and
Σ = r2 + a2 cos2 θ ,

∆ = r2 − 2M r + a2 ,
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B = r2 + a2 A1 − a2 A2 sin2 θ .

(2)

The functions f , A1 , A2 , and A5 are defined as
f=

∞
X

n

n=3

A2 = 1 +

Mn
,
rn−2

∞
X
n=2

A1 = 1 +



α1n

n=3



α2n

∞
X

M
r

n

,

A5 = 1 +

M
r

n

∞
X
n=2

,


α5n

M
r

n

,

(3)

where {n }, {α1n }, {α2n }, and {α5n } are four infinite sets of deformation parameters without
constraints from the Newtonian limit and Solar System experiments.
Up to now, we have mainly used this metric in our work, and in particular its simplest
version in which all the deformation parameters vanish with the exception of α13 . This is because, for the moment, we have mainly focused our efforts to improve the astrophysical model
of relxill nk and nkbb, paying less attention to the possibility of constraining different deformation parameters or specific theories of gravity. However, the technique is very general and
we can potentially test any stationary and axisymmetric black hole solution with a metric in
analytic form.
3

Results and conclusions

We have used relxill nk and nkbb to analyze reflection features and thermal spectra of accreting black holes with X-ray observations of NuSTAR, Suzaku, XMM-Newton, and RXTE.
We have studied either stellar-mass and supermassive black holes. All our results are consistent
with the hypothesis that the spacetime metric around astrophysical black holes is described by
the Kerr solution of General Relativity.
The state-of-the-art in the field is our simultaneous analysis of reflection features and thermal spectrum of NuSTAR and Swift data of GX 339–4 19 , which provides the most stringent
and robust constraint on the Johannsen deformation parameter α13 . Constraints on α13 with
NuSTAR data of Galactic black holes are reported in Ref. 20 . In the case of supermassive black
holes, the most stringent and robust constraint on α13 was obtained from the analysis with
relxill nk of simultaneous observations NuSTAR and XMM-Newton of the galaxy MCG–06–
30–15 21 . Fig. 2 shows our best measurements of α13 with relxill nk or with the simultaneous
use of relxill nk and nkbb (red measurements). Our results are compared with the most
stringent constraints with gravitational waves using LIGO/Virgo data (GW170608, blue measurement) 22 and with black hole imaging from EHT data (M87*, blue measurement) 5 .
relxill nk has been employed even to constrain specific gravity models, and we have
tested conformal gravity 23 , Kaluza-Klein gravity 24 , asymptotically safe gravity 25 , and EinsteinMaxwell dilaton-axion gravity 26 . Our measurements of the spacetime around black holes are all
consistent with the Kerr metric and we do not see any indication of possible new physics.
For the future, we want to further improve the theoretical models behind relxill nk and
nkbb to reduce the systematic uncertainties and have more accurate measurements. In particular, we think that an important development in relxill nk is the inclusion of the returning
radiation, namely of the radiation emitted by the disk and returning to the disk because of the
strong light bending near the black hole. Such an effect is currently ignored. More precise measurements of the spacetime metric will be possible with the next generation of X-ray missions.
XRISM and Athena promise to have exceptional energy resolution in the iron line region. With
eXTP, we can potentially have simultaneous spectral, timing, and polarimetric analyses.
Acknowledgments
This work was supported by the Innovation Program of the Shanghai Municipal Education
Commission, Grant No. 2019-01-07-00-07-E00035, the National Natural Science Foundation of
China (NSFC), Grant No. 11973019, and Fudan University, Grant No. JIH1512604.

71

MCG-6-30-15

-2
-4

M87*

0
GW170608

α13

2

GX 339-4

4

EXO 1846-031

6

-6

Sources

Figure 2 – 3-σ measurements of the Johannsen deformation parameter α13 from the analysis of X-ray data of the
stellar-mass black holes in GX 339–4 19 and EXO 1846–031 20 and of the supermassive black hole in MCG–06–
30–15 21 . For EXO 1846–031 and MCG–06–30–15, the constraint on α13 is obtained with relxill nk, while for
GX 339–4 the constraint is inferred by the simultaneous use of relxill nk and nkbb. The figure also shows the
3-σ measurement of α13 from GW170608 22 and the 1-σ measurement from the image of M87* 5 .
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Constraining the Hubble constant and modified GW propagation with
LIGO/Virgo dark sirens
Andreas Finke, Stefano Foffa, Francesco Iacovelli, Michele Maggiore, Michele Mancarella
Département de Physique Théorique and Center for Astroparticle Physics,
Université de Genève, 24 quai Ansermet, CH–1211 Genève 4, Switzerland
We apply a statistical method for constraining the Hubble parameter and modified Gravitational Wave (GW) propagation by correlating “dark sirens” (i.e. compact binary coalescences
without an electromagnetic counterpart) with galaxy catalogs to the GWTC-2 catalogue and
the GLADE galaxy catalogue. We propose various methodological improvements to the state
of the art and discuss several sources of systematic uncertainty. We give an updated bound
on H0 and the first bounds on the modified GW propagation parameter Ξ0 from dark sirens
alone.

1

Introduction

GW astronomy opens a novel important window on cosmology. In particular, in signals from
compact binaries the luminosity distance to the source is directly determined 1 . By adding independent information on the redshift one can thus measure the parameters of the distance-redshift
relation, in particular the Hubble parameter. Moreover, if gravity is modified on cosmological
scales, the measured distance is different from the luminosity distance inferred from electromagnetic (EM) observations and measuring the deviation allows to test General Relativity (GR) 2 . If
the redshift to the source cannot be determined with a direct measurement, one can resort to a
statistical method that associates potential hosts to the GW events from galaxies in a catalog 1 .
In this contribution, we present the first application of this method to constrain modified GW
propagation, and we give an updated constraint of the Hubble parameter. We also introduce
some novelties in the treatment of the completeness of galaxy catalogs, and discuss the role of
systematics and the interplay with knowledge about the binary black holes’ (BBHs) population.
All the results presented here are based on Ref. 3 , to which we refer for further details.
2

Methodology

2.1

Modified GW propagation

The “GW luminosity distance” inferred from the GW signal can be parametrised as 2
"

dGW
L (z) = Ξ0 +

#

1 − Ξ0
c
×
(1 + z)
(1 + z)n
H0

Z z
0

dz̃
q

. (1)

Ωm,0 (1 + z̃)3 + Ωr,0 (1 + z̃)4 + ρDE (z̃)/ρ0

In the above equation, the parameters (Ξ0 , n) encode the effects of modifications of GR (defined
by Ξ0 = 1), while the expression outside square brackets is the usual EM luminosity distance.
In this work, we will neglect radiation, set Ωm,0 = 0.31, ρDE /ρ0 = 1 − Ωm,0 , n = 1.9, and focus
on Ξ0 and H0 which are the parameters with the largest effect.
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Figure 1 – Left: angular dependence of the completeness of the GLADE catalog in a redshift bin around z ∼ 0.1.
Right: redshift dependence of the completeness in the localization region of GW190814. The red line indicates
the pixel of the maximum likelihood, while the grey lines other randomly selected pixels, where the thickness is
proportional to the angular value of the likelihood.

2.2

Hierarchical bayesian framework

i
We consider a set of Nobs observations of binary coalescences, each one providing GW data DGW
,
i = 1, . . . , Nobs , collectively denoted by DGW . The measurement of the single event luminosity
i
GW
distance and angular position {dGW
L,i , Ω̂i } is given in the form of a likelihood L(DGW |dL,i , Ω̂i ).
In a hierarchical analysis, assuming the BBH are of astrophysical origin, an informative prior
can be obtained by galaxies in a catalog: the galaxies have measured angular positions and
redshifts, that can be turned into distances given the luminosity distance-redshift relation in
Eq. 1 a . Defining Λ = {H0 , Ξ0 }, the hierarchical posterior distribution takes the form 4,5,3

p(Λ|DGW ) ∝ π(Λ)

N
obs
Y
i=1

1
β(Λ)

Z

i
dzdΩ̂ L(DGW
|dGW
L (z; Λ), Ω̂) p0 (z, Ω̂)





Λ = {H0 , Ξ0 } ,

(2)

where π(Λ) is a prior, taken flat in this work. The GW likelihood can be obtained from the
LIGO-Virgo skymaps 6 b . Then, p0 is the population prior on redshift and position, which is
treated in Sec. 2.3, while the term β(Λ) corrects for selection bias as we shall discuss in Sec. 2.4.
2.3

Galaxy catalog prior

In presence of a complete galaxy catalog, i.e. a catalog containing 100% of the galaxies in the
Universe, the population prior p0 in Eq. 2 would read 5,3
p0 (z, Ω̂) = pcat (z, Ω̂) ∝

X





wα δ Ω̂ − Ω̂α N (zα , σα ; z)

α

dVC
(1 + z)λ−1 .
dz

(3)

In the above equation, the index α runs on galaxies in the catalog, Ω̂α is the observed position
of the ith galaxy, zα its observed redshift with error σα , and N denotes a gaussian distribution.
Then, wα are weights encoding the possibility that some galaxies are more likely than others to
host BBH mergers, and the factor dVC /dz × (1 + z)λ−1 (where VC is the comoving volume) takes
into account the redshift evolution of the BBH merger rate. In reality, galaxy catalogs are not
complete, and the prior in Eq. 3 must be supplemented with some information on the missing
galaxies. This is done in two steps. The first is knowing the completeness Pcompl (z, Ω̂) of the
catalog, computed as follows. For the angular dependence, we group pixels of the HEALPix
pixelization of the catalog according to the number of galaxies they contain with a clustering
algorithm. Pixels in the same cluster are then assigned the same redshift dependence, obtained
by binning the redshift interval covered by the catalog and for each bin computing the ratio
a

In principle, a population-informed prior on the mass distribution could be also included.
These are direction-dependent approximations of the full posterior distribution for the luminosity distance
dL , marginalised over all the other single event parameters such as messes and spins.
b
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Lcat (bin)/(l̄gal VC (bin)), where Lcat (bin) is the luminosity of galaxies in the catalog within the
bin, ¯lgal the luminosity density expected in a complete survey as given by the Schechter function,
and VC (bin) the comoving volume of the bin. The result is finally smoothed and set to 1 below
the largest value of z for which Pcompl = 1, where the catalog is assumed to trace actual underand over-densities. In Fig. 1 we show the angular dependence of the completeness in a redshift
bin around z ∼ 0.1 and the redshift dependence in the localisation region of the event GW190814,
for the GLADE galaxy catalog 7 that we use here. The second piece of information needed is how
the missing galaxies are distributed. In regions not largely covered by the survey the only option
is to distribute them uniformly within each bin (“homogeneous completion”). This results in
the following modification to the prior:
phom
(z, Ω̂) = f pcat (z, Ω̂)+[1−Pcompl (z, Ω̂)]
0

1 dVC
(1+z)λ−1 ,
VC dzdΩ

f=

1
VC

Z

dVC0 Pcompl (z 0 , Ω̂0 ) ,

(4)
where VC is meant to be the comoving volume of a region sufficiently large as to encompass
all the GW events and their potential hosts. On the other hand, if the galaxies in the catalog
trace the structures well, we can resort to a “multiplicative completion”, which assumes that
the missing luminosity is proportional to the one observed in the catalog. This gives the prior
pmulti
(z, Ω̂) = f pcat (z, Ω̂)/Pcompl (z, Ω̂) .
0

(5)

In practice, we smoothly interpolate between the two choices, using Eq. 5 in regions of high
completeness and gradually switching to Eq. 4 as the completeness decreases.
2.4

Selection effects

The function β(Λ) in Eq. 2 represents the fraction of detectable events in the experiment for
a given value of the parameters Λ. Its inclusion corrects for selection biases 8 . Formally, β(Λ)
ensures that the likelihood for Λ is normalized to one when integrated over all observable data. To
compute this quantity, for every given value of Λ we draw a sample of events from the distribution
of source frame masses m1 , m2 , redshift z, sky position Ω̂ and inclination angle ι that models the
expected population. These are converted to detector frame masses and luminosity distances,
and the corresponding signal to noise ratio (SNR) in the second loudest LIGO interferometer
is computed. Events falling in regions of the catalog where the completeness is below a given
threshold Pthr. are excluded, since the same choice is made for the GWTC-2 events included in
the analysis. The fraction of events passing the detection threshold SNR ≥ SNRthr. = 8 then
gives β(Λ). When sampling the redshift and sky position, we fully take into account the presence
of the galaxy catalog, using as the joint redshift and angular distribution the one discussed in
Sec. 2.3. The distribution of source frame masses follows the “broken power law” model of the
population analysis of the latest GWTC-2 data release 9 c .
3

Results

In Fig. 2 we show the result for H0 fixing Ξ0 = 1 (left panel), and for Ξ0 fixing H0 =
67.88 km s−1 Mpc−1 (right panel). The shaded regions correspond to varying the parameter
λ between 0 and 3, with the reference value, shown as the solid lines, being fixed to λ = 1. The
orange posterior shows the result for the O1-O2 events, the blue one with the events from the
O3a observing run, and the black the combined result. For H0 , we show results using luminosity
in K-band as a weight, and keeping GW events whose nominal position follows in regions where
the completeness of the catalog is above a threshold Pthr. = 0.5. The corresponding bound for
c
Actually, the distribution used to compute β(Λ) should ideally be the same used in the numerator in Eq. 2.
However, at the current level of approximation we neglect the information about the mass distribution in the
numerator of Eq. 2. We also neglect selection effects due to the spins.
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Figure 2 – Left: posterior distribution for H0 fixing Ξ0 = 1. Right: posterior distribution for Ξ0 fixing H0 =
67.88 km s−1 Mpc−1 . In both panels, we show the results from events in the first two observing run (orange), the
first half of the third observing run (blue), and their combination (black). Shaded bands display the variation of
the results varying the parameter λ.
−1 Mpc−1 (68%c.l.). For Ξ , we show results with B-band luminosity
λ = 1 is H0 = 75+25
0
−22 km s
weights and using events in regions with completeness above Pthr. = 0.2. The lower threshold
with respect to H0 is necessary to include events at larger redshift, where the catalog is less
complete but where the effect of modified GW propagation is strongerd . The resulting bound
is Ξ0 = 1.88+3.83
−1.10 (68%c.l.). In both cases, our results show that the role of the astrophysical
parameter λ is relevant, and its effect has to be carefully estimated to avoid bias, which will be
relevant in the future, when the statistical error will reduce as more GW events are detected.

4

Conclusion and outlook

We presented the first application of the statistical method for correlating dark sirens and galaxy
catalogs to constrain modified GW propagation, and an updated result for the constraint on
the Hubble parameter. We made use of the GWTC-2 and the GLADE galaxy catalog. We
discussed a novel method to fully take into account the limited completeness of the catalog
- in particular its angular dependence which was not accounted for in previous works, and a
new completion procedure. Finally, we discussed how to take properly into account selection
bias, including effects that come from the presence of an incomplete galaxy catalog. These
methodological aspects will be more and more relevant as more GW events become available
and the statistical uncertainty reduces accordingly. The constraint on Ξ0 presented here shows
the potential of the method to constrain this parameter (which is currently loosely constrained),
but of course more statistics is needed in order to draw robust conclusions - in particular, this
method needs more events in regions where the galaxy catalog is fairly complete. At the same
time, degeneracies with the knowledge of the BBH population model, as shown here for the
parameter governing the evolution of the merger rate with redshift, will become more and more
relevant as the statistical uncertainty reduces. It will be thus important either to perform a
joint inference or to accurately quantify the systematic error that this introduces.
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Progress on the Astrometric Gravitation Probe concept
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The Astrometric Gravitation Probe (AGP) mission is a modern version of the 1919 DysonEddington-Davidson experiment, based on a space-borne telescope with a coronagraphic system implementing a permanent eclipse. The expected improvement on current experimental
bounds to General Relativity and competing gravitation theories is by at least two orders
of magnitude. The science is briefly recalled, and the measurement principle is reviewed:
Fizeau-like combination of a set of individual inverted coronagraphs, simultaneously feeding
a common telescope. A novel optical design has been recently introduced, minimising the
sensitivity of the optical performance to perturbations.

1

Introduction

The Astrometric Gravitation Probe (AGP)1 is a space mission concept aimed at Fundamental
Physics, in particular General Relativity (GR) testing. Astrometry is intrinsically suited for GR
tests exploiting the light deflection effect, as well as involving the motion of Solar System bodies2 .
In the Solar System, weak field environment such phenomena are modeled in the framework of
the Parametrized Post-Newtonian (PPN) formalism3 , relying on 10 parameters to quantify many
possible deviations to the predictions of GR at the Post-Newtonian order.
The light deflection effect is related to the PPN-γ parameter (γ = 1 in GR). It was first
demonstrated during the 1919 eclipse experiment4 , to the 10−1 level. The principle is shown
in Fig. 1: the angular separation measured among stars, during the eclipse, is modified by
the space-time curvature induced by the Sun’s gravitational field, and can be identified by
comparison with the unperturbed values recorded at a different epoch.
Currently, the most precise estimate of γ is based on time delay measurements on artificial
probes, e.g. Cassini5 reaching σγ /γ ' 10−5 . Gaia6 , although in principle able to achieve ∼ 10−6 ,
may be hampered by e.g. measurement correlation7 . This precision barely touches the range8
10−5 < |1 − γ| < 5 · 10−8 , at which deviations are expected, in either GR or e.g. particle physics,
if an overarching Unified Theory is to be established. A different approach is thus needed for a
dedicated test reaching adequate precision.
AGP is one such approach, inspired to the 1919 experiment, but replacing a natural, short
duration eclipse with a permanent masking of the Sun by a coronagraphic system. The issue of
high accuracy astrometry is being investigated by the AGP proposers also within the ASTRA
(Astrometric Science and Technology Roadmap for Astrophysics) project9 . In particular, a
telescope especially suited to astrometry over a large annular field of view has been investigated10 .
Its uniform optical response minimizes systematic error sources.
The light deflection11 , namely the difference δψ = ψo − ψ between the observed stellar
direction ψo , deflected by the Sun (mass M ) and seen from the Earth, and the undeflected one
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Figure 1 – Apparent change in star separation induced by light deflection due to the Sun’s mass.

ψ, can be written in the simplest form as a function of the PPN γ parameter as
δψ =

(1 + γ) GM
c2 r⊕



1 + cos ψ
1 − cos ψ

1/2
,

(1)

where r⊕ is the Earth-Sun distance. The astrometric effect, i.e. the position displacement δψ of
objects when observed close to other massive bodies, is larger for smaller elongations ψ.
The uncertainty on γ is a simple function1 of elongation and positional error σψ :
√ σψ
σγ ' 2 2
,
|δψ|

(2)

using the approximation γ ' 1. AGP aims at improving on γ estimation by high precision
astrometry (low σψ ) at small distance to the Sun (high δψ). At ∼ 1◦ from the Sun, δψ ' 466
milli-arcsec (hereafter, mas); with a typical uncertainty on location measurements σψ ' 0.5 mas,
for intermediate brightness stars, individual AGP measurements provide σγ ' 3 × 10−3 . Thus,
a set of 106 star measurements may achieve the 10−6 range, whereas with 108 observations AGP
may reach σγ ' 3 × 10−7 .
2

Experimental setup: Optical Design and Operation

The proposed operating mode is based on observation of sources in an annular field of view
around the Sun, rejecting the solar disk flux thanks to a coronagraphic system12 . The limiting
astrometric precision is associated to the instrument resolution (small angular size of the images)
and the photon budget (high signal to noise ratio). Following the Sun, all objects in a strip
around the Ecliptic are observed in one year.
The coronagraph adopts the inverted occulter principle, in which an aperture on the pupil
mask is faced to a matching aperture on the primary mirror, which dumps to space the photons
from directions close to the optical axis (hence, Sun and inner corona), whilst collecting those
from larger angles, i.e. the 1◦ radius field. The beams from field stars hit the mirror surface and,
following the telescope optics, are imaged onto the detector. The entrance/exit aperture pair is
replicated several times onto the pupil of a 1 m diameter telescope; each source illuminates a set
of circles on the primary mirror, which combine coherently to an image with the full telescope
resolution (Fizeau interferometry).
The optical design10 is based on a Three-Mirror Anastigmat (TMA)13,14 , further developed
under the prescription of achieving a compact configuration, shown in Fig. 2 (left), and a diffraction limited annular field of view with 1◦ radius. The converging beam from the primary mirror
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Figure 2 – The AGP telescope (left), with full circular symmetry; estimated precision on γ as a function of time
(right).

(M1) reaches the secondary mirror (M2), then proceeds to the flat folding mirror (FM) located
close to the central area of M1. The beam is then reflected back to the tertiary mirror (M3),
located in proximity of M2, which focuses it onto the ring of detectors of the focal plane (FP),
again placed in the intermediate region between FM and M1.
Circular symmetry is enforced throughout the whole design, thus minimizing systematic errors associated to asymmetries in the Point Spread Function, which is the same, apart rotation,
over the whole detector. Also, radial and azimuthal coordinates are naturally decoupled, ensuring a “clean” bidimensional measurement (negligible correlation). The benefits of symmetry are
preserved also in case of moderate perturbations to the instrument configuration.
The detection system is an assembly of 66 devices (CCD or sCMOS) with logical format
4k × 4k (pixel size 4 µm), providing adequate PSF sampling (∼ 50 mas) with the effective focal
length EF L = 15 m. The sky area imaged by one chip is square, with side SC ' 30 4500 . The
detector exploits only a fraction (0.258 square deg) of the total 1.257 square deg diffraction
limited field, providing remarkable margins for flexibility and/or improvement. All detectors
of the focal plane are interchangeable by a simple rotation of the overall instrument. This is a
crucial element of the AGP calibration principle. Also, in each device, the main directions of
the pixel array (rows and columns) are aligned with local radial and azimuthal axes.
The total exposure time changes with ecliptic latitude, ranging between ∼ 1.5 hours on the
Ecliptic to > 8 hours at ±1◦ , where stars cross a larger, near tangential part of the detection
ring. Thus, observing efficiency is not uniform. Repeated observation of the same stars over
several chips is beneficial to calibration, in addition to reducing the random noise.

3

Measurement performance

A simple simulation provides a quick estimation of the expected final mission accuracy, and is
described below to summarise both operations and the measurement methodology.
First, the measurement performance σψ1 is estimated for a 1-minute exposure for stars within
the 5 ≤ G ≤ 18 magnitude range. The data for stars in such range, and with ecliptic latitude
−1.5◦ ≤ λ ≤ 1.5◦ , are extracted from the Gaia DR215 catalogue (∼ 11 million objects).
We use Eq. (2) to evaluate the approximate individual error σγ for each selected source. For
our purposes, all deflections have approximately the same value, that is δψ(1◦ ) ' 466.713 mas.
On the other hand, the location uncertainty σψ depends on star brightness and its exposure
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time, i.e. its ecliptic latitude. Such location uncertainty, for the object i, is therefore
σψ1
σψ (i) = √
,
∆ti

(3)

where ∆t(i) is the total exposure, in minutes, as derived from its ecliptic latitude.
Piling up the contributions from each observed star, we obtain the accuracy on the PPN-γ
estimation from one year of observations, by straightforward combination of the information
from all sources as the weighted mean of their variances:
σψ (1yr) =

n
X
1

1
σψ (i)2

!−2
.

(4)

Similarly,√the accuracy after N years of observation of the same Ecliptic strip will be σψ (N yr) =
σψ (1yr)/ N . The uncertainty on the estimate of γ as a function of time is shown in Fig. 2
(right).
It may be noted that, due to the square root dependency on measurement time, the improvement after the initial one-two years does not apper to be dramatic. However, measurement
repetition is crucial for calibration and performance validation purposes; moreover, this provides
the margins for further adjustments of observing strategy (e.g. increasing the exposure time on
bright stars) and targets of opportunity.
The proposed configuration, with a 0.258 square deg annular field and 1 m class telescope,
is therefore suited to reach the desired 10−8 accuracy level.
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We suggest a new experiment sensitive to a possible difference between the amount of CP
violation as measured on the surface of the Earth and in a lower gravity environment. Our
proposed experiment is model independent and could yield a 5σ measurement within tens of
days, indicating a dependence of the level of CP violation in the neutral kaon system on the
local gravitational potential.

1

Introduction

Einsteins weak equivalence principle (WEP) appears to hold1,2 for all types of matter with
an accuracy of one part in 1011 , however, several authors suggest that it does not hold for
antimatter3,4 . Instead of a direct measurement of the gravitational mass of antimatter, we are
concerned with the possibility, suggested by Chardin3 and implicit in the work of Good7 , that
a repulsive interaction between matter and antimatter could be a (beyond Standard Model)
source of CP violation, at least in the neutral kaon system. Our proposed experiment takes
advantage of the large difference between the gravitational field on the surface of the Earth and
on the Moon, in a low-Earth orbit (LEO), or a Lagrange-point orbit (LPO). Since the branching
Γ(KL →π + π − )
ratio of the CP-violating decay, R = Γ(K
+ − 0 , is quadratic in ε, we expect a very large
L →π π π )
difference in the value of R when measured in space as compared to the measurement on Earth.
This measurement of CP violation as a function of the local gravitational curvature of space-time
could provide two very significant scientific results: (a) an indirect probe of the gravitational
interaction of antimatter; and (b) an implication of a new source of CP violation other than the
weak interaction.
2

Physics reach / Outcome

The induced CP violation within the neutral kaon system is described, for predictive purposes,
using semi-classical approximation in which the gravitational field is classical and the transitions
a
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of the quarks are quantum phenomena. Our experiment could therefore be the first measurement
to explore quantum effects of gravity and also the first to provide quantitative indications of a
possible quantization of the gravitational interaction, even in the case of a null result.
The number of particle physics experiments performed since the fifth decade of the twentieth
century is enormous, however none of them have considered possible gravitational systematic
effects, despite having been carried out on Earth and therefore exposed to a relatively intense
gravitational field. The experiment we propose would be the first to explore this possible systematic effect which may not necessarily be negligible since each particle interacts with the whole
Earth.
Finally, this hypothesis may overcome many of the open problems in astrophysics and cosmology. The Cosmic Microwave Background is neither anisotropic nor inhomogeneous enough
to be compatible with the Big Bang model without the introduction of an unknown interaction driving inflation. The globally repulsive gravitational interaction inside a newborn universe
made of equal contribution of matter and antimatter could have driven inflation and a strong CP
violation due to the early intense gravitational field could have caused the matter/antimatter
asymmetry, according to Sakharov’s hypothesis5 . Speculative alternative cosmological models
based on gravitational repulsion between matter and antimatter are already being developed6 .
3

Scientific background
d2 xλ
dτ 2

Matter is gravitationally self-attractive:

According to general relativity, after applying the
CPT transformation (dxµ → −dxµ and Γλµν → −Γλµν ),
antimatter should also be gravitationally self-attractive:

There is no experimental conclusion yet whether there
exists an attraction or repulsion between matter and
antimatter. General relatively predicts a repulsion
when CPT is applied to one object but not the other4 :
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Motivation

A gravitationally-induced separation of the matter and antimatter components of the neutral kaon (Figure 1) would
be proportional to the mixing time, ∆τ = ∆mπh̄K c2 ' 5.9 ×
10−10 s, resulting in an induced separation of ∆ξ ∼ gτ 2 .
This separation would cause a regeneration of the KS component, providing a source for the observed CP-violating 2π
decay mode.
The amount of CP violation induced by this phenomenon
∆ξ
h̄mK c
would be χ = LCompton
∼ O(1) × g (∆m
2 2 ∼ O(1) × 0.88 ×
Kc )
−3
10 . Interestingly, this happens to be the same order of Figure 1 – Within the neutral kaon sysmagnitude as the level of CP violation observed on the sur- tem, the matter components could be
attracted to Earth while the antimatter
face of Earth, ε ' 2.2 × 10−3 .
components are repelled.
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5

Detector

Our proposed measurement can be achieved using an
experimental apparatus (Figure 2) placed in a lowgravity environment. The detector consists of a cylindrical active target, ∼20 cm deep, consisting of alternating layers of scintillating material and PbWO4 . Our
simulations8 show that cosmic protons incident upon a
PbWO4 target would produce a reasonable rate of KL .
The PbWO4 can be substituted with lunar regolith, if
the experiment is deployed on the surface of the Moon to
reduce transportation weight. Telescopic booms could
extend the active target away from the tracking region,
providing an empty region in which the KS are allowed
to decay, suppressing the KS → 2π background. The
active target could be brought closer to the tracking
region for systematics studies and for other physics experiments, extending the operational life of the detector
in space. A cylindrical tracking volume (1 m diameter,
1 m deep) consists of silicon tracking layers. A cylindrical magnet would allow identification of charged particles and help distinguish between pions and muons.
An electromagnetic calorimeter could provide a precise
energy resolution to further distinguish between pions
and muons. A veto system consisting of scintillating
detectors surrounding the whole tracking volume would
further suppress cosmic background contamination.
6

Figure 2 – Detector consisting of an active
target, empty region, and a tracking region
surrounded by an electromagnetic calorimeter, a magnet, and a veto system.

Simulation

We performed a Geant4 simulation using the angular and energy spectrum of the incident cosmic
protons in space, as estimated by AMS-0212 and PAMELA13 (for LEO) and CRaTER11 (for the
Moon’s surface). The KS background contamination can be significantly reduced by selecting
only KS,L that decay with low forward momentum (e.g., pz < 1 GeV ) with minimal loss in the
number of signal KL decays, as described in 8,9,10 . An additional key background will come from
any confusion between KL → πµν and KL → ππ decays. We are confidant that modern detector
technology will allow us to sufficiently distinguish between pions and muons causing only a
modest increase in the required measurement time. Assuming perfect particle identification, our
Geant4 simulations indicate that it would take O(days) (O (tens of days)) to record sufficient
KL decays to provide 3σ (5σ) measurements of R.
Table 1: Requirements for 3σ and 5σ measurements of R in low gravity environments assuming either a linear
dependence of ε on g, or that ε is independent of g.

Measurement
R on the surface of the Moon,
if ε ∝ g
R in a Low Earth Orbit,
if ε ∝ g
R in either LEO or on the Moon,
if ε is independent of g

N (KL decays)
3σ
5σ

Tmin to collect sufficient KL decays
3σ
5σ

3.3 × 105

9.1 × 105

158 days

439 days

1.1 × 104

3.1 × 104

6 days

15 days

9.0 × 103

2.5 × 104

5 days

12 days
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7

Comparisons to other experiments

The first attempt to measure the direction of gravitational pull (or push) on antimatter was
made by Wittenborn and Fairbank14 measuring the free fall of e− and e+ in 1967. In 1986, a
Los Alamos-led team proposed15 to measure the gravitational force on antiprotons at LEAR
(CERN). In 1997, Phillips16 suggested an interferometric experiment (never done) at Fermilab.
The experimental constraints17 on the gravitational push or pull between matter and antimatter
is −65gEarth < gm,m̄ < 110gEarth . The three ongoing experiments at CERN (AEGIS, ALPHA-g,
and GBAR) involve antihydrogen. A recent proposal18,19 was submitted for the first experiment
involving leptons. Our approach benefits from: low systematics; not sensitive to binding energy;
no need to create, confine, or transport anti-atoms; and no new technology is required (standard
particle physics detectors suffice). The main difficulty is placing/operating the detector in space.
8

Conclusions

By placing a detector in a low-Earth orbit, Lagrange-point orbit, or on the surface of the Moon,
we could perform a direct measurement of the ratio of the number of KL decaying to two pions
to those decaying to three pions in a low-gravity environment. We estimate that it will take
O(days) (O (tens of days)) to record sufficient KL decays for a 3σ (5σ) measurement of R. Any
difference between the amount of CP violation in a low gravity environment with respect to the
CP violation on the surface of Earth could be an indication of a quantum gravitational effect.
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Constraining a massless dilaton in the Solar System
with the planetary ephemeris INPOP
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We explore the phenomenology of the massless dilaton theory in the Solar system for a non
universal coupling between the scalar field which represents the dilaton, and matter: modified
post-Newtonian equations of motion of an N-body system and the light time travel are derived
from the action of the theory. We use the average physical properties of the the Solar system
bodies (see Table of Dilatonic charges below) to reduce the number of parameters to be tested
to 3 in the case of the linear coupling. We present in this poster the results obtained for
the linear coupling integrated into the planetary ephemerides INPOP and its confrontation to
observations.

1

The dilation phenomenology

We consider the existence of a light scalar field, called dilaton—with gravitational strength—
which couples non-minimally to matter, such that 1,2 :

Lint =

X
Dg (ϕ)β3 (g3 ) a µν
De (ϕ)
Fµν F µν −
Gµν Ga −
(Dmi (ϕ) + γmi Dg (ϕ))mi ψ̄i ψi
2
4e
2g3

(1)

i=e,u,d

where Fµν is the Faraday tensor, Gaµν is the gluons tensor, g3 is the gluons coupling constant,
β3 (g3 ) = µ∂ ln g3 /∂µ is its beta function relative to the scale invariance, mi is the fermions
mass, ψi their spinor, and γmi = −µ∂ ln m/∂µ is the beta function relative to the dimensional
anomaly of the fermions masses coupled to the gluons. The Di (ϕ) functions describe the different
couplings between the matter fields and the dilaton. This lagrangian density is a straightforward
non-linear generalisation of the action considered by Damour & Donoghue 1 . From it, it is
possible to deduce the post-Newtonian derivation of the equations of motion for N massive test
particles and to give at the first order the Eq. 2. In this poster, we consider only the linear
coupling between dilaton and matter.
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2

Modified EIH Equation of motion

For a linear coupling, the equation of motion reduces to:
(
X µA
X µA
2
aT = −
rAT (1 + δT + δAT ) −
rAT γvT2 + (γ + 1)vA
r3
r3 c2
A6=T AT
A6=T AT
)


X µB
X µB
3 rAT .vA 2 1
− 2(1 + γ)vA .vT −
− rAT .aA − 2γ
+
2
rAT
2
rT B
rAB
B6=T

+

X
A6=T

B6=A

µA
3 + 4γ X µA
aA
3 [2(1 + γ)rAT .vT − (1 + 2γ)rAT .vA ] (vT − vA ) +
2
c2 rAT
c2 rAT

(2)

A6=T

Table 1: Table of Dilatonic charges

Body

hQm̂ − 0.093i × 102
hQδm i × 103
hQme i × 104
hQe + 0.00014i × 103

3

Sun

Mercury

Ma/Ve/Mo

Earth

75%H
25%He

Giant
Planets
80-90%H
20-10%He

40%SiO2
60%Fe

60-80%SiO2
10-0%Fe

−4.76
−1.27
4.81
0.78

−5
−1.5
5
0.8

−1.13
0.0741
2.63
2.34

−1.26
0.02
2.7
1.9

45%SiO2
35%Fe
15%Mg
−1.2
0.047
2.67
2.11

Numerical methods with INPOP

In the INPOP planetary ephemerides, we substitute the classic EIH for GR with the Eq. 2. For
the linear coupling, there are five “derived” parameters that appear in the equations of motion
d + δ N with δ d = α α̃ /(1 + α2 ) and δ N = (γ − 1)|Ω |/m̃ c2 .
γ = (1 − α02 )/(1 + α02 ) and δA = δA
0 A
A
A
0
A
A
A
A
The fundamental parameters on top of which they are built are α0 , and α̃A = dm̂ QA
m̂ +dδm Qδm +
A
A
A
A
A
dme QA
me + de Qe , where Qm̂ , Qδm , Qme , and Qe are the dilatonic charges and are estimated
according to the composition of the considered bodies. In the case of Solar System bodies,
they are given in Table 2. From there, one has to take into account different effects, such as the
N = −(1−γ) 3µA ,
Nordvedt effect that (in the case of the linear dilaton matter coupling) reads δA
5RA c2
or the modification of the time travel. In all the previous equations, A stands for the planet to
consider, R being its radius and µ its gravitational mass. Because of the close numerical values
between the dilatonic charges for similar bodies, we can simplify the problem by considering
two average charges for the telluric versus gaseous bodies only. This approximation leads to
the reduction of the number of the tested parameters from 10 to 3 for the linear coupling case:
α0 ,αT which is α̃A where A runs over the telluric bodies,αG , the same but for Gaseous planets.
The INPOP version used for this test is INPOP19a (3 ). As in 4 , after integrating Eq. 2 for
all bodies, the orbits are adjusted to INPOP planetary observations and a statistical criteria is
applied for obtaining the distribution of the tested parameters inducing ephemerides compatible
with instrumental uncertainties. With INPOP19a the most accurate and sensitive data sets are
presented in Table 2.
Uniform sampling of the dilaton parameters α0 , αT , αG are obtained and for each sampling,
a new fitted planetary ephemeris is built and the corresponding likelihood L(α0 , αT , αG ) is
estimated. 288 000 sets of alternative ephemerides have been obtained and a rejection algorithm
is applied according to L. The obtained distribution for the linear coupling parameters are given
in Fig. 1.
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Table 2: INPOP19a data sets that have been used in this study, given per missions (Col.1), number of observations
(Col. 2), by duration of the data sample (Col. 3) and by a priori uncertainties (Col. 4).

Observations
Messenger
Mars Express
Mars Odyssey
Cassini JPL
Cassini Navigation and Gravity flybys
Cassini Grand Finale
Juno
4

#
1065
27849
18234
166
614
9
9

dates
2011-2014
2005-2017
2002-2014
2004-2014
2006-2016
2017
2016-2018

σr (m)
4.1
2.0
1.3
25
6.1
2.7
18.5

Results after 288 000 samplings.

Figure 1 – Histograms of dilaton parameters in the case of a linear coupling, after averaged rejection algorithm.
6
14.7
5
12.9
At 3-σ, we have (α0 × 105 )±10.2
16.3 , (αT × 10 )±14.8 and (αG × 10 )±7.6 . These results reflect
a better accuracy for the constraints obtained with the telluric planets thanks to more accurate
and longer-time span observations.
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Search for intermediate mass black holes using gravitationnal microlensing
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The EROS and MACHO experiments searched for microlensing effects towards the LMC
(among other directions) in order to probe the compact object content of the Galactic halo.
We combined the two catalogs to obtain light curves over 10.6 years in order to overcome the
limitations due to the individual duration of the experiments on the sensitivity to high masses.
We did not find any convincing long duration microlensing events. Thus we put (preliminary)
new limits on the maximum fraction of compact objects in the standard halo, around 20% for
32 M objects, 50% for 323 M . This is a work in progress and we are working to improve
our constraints and the robustness of our results.

1

Introduction

By observing stars in the LMC it is possible to study the content of galactic halo. Dark matter in
the form of compact objects can be found using the microlensing effect6 . Such events are caused
by the passage of a deflector close to the line of sight towards a source in the LMC, magnifying
the light of this source, distorting and demultiplying its image. Since the astrometric distortions
are not resolvable by a ground-based telescope, the amplification variations are the only visible
effect. It depends on the distance between the line of sight and the deflector and is 1.34 when
the deflector is closer than one Einstein (angular) radius θE from the source line of sight:
s

θE =

4GM DS − DL
.
c2
DL

Here M is the lensing object mass, DL is the distance to the lens, and DS is the distance to
the source. If a deflector moves with a constant angular velocity µ relative to the source, the
time it takes to cross one Einstein radius is the Einstein time tE = θµE , the characteristic time
scale of the microlensing
q event. The Einstein time for the standard halo model that we expect
is typically htE i ∼ 70 MM days. Thus the longer the event duration, the heavier the deflector.
The minimum approach distance in Einstein radius unit is noted u0 and takes place at time t0 .
Microlensing events are rare and the optical depth i.e. the probability that a given star at
a given time is magnified by more than 1.34, is τLM C ≈ 5 × 10−7 , hence the need to monitor a
very large number of stars.
MACHO and EROS were the first systematic surveys for microlensing. They allowed to set
the first limits on the fraction of the galactic halo composed of compact objects. The results
of EROS7 , MACHO3 and OGLE8 have led to the conclusion that objects with masses between
10−7 and 10 solar masses cannot compose a significant fraction of the Galactic halo. However,
the prevalence of objects of less than 1000M was still possible. The discovery of black holes of
several tens of solar masses, or over a hundred solar masses more recently, through the detection
of black hole coalescences by the gravitational wave detectors LIGO and Virgo, has rekindled
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the interest in searching for these objects through microlensing. These black holes could be
primordial black holes and thus contribute to form the hidden matter. The reason why past
microlensing experiments were not sensitive to such masses is that their observation durations
were too short.
2

Catalog combination

Even if the experiments taken separately lasted too short to be sensitive to very long duration
microlensing events induced by heavy deflectors, it is possible to combine them to obtain very
long light curves. Indeed different surveys observed the LMC on different successive time periods
and a large number of sources are in common in their catalogs. Using their combination makes it
possible to study the abundance of very heavy objects5 . We combined the EROS2 and MACHO
catalogs because we had easy access to both. Despite difficulties due to erroneous astrometry,
we associated each star to its nearest neighbor in both catalogs to obtain the combined light
curves. Each experiment used two non-standard filters in order to check the achromaticity of the
candidates. We obtain a total of ∼ 12.5 × 106 light curves of stars contained in both catalogs,
for a total observation time of about 10.6 years. The union of the two catalogs has not yet been
used (a total of 33 × 106 light curves) but will be used in the final analysis to gain efficiency on
deflector masses around 10M .
3

Microlensing search

It is difficult to convert photometric measurements from one survey to another due to the use
of non-standard wide filters. We therefore preferred to fit simultaneously the same microlensing
amplification curve to the four light curves with a base flux for each filter. This fit – as well
as a constant luminosity curve fit – is performed on each object of the catalog. To detect
the light curves undergoing a microlensing effect our analysis is based on the quality of the
microlensing light curve fit χ2 /Ndof and on the quality difference between the microlensing fit
and the constant curve fit quantified by :
∆χ2 =

χ2f lat − χ2µ
1
p
χ2µ /Ndof
2Ndof

(1)

Our selection cuts rejecting the majority of the light curves are based on these two quantities. We make some cleaning cuts to remove curves with bad measurement points. We also
remove physical phenomena such as stars in the background of dust clouds near SN87A (which
temporarily scatter the light of the supernova), bright blue stars and active galactic nuclei, that
can be confused with microlensing events. The cuts are listed below:
1. ∆χ2 > 80
2. χ2µ /Ndof < 2 if tE < 1000 days
χ2µ /Ndof < 1.4 if tE > 1000 days
3. ∆χ2red > 0 and ∆χ2blue > 0 in at least one of the two surveys
4. tE ∈ [100; 3000] days and u0 < 1.5
5. Source star not in sparse region of color-magnitude diagram
6. mRE > 19 and mBE − mRE > 0.2, where m are the EROS magnitudes
7.

t0 −tstart
tE

>1

8. Removal of QSOs (catalogue cross-matching) and SN1987A light echoes.
At the end of the analysis, no light curve is considered to have undergone a long duration
microlensing effect.
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4

Estimation of the constraints

To set limits on the fraction of compact objects in the Galactic halo, we need to compare the
observed number of events with the number of expected events. The expected number of events
is estimated by simulating microlensing events assuming a pseudo-isothermal spherical halo with
a Dirac distribution of masses. This allows us to simulate the tE distribution for a given mass. To
correctly estimate the number of events expected by EROS2+MACHO, it is however necessary
to simulate the effect of blending.
4.1

Blending

If two stars are close together along a line of sight, it is sometimes impossible to identify them
individually because of atmospheric turbulence. Thus only one source is identified on the image,
whose total flux is the sum of the fluxes of the blended stars. However, the Einstein radius is
typically of the order of a few milli-arcsec in our case, while the effective angular resolution in
the case of EROS and MACHO is about one arcsec. It is therefore typical that only one of the
stars forming a single source in the catalog may individually undergo a microlensing effect. In
this case only a part of the total flux is amplified by microlensing. This has several impacts on
the number of expected events. First, the effective number of stars that can potentially undergo
a microlensing effect is larger than the simple number of sources detected in our catalog. Then
the apparent amplification of the light from a source is weaker than in the case where the
microlensing effect is pure, thus the total number of events is reduced. Finally the shape of the
light curve is no longer exactly described by a simple microlens curve in addition to making the
amplification dependent on the wavelength, reducing the efficiency of the search algorithm.
To take into account these effects, we simulated blending by comparing catalogs of stars
from HST images of the LMC with our catalog for areas of different stellar density. We get the
typical composition of EROS/MACHO sources in terms of HST stars and inject the resulting
blending factors into our simulation.
Blending can be caused by accidental pairings of stars but it can also have a physical origin
such as instance multiple systems or clustering. We have studied the contribution of binary
systems using the Gaia EDR3 data and conclude that their impact is small for lenses in the
halo and sources in the LMC.
4.2

Parallax

Another effect that could have been problematic is the parallax effect. The orbiting of Earth
around the Sun induces an additional relative motion between the line of sight and the deflector.
This introduces annual perturbations with respect to a microlensing curve as seen by an observer
located on the Sun. This has previously been observed on microlensing effects towards the
galactic center. Since we are looking for events with a typical duration of several years, the
parallax has to be examined. We evaluated its impact on the search for lenses in the halo
towards the LMC and estimated it to be negligible4 , so we did not modify our search algorithm
to accommodate this effect. However the parallax effect is still generated in our simulations,
even though its impact on the efficiency is negligible.
4.3

Results

We simulated microlensing effects on a fraction of randomly selected light curves from our
catalog. This allows us to have a simulation as close as possible to what a real microlensing
event would look like in our data. We subject this simulation through the same analysis as our
data. We then estimate our efficiency and use it to estimate the expected number of events and
calculate the maximum fraction of compact object in the halo compatible with the non detection
of microlensing events. We obtain the figure 1. Our limits improve the results of past surveys
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Figure 1 – Constraints on halo mass fraction from past surveys (MACHO, EROS2 and OGLE) and from this
study (thick black line) in function of the mass of the Dirac mass distribution.

5

Conclusion & Perspectives

We combined the catalogs from the EROS2 and MACHO experiments to obtain very long light
curves. This allows us to be sensitive to microlensing effects of several years, thus to deflectors
weighing up to several hundred solar masses. We do not find any microlensing events in our
data, so we establish new upper limits to the fraction of compact objects in the halo between 10
and 1000 M . The limits shown here are still preliminary, our selection cuts can be refined and
we will use the union of the two catalogs rather than the intersection to gain some efficiency.
This work illustrates the usefulness of combining past surveys to better constrain the composition of the halo. The addition of superMACHO, OGLE III and OGLE IV as well as the
exploitation of the future LSST would make it possible to have even longer observation times,
improving these constraints. This could also be of interest for the study of stellar physics (e.g.
stars exhibiting very slow variations of luminosity).
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The most stringent test of the strong equivalence principle with gravitational
waves
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The Strong Equivalence Principle (SEP) holds the full essence and meaning of the General
Theory of Relativity as the nonlinear relativistic theory of gravitation. It asserts the universal
coupling of gravity to all matter and its interactions including the gravitational interaction
and the gravitational self energy. We point out that the confirmation of the gravitational
coupling to the gravitational waves, and hence to the gravitons, is the most direct test of the
SEP. We show that the near simultaneous detection of gravitational waves and gamma rays
from the merger of binary neutron stars provides a unique and the most stringent test of the
SEP, better than a part in 109 , which is also the only test of the SEP in the radiation sector.
This new direct test surpasses the previous tests from Lunar Laser Ranging (10−4 ) and the
Triple compact star system (10−5 ). Further, several more instances of similar detections are
expected, which will improve the reliability of this unique test.

1

Introduction

The Einstein Equivalence Principle (EEP), which asserts the local equivalence of all physical
phenomena in a uniform gravitational field g and an accelerated frame with a = −g, is the prime
pillar of the General Theory of Relativity. Though its basis is the universality of free fall (UFF)
and the Weak Equivalence Principle (WEP - the universality of the ratio of the gravitational
mass to the inertial mass), the generalization to a stronger principle to include the gravitational
phenomena in “all physical phenomena” is crucial. The Strong Equivalence Principle (SEP)
asserts the universal coupling of gravity to all matter and their interaction energy, including that
of the gravitational interaction, highlighting the nonlinear nature of gravity. In other words, the
SEP affirms the universal gravitational coupling to gravitons themselves. The SEP is the final
frontier of explicit tests of the principle of equivalence 1,2 .
A significant test of the SEP requires that the precision in the measurement of the differential
acceleration δa/g of two bodies in a gravitational field g is better than the fractional amount
of the gravitational self energy in the test body, relative to the total energy εg /E. Since E is
essentially the rest mass energy of a massive test body, εg /M c2 ' GM 2 /R(M c2 ) = GM/Rc2 .
Hence, a conventional ’free fall’ test of the SEP requires the observations of a pair of planetary
to stellar scale test objects, in the gravitational field of a third body.
The SEP has been tested and verified directly by comparing the ‘free fall’ of the Earth and
the Moon towards the Sun, employing the Nordtvedt effect 3,1 , in Lunar Laser Ranging (LLR)
4,5 . The impressive long term precision achieved, of several millimeters, in the determination of
the orbital distance of 3.7 × 108 m translated to a test of the UFF and the WEP with a precision
a
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of 2 parts in 1013 . With the gravitational self energy of Eg /mc2 ' 5 × 10−10 for the Earth,
and the much smaller self energy for the Moon, one obtains the significant constraint on any
violation of the SEP of∆ < 0.04%.
A better observational constraint on the SEP is obtained from the comparison of the orbits
of the triple stellar system PSR J0337+1715, consisting of a binary system of a millisecond radio
pulsar (366 Hz) and a white dwarf, with a 1.6-day orbital period, that itself is in a much longer
period orbit (327 days) with another white dwarf 6,7,8 . The orbits can be monitored with the
radio pulses from the neutron star (pulsar). The gravitational self energy of a neutron star is
about 10%, and it is comparatively negligible for the while dwarf. With the confirmation of the
universality of free fall to a precision of 2 parts in 106 in this triple stellar system, the SEP is
established with a precision of 2 × 10−5 .
The paucity of the tests of the SEP is because of the extreme weakness of the gravitational
interaction. An observationally convenient stellar sized three body system is a rare chance to
come by. In this context, we have found an entirely new way for the precision tests of the
SEP and GTR, leveraging the realization that the gravitational waves are the purest form of
gravitational energy. The manifest form of the gravitational energy is the gravitational wave,
just as the manifest form of the electromagnetic energy is the electromagnetic wave. Therefore,
electromagnetic waves (photons) can serve as the ideal reference for the comparison. Clearly, a
test of the universal coupling of gravitational waves to the gravity of the bulk matter is the most
direct and ultimate test of the SEP.
2

GW tests of the SEP

A new window for this direct precision test of the SEP opened with the detection of near
simultaneous arrival of the gravitational waves (GW) and gamma rays from the merger of
binary neutron stars 9,10 . The gravitational waves are propagating form of pure gravitational
energy, released directly from the gravitational binding energy of the binary system. Then, the
gravitational effects of massive structures like galaxy clusters, on the propagation of pristine
gravitational energy, relative to the same effects on photons, provides the direct test of the SEP.
The gamma rays serve as the ideal reference matter-energy, with negligible gravitational energy.
The Shapiro delay is a first order test, proportional to the integrated gravitational potential in
the intervening space 11 , and the gravitational bending is a second order test, proportional to
the gradient of the potential. Hence, the Shapiro delay provides a much better test of the SEP
than the gravitational bending. The latter test resembles the ‘free fall’ tests.
The triad of interferometric gravitational wave (GW) detectors, LIGO-Hanford, LIGOLivingston, and Virgo, sensed the arrival of gravitational waves from the inspiral and the merger
of a binary neutron star (BNS) system, in 2017 9 . Named GW170817+GRB, it became the oneof-a-kind event because of the near simultaneous detection of gamma rays, within about 1.7
s, by the Fermi gamma ray satellite 10 . This detection with the three GW detectors allowed
the relatively precise localization area in the sky, which led to the identification of the source
galaxy as NGC 4993 at a distance of 40 megaparsecs (1024 m). What is relevant for our test of
the SEP is that the gravitational waves and the gamma rays traversed this vast distance in the
gravitational presence of the mighty Virgo cluster of galaxies, to arrive at the Earth.
The geometrical configuration of the GW-GRB event relative to the Earth and the Virgo
cluster is indicated in the figure 1. The gravitational coupling of the Virgo cluster mass Mc to
the gravitational energy of the GW and the electromagnetic energy of the gamma rays result in
the Shapiro time delay of the waves.
This is the excess propagation delay of the waves due to
R
the gravitational potential, δt = ds(2φ/c3 ). Any violation of the SEP due to a nonuniversal
coupling to the gravitational energy of GW will alter this delay, relative to the Shapiro delay
of the photons. One already know that the electromagnetic energy in bulk matter obeys the
UFF to the very high precision of ηem ≤ 10−9 , because the ratio of the total electromagnetic
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Figure 1 – The geometry of the propagation of the gravitational waves and gamma rays from NGC 4993 to the
Earth, in the gravitational potential of the Virgo cluster.

energy in the atom to its rest mass energy is Eem /mc2 > 10−5 . The best tests of the WEP 14,15
have reached η ≤ 1.5 × 10−14 . Therefore, the gravitational coupling of the gamma rays obey the
WEP to better than a few parts in 109 .
The main contribution to the local gravitational potential in our cosmological neighbourhood
is from the Virgo galaxy cluster. The Shapiro delay is a scalar cumulative effect, steadily
increasing with the same sign. (The Shapiro delay during the propagation over 30 Kpc (∼ 1021
m) in the Milky Way galaxy itself amounts to about 100 days). There are no other theoretical
complication, like fixing a metric, because we know with certainty that the propagation is in the
unique k ' 0 FLRW metric of our factual universe. Because the propagation duration t (over
the distance >10 Mpc) in the average potential φV /c2 ' 1.5 × 10−6 of the Virgo cluster is more
than 1015 Rs, a very conservative value for the gravitational Shapiro delay is readily estimated
from δt = ds(2φ/c3 ) as
2φV
δt > 2 t ' 3 × 109 s
(1)
c
which is to be compared with the observed duration of 1.7 s between the arrival times of the
gravitational waves and the gamma rays. This implies the gravitational coupling of propagating
gravitational energy to the source masses is the same as the gravitational coupling of electromagnetic energy within ∆ ' 6 × 10−10 . The comparison of the gravitational Shapiro delay in the
propagation of the gravitational waves and the gamma rays from GW170817+GRB has yielded
the best ever test of the SEP.
We can also get a constraint on the SEP from the identical bending of the GW and light
in the field of the Virgo cluster, albeit with lower precision. This is similar to the free fall
(UFF) test of two bodies in the gravitational field of a third body, with the additional aspect of
relativistic propagation of the tested entities. However, one should keep in mind that, unlike the
scalar Shapiro delay, the gravitational bending by a large structure like the Virgo cluster can be
partially nulled, if there are several smaller structures that are closer to the path of propagation.
The angle of bending due to the gravity of a compact source is well known as α = 4GM/c2 R.
Since the bending is small, the difference in the distance of propagation between the deflected
path and the unperturbed path is (figure 1),
δL =

L
L
−L'
− L ' Lα2 /2
cos α
1 − α2 /2

(2)

The excess delay due the gravitational bending is then δt = δL/c = Lα2 /2c. Hence, this
effect is of second order in α. A more accurate expression from the lensing equation is δt '
(1 + z)α2 DL DS /2cDLS , which corrects for the redshift distance of the source. Conservatively
taking 3 × 1014 M as the total mass of the Virgo cluster of galaxies and its dark matter halo
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within a radius of about 3 Mpc (and the ‘impact parameter’ of 10 Mpc), the bending angle α is
approximately 6 × 10−6 rad 16 . The deflection of the path translates to the gravitational bending
delay Lα2 /2c > 3 × 104 s, where we have taken L as half the distance to NGC 4993. This has to
be compared to the 1.7 s delay between the GW and the gamma ray burst from the BNS merger.
This observed universality of ‘free fall’ of the electromagnetic waves and the gravitational waves
in the gravitational field of the Virgo cluster readily proves the Strong Equivalence Principle,
with the tightness of the constraint on any violation smaller than ∆ < 6 × 10−5 . Of course,
the constraint of ∆ < 6 × 10−10 obtained from the comparison of the Shapiro delay is far more
stringent.
3

Concluding remarks

A unique test of the strong equivalence principle, which asserts the universal gravitational coupling to the gravitational energy itself, is devised by recognizing that the propagating gravitational waves are entirely pure gravitational energy. A comparison of the Shapiro delay in the
propagation of the gravitational waves and gamma photons, from the merger event of the binary
neutron stars detected by the LIGO-Virgo detectors, yielded the most stringent ever test of the
SEP, with the constraint on any violation ∆ ≤ 6 × 10−10 . Besides, this is the only test of the
SEP in the radiation sector. It should be clearly understood that this is a precision test of the
universal coupling of gravity to the gravitational energy itself, and not merely a test of the WEP.
With many more such merger events in the future, the confidence in our unique test of the SEP
will steadily improve and it will remain as the best constraint.
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Strong field tests of gravity with electromagnetic and gravitational waves
Sourabh Nampalliwar
Theoretical Astrophysics, Eberhard Karls Universitt Tübingen, Tübingen, Germany
For nearly a century, Einsteins theory of gravity has been the standard theory for describing
gravitational phenomena in our universe. Along with its successes, limitations of the theory
from theoretical (e.g., singularities) and observational (e.g., dark matter/energy) perspectives
have appeared. This has led to proposals that modify or supersede Einsteins theory, and
testing these theories against data, especially in the strong-field regime, has emerged as a new
paradigm in physics in recent years. Along with the completely new avenue of gravitational
waves, new and improved techniques based on electromagnetic waves are being used to test
general relativity (GR) ever more stringently. As the realm beyond GR is unknown, a popular
approach is to look for theory-agnostic deviations from GR/predictions of GR. Here I describe
how I have used gravitational waves, X-rays, and black hole shadows to constraints on some
of these theory-agnostic deviations.

1

Introduction

Einstein’s theory of gravity, known as the theory of general relativity (GR hereafter), is the
leading framework for describing gravitational phenomena at present. The theory, since its
proposition in 1915, has gone through a plethora of tests and emerged as the theory most
suitable for our universe. While successes abound, some features and implications of GR lead
to questions on its suitability as the ultimate theory of gravity. These questions arise from
the theory (e.g., the presence of singularities, incompatibility with quantum mechanics and the
hierarchy problem) as well the observation side (e.g., dark matter and dark energy). Even in the
absence of the above two, tests of GR in novel scenarios are necessary to verify the applicability
of GR in scenarios where it has not been verified.
Until recently, a majority of tests of GR had been performed in the so called weak field
regime. Only in the last few years, tests in the strong field regime have become possible, with
black holes as ideal candidates for performing such tests. Three features in particular make
BHs the favorites for such studies: Being the most compact objects in the universe, strongfield differences between GR and alternative theories manifest most prominently around BHs.
Moreover, within GR, most astrophysical BHs are surprisingly simple objects – only a few
parameters describe it completely – thus enabling smoking-gun type tests of GR. Finally, being
ubiquitous in our universe provides a variety of systems for such tests.
Since the realm beyond GR is unknown, there are several possible alternatives/modifications
to GR in the market, with no clear forerunner. In such a scenario, a popular approach is to
look for theory-agnostic deviations away from GR, by using parametrically deformed metrics
to represent BHs. Given the fact that most observations until now, both in the weak-field and
the strong-field regime, have been consistent with GR, this theory-agnostic approach has the
potential to guide us in the direction where the breakdown of GR, if detectable, will happen.
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2

Methodology

While there are several ways to observe astrophysical systems harboring BHs, some techniques
in particular have emerged to the forefront when it comes to theory-agnostic strong-field tests
of gravity.
Gravitational waves: The typical astrophysical system detected with current GW detectors is
BHs in a binary, releasing GWs as they spiral inwards before merging into each other. The early
inspiral regime of this coalescence can be analyzed with a post-Newtonian framework, in which
the two-body problem can be mapped to an effective one-body (EOB) problem. The dynamics of
the EOB system are governed by an effective Hamiltonian. Assuming radiation-reaction force to
follow the GR prescription, the rate of change of orbital frequency can be calculated and related
to the GW emission under the stationary phase approximation. Following this strategy 1 , I
compute the constraints on a theory-agnostic parameter quantifying deviation from the Kerr
solution of GR.
X-ray spectroscopy: While X-ray spectroscopy (XRS hereafter) has been used to study BHs
for more than thirty years 2 , since 2017 the technique has evolved to perform tests of theories of
gravity 3 . A typical astrophysical system detected with this technique includes a BH endowed
with an accretion disk and a corona. Matter in the disk gets hot as it accretes, and radiates. Some
of this radiation interacts with the corona and gets up-scattered to higher energies. A fraction
of these high-energy photons irradiate the disk and get reflected. All this radiation, and the
reflected one in particular 4 , carries information about the nature of the BH 5 . The most advanced
model currently available for analyzing the reflection component is relxill nk 6,7 , developed
by my colleagues and me over the last few years. It uses the transfer function formalism 8 to
efficiently compute the spectra for any set of parameter values. The framework has been used to
study to a large number of astrophysical systems and provided some of the strongest constraints
on deviations from GR 9 .
BH imaging: In 2019, the Event Horizon Telescope (EHT hereafter) collaboration released
the first “image” of the supermassive BH at the center of the M87 galaxy 10 . From the image, we
can infer a characteristic shadow in the middle – region from where very little radiation arrives
– and a bright blurred ring-like feature surrounding the shadow. The shadow, when detectable,
is an extremely clean observable for performing tests of gravity since it is independent of the
astrophysical properties of the BH neighborhood. The EHT observation of the M87* image
shadow provided constraints on its size and shape 11 . I use a ray-tracing code to compute the
effect of theory-agnostic deviation parameters on these observables, and use the EHT observation
to calculate constraints on the theory-agnostic deviation parameters.
3

Results

While there exist many parametrically deformed metrics in literature, one of the most generic and
interesting examples is the one proposed by Konoplya, Rezzolla & Zhidenko 12 (KRZ hereafter).
It can be written in Boyer-Lindquist-like coordinates as
ds2 = −

Σ B2 2
N 2 − W 2 sin2 θ 2
dt − 2W r sin2 θ dt dφ + K 2 r2 sin2 θ dφ2 +
dr + Σ r2 dθ2 .(1)
2
K
N2

Here, N 2 , W , K 2 and B 2 encode deviations away from the Kerr metric and are functions of r
and θ, and Σ = 1 + a2∗ cos2 θ/r2 where a∗ is the dimensionless spin parameter. We focus on one
of the deviation functions, N 2 , which can be written as 13


a01
2 a2
2 r03 e
e0 (x) =
N 2 (r, θ) = 1 − + 2∗ + 1 −
A0 (r), where A
,
(2)
r
r
r r3
a02 x
1+
a03 x
1+
1 + ···
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x = 1 − r0 /r and r0 is the radius of the event horizon. In this article, we focus on the leading
order deviation parameter, a01 .
I used GWs from the strongest detections of the O1 observation run of the LIGO VIRGO
GW detectors to measure a01 1 , and the results are shown in Fig. 1 (left panel). The constraints
are shown for individual sources as well as combined (the latter under the assumption that a01
has the same value everywhere in the universe). I used the X-ray data from an active galactic
nuclei, Ark 564, harboring a supermassive BH to measure a01 with XRS 14 . The results, on a
spin-a01 plot to illustrate the degeneracy between the two parameters, are shown in Fig. 1 (right
panel). The EHT observation of M87* estimated a shadow size uncertainty of 17% and shape
uncertainty < 0.05 around its Schwarzschild value. Using this, I estimate the constraints on
a01 and the results, both 1-D and 2-D posterior distributions of a01 and BH spin, are shown in
Fig. 2.
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Figure 1 – Constraints on a specific theory-agnostic deviation parameter a01 from GWs (left panel, figure from
Cardenas-Avendano, Nampalliwar & Yunes 1 ) and XRS (right panel, figure from Nampalliwar, et al. 14 ). While
the y-axis labels differ in each plot, they represent the same parameter which we denote by a01 . See the text for
more details.

Figure 2 – Constraints on a specific theory-agnostic deviation parameter a01 from BH shadow. See the text for
more details.

The constraints, at 90% confidence level, obtained with each technique are tabulated in
Table 1. GWs provide the best constraints and XRS is comparable, while constraints from
shadows are a little weaker. It is important to note here each analysis makes important as-
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sumptions which affect the constraints obtained. Instead of quantitative comparisons, I would
like to highlight the qualitative advantage that a study like this can provide. While each of
the technique operates on its own at present, there is significant benefit in developing synergies
across the board. This can help in breaking degeneracies, check for robustness, etc.
Table 1: Constraints on a specific theory-agnostic deviation parameter a01 from three different techniques.

Technique
Gravitational waves
X-ray reflection
BH shadow

Source
GW151226
Ark 564
M87*

Lower bound
-0.16
-0.27
-0.57

Upper bound
0.17
0.28
1.87

These are early days in the field of strong-field tests of gravity. As models become more
sophisticated, statistical and systematic uncertainties are brought under control, and better
instruments become available, the field promises to provide answers to some of the biggest
questions in physics.
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In this text we outline the motivation for developping a quantum S-matrix approach for the
classical gravitational two-body scattering. As an application we briefly present the derivation
of black-hole metrics in various dimensions.

1

Motiviation

The detection of the first gravitational wave signal has opened an area of precision gravity. The
measurement of the gravitational wave signal is a formidable window on gravity at various scales,
involving the dynamics of black holes. This gives precious information on Einstein gravity and
possibly gravitational physics beyond it. Ultimately, this would tell us how good we understand
gravity both in the weak and strong coupling regimes. The binary mergers detected until now by
the LIGO-Virgo 1,2 collaboration are clean sources of gravitational waves and the gravitationalwave signal is currently modelled by general relativity in vacuum, at accuracy close to second
order in the mass ratio parameter. The next generation gravitational-wave detectors, such as the
Laser Interferometer Space Antenna (LISA) will be sensitive to the environement of the sources
and the signal will be more “dirty” 3 . The lack of clear predictions for nonlinearities (from the
accretion disk for instance) in the post-merger phase means that these could be confused with
modifications of the signal predicted by theories beyond general relativity.
For this we need to produce accurate theoretical gravitational waveform templates. We have
to clarify how much can be understood from exact theoretical computations. We have to answer
the questions about how much we understand about gravity in the weak and strong coupling
regime. And whether we can learn about gravitational physics beyond Einstein gravity, like
modified gravity scenarii (extra dimensions, massive gravity, . . . ), or quantum effects.
In this context it is important to work with gravity effective field theories. Although the
status of the high-energy behaviour of quantum gravity is still open, considering effective field
theory of gravity at low energy does not pose a problem. One can safely extract low-energy
a
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physics from the quantization of the gravitational interactions observables that are independent
of the high-energy behaviour. There are the classical contributions (post-Minkowskian expansion) but as well infra-red effects which are only sensitive to low-energy degrees of freedom. As
argued by J. D. Bjorken 4 [...] as an open theory, quantum gravity is arguably our best quantum
field theory, not the worst.
2

Classical gravity from quantum S-matrix

Einstein’s theory of gravity is the first term of an effective field theory coupling gravity to
matter 5,6
"
#
Z
R
4 √
µν matter
SEH = d x −g
+ g Tµν
+ Lcorrections .
(1)
16πGN
We assume that the effective field theory satisfies the standard requierements of locality, unitarity
and Lorentz invariance, and of course that the theory is diffeomorphism invariant (i.e. we have
the symmetries of General relativity). The low-energy degrees of freedom are the massless
graviton and the usual massive matter fields.
We are interested in extracting physical observables from the gravitational interactionsb
between two massive body of masses mi and spin Si with i = 1, 2 interacting via the exchange
of massless spin-2 graviton 8,9,10,11,12 . The two-body scattering matrix
p01

M(p1 , p2 , p01 , p02 ) =p

1

p02

=
p
2

∞
X

L=0

ML (p1 , p2 , p01 , p02 ),

(2)

0
0
can be expanded in perturbation ML ∼ O(GL+1
N ). The quantum scattering matrix M(p1 , p2 , p1 , p2 )
0
2
2
depends on the incoming energy p1 · p2 /(m1 m2 ), the momentum transfer (p1 − p1 ) = q and
h̄. At a given order in perturbation one gets the exchange of gravitons (curly lines) between
massive external matters (solid lines)

p′1 , m1 , S1

p1, m1 , S1

p′2 , m2 , S2

p2, m2 , S2

From the limit h̄ → 0 with q 2 /h̄ held fixed of the quantum scattering amplitudes 14,15,16 , one
can extract the classical Hamiltonian HPM (p, r) for the gravitational interactions between two
classical massive body in general dimensions
p01

lim

”h̄→0”

p1

p02

p2

=

q
q
X
p2 + m21 + p2 + m22 +
GL+1
N VL+1−PM (p, r).

(3)

L≥0

P
L+1 n
0
The relativistic potential GL+1
n≥0 cL,n GN v , with p = p1 − p1 = (E, v),
N VL+1−PM (p, r) =
resums an infinite number of post-Newtonian contributions in the small velocity expansion
v/c  1. The approach described here works in any space-time dimension and applies to
b
One could as well include electro-magnetic interactions as considered in 7 but in this text we will only consider
the exchange of the graviton and focus on the gravitational sector.
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gravity in higher dimensions 17,18 . We will see an illustration of this when discussing the black
hole metric in section 3.
By computing the two-body scattering in perturbation one derives a Lorentz invariant expression valid in all regime of relative velocity between the two interacting massive bodies.
The scattering amplitude approach completes the post-Newtonian computations by providing
information beyond its regime of validity, and leads to surprising results connecting the conservative part and gravitational radiation effects 19,20,21,22,23,24,25,26 . It gives a new perspective on
the traditional methods 27,28,29,30,31 used for computing the gravitational wave templates. This
approach allows to connect the resummed post-Newtonian results 32,33,34 and the high-energy
behaviour 35,24 .
3

The Schwarzschild-Tangherlini metric from scalar field amplitudes

The Nobel prize citation for Roger Penrose states that “black hole formation is a robust prediction of the general theory of relativity”. Subrahmanyan Chandrasekhar explained that they are
the most perfect macroscopic objects there are in the universe since the only elements in their
construction are our concepts of space and time. Black-hole solutions are a perfect play ground
to validate the formalism of deriving classical gravity from quantum scattering amplitudes. This
also opens new avenues for studying black holes in generalized theories of gravity.
In 1973 Duff analyzed 36 the question of the classical limit of quantum gravity by extracting
the Schwarzschild back hole metric from quantum tree graphs to G3N order. This was a consistency check on the way classical Einstein’s gravity is embedded into the standard massless
spin-2 quantization
gravitational interactions.
, , · · · of
, the
) metric.
By evaluating the vertex function of2the emission
of a graviton from a particle of mass m,
p = p22 = m2 is given by the
spin S and charge Q, in d dimensions 1

p01
q
M3 (p1 , q) =

=. −

√
i 32πGN X (l) µν 2
hT (2.2)(q )iµν
2

(4)

l≥0

p1
l-loop contribution to the transition density of the
(l) 2
0 hTµ⌫ (qZ)i


R
1 µν
1 2 2
p= dd+1 x√−g
S
+
g
∂
φ∂
φ
−
m
φ
.
µ
ν
i 32⇡GN (l) µ⌫ 2 16πGN
(l)
2
2
M3 (p1 , q) =
hT
(q )i✏µ⌫
(2.3)
2
one can extract the metric of physical black holes 58
is the polarisation of the graviton with momentum q = p1 p2 is the momentum
P
with the
action
hTµ⌫ (q 2 )i = l

✏µ⌫

(5)

• Schwarzschild black hole: Scalar field S = 0, mass m 13,39,37,38
⌫ (g)

• de
Reissner-Nordström
black hole:
Scalar
S =24,
0, 27]
charge Q, mass m 7
= 0 but in the
Donder gauge coordinate
system
[2, field
19, 21,
◆
1
37,7
• Kerr-Newman ✓
black
@g⇢µhole:@gFermionic
@gµ⌫ field S = 2 , charge Q, mass m
⇢⌫
⌘ µ⌫ µ⌫ (g) = ⌘ µ⌫ g ⇢
+
=
0
,
(2.4)
@x⌫
@xµ
@x⇢
At each loop order we extract the l-loop contribution to the transition density of the stress-energy
P
(l)
2
tensor hTµν (q 2 )i =P l≥0 hT
(n) (q )i
gµ⌫ = ⌘µ⌫ + n 1 hµ⌫µν satisfy1
√
i 32πGN (l) µν 2
@
1 iM
@ (l)
(n)
(n)
(p
,
q)
=
−
hT
(q )i(2.5)
(6)
1
µν ,
h
h3 = 0 .
2
2 @x⌫
@x ⌫

+1)

(~x) =

16⇡GN

Z

dd ~q i~q·~x 1
e
~q 2
(2⇡)d

✓

(l) class. 2
hTµ⌫
i
(q )
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1
d

1

⌘µ⌫ hT (l) iclass. (q 2 )

◆

.

(2.6)

where µν is the polarisation of the graviton with momentum q = p1 − p2 is the momentum
transfer.
The scattering amplitude computation is not done in the harmonic gauge coordinates g µν Γλµν (g) =
0 but in the de Donder gauge coordinate system 9,39,40,41,42


∂gρµ ∂gρν
∂gµν
η µν Γλµν (g) = η µν g λρ
+
−
=0
(7)
∂xν
∂xµ
∂xρ
P
(n)
the metric perturbations gµν = ηµν + n≥1 hµν satisfyc
∂ λ(n) 1 ∂ (n)
h
−
h = 0.
(8)
2 ∂xν
∂xλ ν
The de Donder gauge relation between the metric perturbation and the stress-energy tensor
reads


Z
dd ~q i~q·~x 1
1
(l) class. 2
h(l+1)
x) = −16πGN
e
hTµν
i
(q ) −
ηµν hT (l) iclass. (q 2 ) .
(9)
µν (~
2
d
~q
d−1
(2π)
(l)

In this relation enters the classical contribution at l loop order hTµν iclass. (q 2 ) defined by the
classical limit of the quantum scattering amplitude 14,15,16 and its application to black hole
solutions 59 .
In 38 , the Schwarzschild metric up to G4N obtained in four (d = 3), five (d = 4) and six
(d = 5) dimensions. The Schwarzschild-Tangherlini metric in the de donder coordinate system
!
!
(f (r) + r dfdr(r) )2
d − 2 ρ(r, d)
(~x · d~x)2
2
2
d−2
2
2
2
ds = 1 − 4
dt −f (r) d~x − −f (r) − f (r)
d−2
d−2
d − 1 f (r)d−2
~x2
f (r)
− 4 d−1 ρ(r, d)
(10)
and to the first order the components of the metric are given 38 In four dimensions (d = 3)d
hdD
0 (r) = 1 −

2GN m
+2
r



GN m
r

2

+2



GN m
r

3

+



4
log
3



rC3
GN m



−6



GN m
r

4

+ ···

(11)


2 



3
GN m
GN m
4
rC3
GN m
+5
+
log
+4
r
r
3
GN m
r




4 



5
4
rC3
16
GN m
64
rC3
26
GN m
+ − log
+
+
log
−
3
GN m
3
r
15
GN m
75
r
!

2


6
4
rC3
24
rC3
298
GN m
+
log
−
log
+
+ ···
9
GN m
5
GN m
75
r

hdD
1 (r) = 1 + 2

One notices that in this gauge the metric components contains finite-size powers of log(rC3 /GN m)
where C3 is the single constant of integration. These logarithms are generated by the cancellation of the ultraviolet divergences of the scattering amplitudes in (6) regulated by the introduction of higher-derivative non-minimal couplings 39,42,38 . These contributions are finite size
effects 39,43,29,44,45,46,47,48 . At the level of the metric components, they are reabsorbed in the coordinate change from the de Donder gauge used for the amplitude computation to the standard
Schwarzschild-Tangherlini metric in spherical coordinates



d−2
4 d−1
ρ(r, d) (~x · d~x)2
Γ d−2
d−2
GN m
2
ds2 = 1 − 4
ρ(r, d) dt2 − d~x2 −
;
ρ(r,
d)
=
,
d−2
d−2
d−1
r2
rd−2
1 − 4 d−1
ρ(r, d)
π 2
(12)
and the finite-size effects do not affect the static metric.
c
The harmonic gauge linearized at the first order in perturbation gives (8) with n = 1. The higher-order
expansions of the harmonic gauge differ from these conditions.
d
Similar results are obtained in higher dimensions where we matched the Schwarzschild-Tangherlini up to the
order G4N .
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4

Discussion

General relativity can be considered in space-times of various dimensions. Gravity is richer
in higher dimensions as black-hole solutions develop non trivial properties in general dimensions 49,50 . It is therefore important to validate our current understanding of the connection
between the quantum scattering amplitudes and classical general relativity in general dimensions 17,18 . By reproducing the classical Schwarzschild-Tangherlini metric from scattering amplitudes in four, five and six dimensions, we validate the procedure for extracting the classical piece from the quantum scattering amplitudes. The method can be applied to derive
other black-hole metrics, like the Kerr-Newman and Reissner-Nordström metrics by considering the vertex function of the emission of the graviton from a massive particle with spin and
charge. 7,37,51,52,53,54,55,56 .
The scattering amplitude approach presented in this work can be applied to any effective
field theory of gravity coupled to matter fields. One can include quantum corrections in (9) and
examine the impact of quantum effects on the black hole solution 37 . Or study the impact of
higher derivative contributions to the gravitational waves templates.
The amplitudes computations, being performed in general dimensions, lead to results that
have an analytic dependence on the space-time dimensions.
The higher order post-Minkowskian contributions should be obtained from higher-loop amplitudes in a direct application of the methods described here. Up to the third Post-Minkowskian
order one can extract the classical conservative potential and scattering angle of binary system
in pure gravity and maximal supergravity 57,32,33,34,22,35,24,26 .
We have improved our understanding of the relation between general relativity and the
quantum theory of gravity. This leads to many new exciting developpements leading to a better
understanding of the gravitational interactions in binary system. This provides new techniques
that can be applied to any gravitational effective field theories which have amplitude description
: opening the possibility to search for deviation from Einstein gravity.
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Relativity from Scattering Amplitudes,” Phys. Rev. Lett. 121 (2018) no.17, 171601
[arXiv:1806.04920 [hep-th]].
16. D. A. Kosower, B. Maybee and D. O’Connell, “Amplitudes, Observables, and Classical
Scattering,” JHEP 02 (2019), 137 [arXiv:1811.10950 [hep-th]].
17. A. Koemans Collado, P. Di Vecchia and R. Russo, “Revisiting the second postMinkowskian eikonal and the dynamics of binary black holes,” Phys. Rev. D 100 (2019)
no.6, 066028 [arXiv:1904.02667 [hep-th]].
18. A. Cristofoli, P. H. Damgaard, P. Di Vecchia and C. Heissenberg, “Second-order PostMinkowskian scattering in arbitrary dimensions,” JHEP 07 (2020), 122 [arXiv:2003.10274
[hep-th]].
19. T. Damour, “High-Energy Gravitational Scattering and the General Relativistic Two-Body
Problem,” Phys. Rev. D 97 (2018) no.4, 044038 [arXiv:1710.10599 [gr-qc]].
20. T. Damour, “Classical and Quantum Scattering in Post-Minkowskian Gravity,” Phys. Rev.
D 102 (2020) no.2, 024060 [arXiv:1912.02139 [gr-qc]].
21. T. Damour, “Radiative Contribution to Classical Gravitational Scattering at the Third
Order in G,” Phys. Rev. D 102 (2020) no.12, 124008 [arXiv:2010.01641 [gr-qc]].
22. J. Parra-Martı́nez, M. S. Ruf and M. Zeng, “Extremal Black Hole Scattering at O(G3 ):
Graviton Dominance, Eikonal Exponentiation, and Differential Equations,” JHEP 11
(2020), 023 [arXiv:2005.04236 [hep-th]].
23. P. Di Vecchia, C. Heissenberg, R. Russo and G. Veneziano, “Radiation Reaction from Soft
Theorems,” [arXiv:2101.05772 [hep-th]].
24. P. Di Vecchia, C. Heissenberg, R. Russo and G. Veneziano, “The Eikonal Approach to
Gravitational Scattering and Radiation at O(G3 ),” [arXiv:2104.03256 [hep-th]].
25. E. Herrmann, J. Parra-Martı́nez, M. S. Ruf and M. Zeng, “Radiative Classical Gravitational Observables at O(G3 ) from Scattering Amplitudes,” [arXiv:2104.03957 [hep-th]].
26. N. E. J. Bjerrum-Bohr, P. H. Damgaard, L. Planté and P. Vanhove, “Classical Gravity
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Curvature invariants of an exact interior Kerr solution
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1

Departamento de Fı́sica, Universidad Autónoma Metropolitana Iztapalapa, A.P 55-534, CP. 09340
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3
Departamento de Fı́sica, Centro de Investigación y de Estudios Avanzados del IPN, A.P 14-740, CP
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Polynomial curvature invariants of an interior Kerr solution are calculate via computer algebra.
The interior is modeled by a massless scalar field related to dark matter.

1

Introduction

The Universe is, to a large extent, composed of non-baryonic stuff, the so-called dark matter
(DM) and dark energy (DE). Their origin is rather mysterious and may even be unified 11 via
axionic (ultra-) light scalar fields. Condensation and collapse to axion or DE stars could exist
and may even mimic primordial black holes (BHs). Here we study an exact solution 12 of massless
scalars. It can be matched to the exterior Kerr metric which, otherwise, is difficult to achieve. Its
singularities are revealed via calculating curvature invariants by using computer algebra (CA) 6 .

2

Curvature invariants

MacCallum 5 has reviewed three different types of curvature invariants: Polynomial curvature
invariants, Cartan invariants and scalar curvature invariants 4 .
One of the most common applications of curvature invariants is to find curvature singularities in space-time. In this work we will use these invariants to argue whether the exact solution
proposed in 12 is regular, or not. Rather useful are the curvature invariants of Geheniau and
Debever 14,9 . In their set 4 invariants are related to the Weyl tensor, 4 invariants are related to
the Ricci tensor, and 6 are mixed invariants.
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where the Weyl tensor, the traceless Ricci tensor and the dual Weyl tensor are defined 13 by
1
1
Cijkl = Rijkl + R (gik gjl − gil gjk ) − (gik Rjl − gil Rjk − gjk Ril + gjl Rik ) ,
6
2
1
/ ij = Rij − Rgij ,
R
4
1
∗
Cabcd ≡ εabef C efcd .
2
3

(15)
(16)
(17)

Exact interior Kerr solution

There are many attempts for an interior Kerr solution describing black holes or neutron stars
10,7 . The one by Ravi and Banerjee 12 is modeled by an energy-moment (EM) tensor derived
from a massless scalar field.
The Einstein equations are
1
Rab = T gab − Tab = −∇a φ∇b φ,
2
where 8πG = 1 is normalized in natural units.
The covariant Klein-Gordon equation is redundant due the contracted Bianchi identity


1
∇i Rji − gj i R = 0.
2

(18)

(19)

The metric for this solution is


2
λ2 /2
2M r
1
dt + a sin2 θdφ − Σ ∆ sin2 θ
dθ2 + dr2
Σ
∆

− r2 + a2 sin2 θdφ2 ,

ds2 =dt2 −
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(20)

where ∆(r) = r2 − 2M r + a2 and Σ(r, θ) = r2 + a2 cos2 θ.
Here a = J/M is the angular momentum J per unit mass M , similar as in the Kerr solution.
The scalar field

λ
φ = ln ∆ sin2 θ ,
(21)
2
also has an azimuthal dependence.
When λ = 0, the scalar field is zero such that the Kerr exterior solution in Boyer-Lindquist
coordinates is retained 3 .
The EM tensor has the components

(r − M )2
+ cot2 θ = T3 3 ≡ ρ,
∆


(r − M )2
= A(r, θ) −
+ cot2 θ = −T2 2 ,
∆

T0 0 = A(r, θ)
T1 1



(22)
(23)
(24)

and the non-diagonal shear components are T2 1 = 2A(r, θ)(M − r) cot θ = ∆T1 2 ,
where
λ2
A(r, θ) =
λ2 /2 .
2 Σ ∆ sin2 θ

(25)

The energy-momentum tensor deviates from a perfect fluid via such non-diagonal terms


ρ

0

 0 −p
r
Ta b = 
 0 T 1
2
0
0

0
T2 1
∆
pr

0

0



0 
,
0 
ρ

where ρ is the density of the scalar field and p its anisotropic pressure.
The non-zero curvature invariants are:


(r − M )2
+ cot2 θ ,
I5 ≡ R = 2A(r, θ)
∆
3 2
I6 = R ,
4
3
I7 = R 3 .
8
If we diagonalize the EM tensor (26) we find

ρ 0
 0 −ρ
Ti j = 
 0 0
0 0

0
0
ρ
0


0
0 
,
0 
ρ

(26)

(27)
(28)
(29)

(30)

and
T ≡ gab T ab = ρ + pr + pθ + pφ = R = 2ρ,

(31)

as the trace of the EM tensor, due to Einstein’s equations.
To keep the density positive semidefinite ρ > 0, one has to have a ≥ M and so the energy
conditions are not violated.
The other non-zero curvature invariants are extremely long and can be consulted in the
master thesis 1 .
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4

Conclusions

The rotation axis with θ = 0 and θ = π notoriously cause pathologies for interior solutions:
this is reflected in the singularities of the curvature invariants for Σ = 0 and ∆ = 0. However,
rotating configurations can also be obtained numerically, avoiding the ring singularity of the
Kerr metric filling it by a scalar mass torus 10 as in, e.g., rotating boson stars (BSs). Recently,
such BSs or Proca stars are advocated 2 in order to intepretate gravitational wave signals from
the merging of compact astronomical objects of stellar masses much higher than Betelgeuse 8 .
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Phenomenological model explaining Hubble Tension origin
G.S. Bisnovatyi-Kogan
Space Research Institute, Russian Academy of Sciences, Moscow, Russia

One of the problem revealed recently in cosmology is a so-called Hubble tension (HT), which is
the difference between values of the present Hubble constant, measured by observation of the
universe at redshift z ∼ 1, and by observations of a distant universe with CMB fluctuations
originated at z ∼ 1100. We suggest, that this discrepancy may be explained by deviation
of the cosmological expansion from a standard Λ CDM model of the universe, during the
period after recombination at z ≤ 1100, due to action of additional variable component of a
dark energy of different origin. We suppose,that a dark matter (DM) has a common origin
with a variable component of a dark energy (DEV). DE presently may have two components,
one of which is the Einstein constant Λ, and another, smaller component DEV (ΛV ) comes
from the remnants of a scalar fields responsible for inflation. Due to common origin and
interconnections the densities of DEV and DM are supposed to be connected, and remain
almost constant during, at least, the time after recombination, when we may approximate
ρDM = αρDEV . Taking into account the influence of DEV on the universe expansion we find
the value of α which could remove the HT problem. In order to maintain the constant ratio
DEV/DM we suggest an existence of a wide mass DM particle distribution.

1

Introduction

Hubble tension (HT) is the difference between values of the present Hubble constant, measured
by observation of the universe at redshift z ≤ 1, and by observations of a distant universe with
CMB fluctuations originated at z ' 1100. This discrepancy may be explained by deviation of
the cosmological expansion from a simple Friedman model of a flat dusty Λ universe during
the period after recombination at z ' 1100, due to action of additional small component of a
dark energy (DEV). of a different origin. It has a common origin a dark matter (DM), so that
ρDM = αρDEV , in addition to the Einstein constant Λ. Smaller component DEV comes from the
remnants of a scalar fields responsible for inflation. The value of α is supposed to remain constant
during the time after recombination. The measured H values are: Planck measurement from
CMB anisotropy 1 ,2 , H0P18 = 67.36 ± 0.54 km s−1 Mpc−1 ; type Ia supernovae (SNIa) calibrated
with Cepheid distances 3,4,5,6,7 , H0R19 = 74.03 ± 1.42 km s−1 Mpc−1 , and H = 72 − 74 in other
local measurements. Analysis shows 8 that the discrepancy between Planck 2 , and any three
independent late-Universe measurements is between 4σ and 6σ. Dark matter (DM) and dark
energy (DE) represent about 96% of the universe constituents 3,4,9 , but their origin is still not
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clear. The present value of DE density may be represented by Einstein cosmological constant Λ,
but also may be a result of the action of the Higgs-type scalar fields, which are supposed to be
the reason of the inflation in the early universe 10 . During the expansion the kinetic part of the
scalar field density is transformed into dark matter, and the potential part has a vacuum-like
behaviour. At late stages the ratio of them is constant.
2

Removing the Hubble Tension

We consider dusty universe with P=0, and φ̇2 = 2αV . We find a solution of Friedman equation
in the following conditions for the matter (m) and scalar field (DEV)
ȧ2
8π
Λ
φ̇2
φ̇2
=
ρ + ; ρφ = V, Pφ = −V, ρm =
, Pm = β ,
a2
3
3
2
2
with ρm = αρφ , β = 0; ρ = ρφ + ρm = (1 + α)V, P = Pφ = −V.
The connection of the scalar field parameters with thermodynamic ones is taken
adiabatic condition
dρ
dV
da
=−
= −3 , V is the volume,
ρ+P
V
a
may be written as
ȧ
ȧ
3αȧ
ρ̇ = −3 (ρφ + ρm + Pφ ) = −3 ρm = −
ρ,
a
a
(1 + α)a

ρ
=
ρ∗



a
a∗



3α
2(1+α)

.

(1)
from 11 .

The
(2)

(3)

Solution of Eq.(1) with nonzero Λ, with account of relations in Eqs. (1)-(3, for the dusty universe
(β = 0), after recombination at z < 1100, is written in the form


a
a∗



3α
2(1+α)

s

= sinh 

s

=

s

8πGρ∗
sinh 
Λc2


Λ 3α
ct ,
3 2(1 + α)

H=



Λ 3α
ct =
3 2(1 + α)
ȧ
=
a

s

r

s

Λc2
coth 
3

s

ρ∗
;
ρ

Λc2
8πGρ

(4)



Λ 3α
ct .
3 2(1 + α)

The dusty universe without DEV, is described by relations, following from (4) at α → ∞, giving


a
a∗

s

3
2

=

s

= sinh 

s

8πGρ∗
sinh 
Λc2


Λ3 
ct ,
32

H=



Λ3 
ct =
32
ȧ
=
a

s

r

s

ρ∗
;
ρ
s

Λc2
coth 
3

Λc2
8πGρ

(5)



Λ3 
ct .
32

The redshift of the object z is connected with a photon frequency ω and a scale factor a as 12
z+1=

ω
a0
=
=
ω0
a



t0
t

2
3

,

H=

ȧ
2
= ,
a
3t

3
H0
t
=
= (z + 1)− 2 .
H
t0

(6)

From Eqs. (4),(6) we obtain for dusty universe, at β = 0, the following connection between the
recombination red shift zr ≈ 1100, the present age of the universe t0 and the age of the universe
tr , corresponding to the recombination, in the form
s

a∗
zrα + 1 =
=
arα


=

ρ∗
ρrα

− (1+α)
3α

,

s

8πGρ∗
sinh 
Λc2

ȧ
H= =
a

s

− 2(1+α)

Λ 3α
ctrα 
3 2(1 + α)
s

Λc2
coth 
3
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3α

(7)


Λ 3α
ctrα  .
3 2(1 + α)

(8)

Here indices with α indicate the values in the universe with DEV, The indices ”0” is related to
the present time, at z0 = 0. The indices ”r” is related to the moment of recombination. The
values in the universe without DEV don’t contain α in the indices, and are written as
s

a∗ 
zr + 1 =
=
ar

s

8πGρ∗
sinh 
Λc2
s

ȧ
H= =
a

− 2

3

Λ 3 
ctr
32

s

Λc2
coth 
3



=

ρ∗
ρr

− 1
3

,

(9)



Λ3 
ctr .
32

(10)

The observational data are connected with a red shift, so we find the expression for the time as
a function of the red shift in the form
ctrα =

2(1 + α)
3α

r

s

3
sinh−1 
Λ



3α
3α
Λc2
α+1
(zrα + 1) 2(1+α)  ≈ √
(zrα + 1) 2(1+α) ,
8πGρ∗
α 6πGρ∗

2(1 + α)
=
3α

ct0α

r

s

3
sinh−1 
Λ

(11)



Λc2 
.
8πGρ∗

(12)

At t = trα the argument of ” sinh ” is very small, so only first term in the expansion remains.
Corresponding values for the universe without DEV are written as
ctr =

2
3

r

s

3
sinh−1 
Λ



3
3
Λc2
1
(zr + 1) 2  ≈ √
(zr + 1) 2 ,
8πGρ∗
6πGρ∗

2(1 + α)
=
3α

ct0α

r

s

3
sinh−1 
Λ

(13)



Λc2 
.
8πGρ∗

(14)

For zrα = zr ≡ zrec we obtain a connection between trα and tr as
3
α+1
(zrec + 1) 2(1+α) tr .
(15)
α
The ratio of Hubble constants at present time t0 to its value at the recombination time trα , in
presence of DEV, using (5), is written as

trα =

H0α
=
Hrα

coth

q

coth

Λ 3α
3 2(1+α) ct0

q

Λ 3αctrα
3 2(1+α)



tanh
=



tanh

q

q

Λ 3αctrα
3 2(1+α)



Λ 3α
3 2(1+α) ct0

q

 =

tanh

Λ 3α
3 2(1+α) ctrα

q

Λ 3α
3 2(1+α) ct0

.

(16)

The corresponding values for the case without DEV, at α → ∞, with recombination time tr are
written as
H0
=
Hr

coth
coth

q

Λ3
3 2 ct0

q

Λ 3ctr
3 2



tanh

 =

tanh

q
q

Λ 3ctr
3 2



Λ3
3 2 ct0

q

 =

tanh

Λ3

3 2
q

ctr

Λ3
3 2 ct0

.

(17)

Using Eqs. (15),(16),(17), we obtain the ratio between correct value H0α , identified with the
local measurement of H, and the value H0 , obtained by calculations without account of DEV,
in the form
H0α
=
H0

tanh
tanh

q

q

Λ3
3 2 ct0



Λ 3α
3 2(1+α) ct0
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3

 (zrec + 1) 2(1+α) .

(18)

Consider the following parameters of the universe. Local Hubble constant Hl = 73 km/s/Mpc
Distantly measured Hubble constant Hd = 67.5 km/s/Mpc. Total density of the flat universe
ρtot = 2 · 10−29 h2 = 1.066 · 10−29 g/cm3 , with h = H/100 km/s/Mpc =0.73. Distantly measured
densities of the universe components, ρΛ∗ = 0.7ρtot = 7.5 · 10−30 g/cm3 ; ρm∗ = 0.3ρtot . Locally
measured cosmological constant density 4 ρΛ0 = (0.44 ÷ 0.96) ρtot , (2σ statistics). Distantly
8πGρ
measured Λ = c2 Λ∗ = 1.40 · 10−56 cm−2 . Average age of the universe t0 = 4.35 · 1017 seconds
13 . The ratio of two Hubble constants is the following HT = Hl = 1.08. Identifying H
r
0α ≡ Hl ,
Hd
H0 ≡ Hd , we obtain from (18)
H0α
= 1.08 =
H0
=

tanh(1.337)
tanh



α
1.337 1+α

tanh
tanh

q

q



Λ 3α
3 2(1+α) ct0

3

 (zrec + 1) 2(1+α)

0.87095

3

 (1101) 2(1+α) =

Λ3
3 2 ct0

tanh



(19)

3

α
1.337 1+α

 (1101) 2(1+α) .

Finally we obtain the equation for α in the form


tanh 1.337

α
1+α



3

= 0.8064(1101) 2(1+α) ,

α ≈ 140.

(20)

Taking ρmr = 0.3ρtot , we obtain ρDEV = 0.0022ρtot , and the effective dark energy density at
present time should be equal to Ω0ef f = 0.7022, what is inside the limits of local measurement
of Λ0 , mentioned above. The local matter density of the flat universe at present time is Ω0m =
0.2978, leading to the dark matter density Ω0dm = 0.2578, for the baryon density Ω0b = 0.04.
Detailed description is given in 14 .
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Analysis of how high-frequency gravitational waves could commence from the
early universe, using a multiverse version of thePenrose CCC cosmology
A.W. Beckwith
Physics Department, Chongqing University, College of Physics,
Chongqing 401331, People’s Republic of China
Rwill9955b@gmail.com;abeckwith@uh.edu

We will be reduplicating from the Book Dark Energy by M. Li, X-D. Li, and Y. Wang the
zero-point energy calculation with an unexpected “length” added to the “width” of a graviton
wave function just prior to the entrance of “gravitons” to a small region of space-time prior
to a nonsingular start to expansion of the Universe. In doing so, the initially large wavelength
is in a “multiverse” domain of space-time. The eventual exit of matter and energy from this
nonsingular starting point will be where we form a cosmological constant, a density of dark
energy, and the mass of gravitons.

1

Introduction

Begin first with the zero-point energy calculation 1 and its subsequent modification to obtain a
dark-energy cosmological constant. As with the zero-point energy calculation, we start with 1
Z λ̂ p
1 X
k 2 dk
λ̂4
·
ωi ≡ V ·
k 2 + m2
≈
2
2
2
4π
16π
0
i



Λ
−−−−−−−→ ρboson ≈ 2 × 1071 GeV4 ≈ 10119 · ρDE =
. (1)
8πG
λ̂=MPlanck
In stating this, we have to consider that ρDE =

Λ
8πG

4

≈ h̄ · (2π)
, so that the equation we have
λ4
DE

to consider is a wavelength λDE ≈ 1030 lPlanck which is about 1030 times the Plank length, the
radius of a space-time bubble we discuss as a starting point for a nonsingular expansion point for
cosmology,9 at the start of inflation with the space-time bubble of about a Plank length radius.
Having said that, how do we get to the Penrose multiverse condition in this problem,1 for
λDE ≈ 1030 lPlanck
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(2)

before the near singularity, then the existence of 1
ρDE =

Λ
(2π)4
≈ h̄ · 4
8πG
λDE

(3)

will be then, if we use the value of Eq. (3) fully consistent with regard to a value in line with
the DE density seen today, i.e. cutting the value of Eq. (1) by 10120 . To obtain space-time
for a wavelength approximately 1030 times lPlanck , the starting point which is the radius lPlanck
9 we specify a generalization of Penrose Cyclic conformal cosmology, as given usually by the
identification of a contribution to a partition function of our present universe which we call Θj ,
Θj |j before nucleation regime ≈

Max
X

e black holes jth universe .
Θ|

(4)

k=1

R ∞
−Ej i=N .
With each partition function per universe defined by {Θj }i=N
i=1 ∝
0 dEi · n(Ej ) · e
i=1
We specify a formation of a nontrivial gravitational measure as a new big bang for each of the N
universes as by n(Ei )· the density of states at a given energy Ei for partition function specify.9,3
Then the main methodology in the Penrose proposal has been in utilizing Eq. (4) evaluating a
b9
change in the metric gab by a conformal mapping Ω
b 2 gab .
gbab = Ω

(5)

Penrose’s suggestion has been to utilize the following 9
b −−→ Ω
b −1 .
Ω
ccc

(6)

We thereby bundle in a multiverse contribution to Eq. (4), Eq. (5) and Eq. (6) after the following
averaging of N partition functions from prior universes for our present universe
N
1 X
·
Θj |j before nucleation regime −−−−−−−−−−−−−−→ Θj |i fixed after nucleation regime .
vacuum nucleation transfer
N

(7)

j=1

We specify that while this is going on, we have a Pre-Planckian space-time allowing for λDE ≈
10√30 lPlanck , and then evolution to forming a graviton mass, in the Pre-Planckian state via mg =
h̄ Λ 4
c . Having done this, we can now discuss our conclusion which is how to obtain high-frequency
gravitational waves in relic conditions.
2

High-Frequency Gravitational Waves

Having specified a graviton mass, via a procedure to obtain a DE density value, how do we
obtain relic high frequency gravity waves? Using a scale factor a(t) = amin tγ ,5 we obtain
(1 + zinitial era ) ≡

atoday
ainitial era


≈

ωearth orbit
ωinitial era

−1

⇒ (1 + zinitial era )ωEarth orbit ≈ 1025 ωEarth orbit ≈ ωinitial era . (8)
We postulate that we specify an initial era frequency via dimensional analysis which is slightly
modified by Maggiore for the speed of a graviton 6 whereas c ≈ ωinitial era · (λinitial postbubble = lPlanck )
and that dimensional comparison with initially having a temperature built up so as ∆E ≈
h̄ωinitial era where Tuniverse ≈ TPlank temperature = 1.22 × 1019 GeV. If so then the initial temperature
would be extremely high leading to a change in temperature from Pre-Planckian conditions to
Planck era leading to
d(dim)
∆E =
· kB · Tuniverse ,
(9)
2
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c
where we would be assuming ωinitial era ≈ lPlanck
≤ 1.8549 × 1043 Hz so then we would be looking
at having frequencies on Earth from gravitons of mass mgraviton less than or equal to ωEarth orbit ≤
10−25 ωinitial era
And this is partly due to the transference of cosmological ‘information’ 7 for a phantom
bounce type of construction 9 . Further point that since gravitons travel at nearly the speed of
light,6 that gravitons are formed from the surface of a bubble of space-time up to the electroweak
era that mass values of the order of 10−65 g (rest mass of relic gravitons) would increase due
to extremely high velocity would lead to enormous ∆E ≈ h̄ωinitial era values per graviton, which
would make the conflation of ultrahigh temperatures with gravitons traveling at nearly the speed
of light as given in Eq. (9) compared with ∆E ≈ h̄ωinitial era . Details of making sense out of this
would by necessity await experimental confirmation and data sets. Note we have further linkages
to Casual structure and entropy 8 with a more up-to-date version.9

3

Additional Points

The author also wishes to make reference as to a completely different take on multiverse physics
usually taken up whereby there is an extremely unlikely value given for the probability of a
multiverse state having a given value of via Hartle–Hawking theory having a given probability
of the square of the Hartle–Hawking wave function:
P ∼e

−24π 2
Λ

= e−SA .

(10)

This probability would lead to a ridiculously large time value one would have to wait for any
such occurrence happening in the multiverse.10 Linde claims that there would be continuous
tunneling between different vacua (different universes) with a time of a value almost infinitely
larger than the age of the expected universe.
12

t ∼ eSa ∼ 1010 .

(11)

What we have done is to avoid this absurdity in our present construction. In essence, the string
theorists as well as Hartle and Hawking have convinced themselves of the extreme unlikelihood
of any identified state in the multiverse which we view as a misuse of the existence of the
cosmological constant. This probability would lead to a ridiculously large time value one would
have to wait for any such occurrence happening in the multiverse that a vacua would have a
cosmological constant with our known value in our universe of Λ. What we have done is to make
certain that this mathematical absurdity is not what is calculated and that we have a saner
procedure. In doing so, we should keep in mind Novello’s relationship.4 We argue this puts a
damper on how much freedom of choice we have in vacuum energy values and also affects Eq.
(10) and Eq. (11) above.
√
h̄ Λ
mg =
.
(12)
c
4

Future Research Objectives Which Will Be Addressed in the Next Publication

The author intends to answer the model-dependent construction given by Ng for dark energy 11
as well as review again the following. Freeze mentions a quantum bounce 7 in reference to the
destruction of primordial black holes which is given as when the density of our universe climbs to
p
a value given as ωQ = ρQ
, with the numerator being the pressure and the denominator density
Q
of phantom fields which leads to a density 7 for which there is breakup of primordial black holes
if the following density value is exceeded by early universe conditions.
ρBH =

m4P  mP 4
1
·
·
32π
m
1 + 3 PρGG
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(13)

Furthermore, we have that if PρGG ≈ 10ξ ≈ −1 in the case of DE, or close to DE, we can have a
breakup of primordial black holes 7 such that we have 105 times Planck mass black holes, due to
expansion out to 10−27 seconds. We then have another way to examine DE, as black-hole decay.
Up to 1/1000 of their mass is lost as gravitons,12 and this decay of black holes,11 combined with
the 1/1000 factor,12 may allow another way to approach dark energy. We also consider some of
the thermodynamics,13 with some modifications, gives some of the same information we sought
with a multiverse, without using a multiverse. In other words, Eq.(11) plus Freeze 7 may allow
for the break up of a good number of primordial black holes, of 105 Planck mass at about 10−27
seconds, providing for a massive release of gravitons, which is another way to form dark energy.
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Axisymmetric equilibrium models for magnetised neutron stars in scalar-tensor
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General relativity (GR) probably is not the definitive theory of gravity, due a number or issues,
both from the theoretical and from the observational point of view. Alternative theories of
gravity were conceived to extend GR and account for such issues. Among the most promising
ones are scalar-tensor theories (STTs), which predict an enrichment of the phenomenology of
compact objects, like neutron stars (NSs). We updated the well-tested XNS code to numerically
solve the Einstein-Maxwell equations for a stationary, magnetised NS in a class of STTs
containing the spontaneous scalarisation phenomenon. We found that there exist “quasiuniversal relations” among the mass, radius, scalar charge and magnetic deformation of a NS
that are true independently of the equation of state (EoS), both in GR and in STTs. This
result could potentially provide new tools to test STTs and the magnetic field geometry inside
NSs.

1

Introduction

While GR has collected an incredible number of successes, there are some issues that seem
to jeopardise its validity. In fact there are several arguments that seem to imply that GR is
not the definitive theory of gravity. From the theoretical point of view, the Einstein-Hilbert
action, which yields Einstein’s equations of GR, is not the only possible action describing the
gravitational interaction; in fact, there exist infinitely-many alternatives to GR 1,2 . Moreover,
a consistent quantum theory of gravity GR does not yet exist 1 . From the observational side,
it is well known that we lack an explanation for the “dark sector”; while one solution is to
introduce an unknown form of matter-energy filling most of the Universe content, a different
approach is to introduce modifications to GR to account for this problem. For these reasons,
many theories of gravity alternative to GR have been developed 1 . Arguably, the most studied
and promising ones are STTs, because they are the most simple extensions of GR 2 , are predicted
to be the low-energy limit of some possible theories of quantum gravity 3 , most of them respect
the well-tested weak equivalence principle, and they seem to be free of pathologies common
to other alternatives to GR 4 . The guiding principle of STTs is that of adding a scalar field
to the gravitational action, in a way as to be non-minimally coupled to the metric. Some of
these theories predict the existence of a non-perturbative strong field effect called “spontaneous
scalarisation” 5 , which allows the scalar field to exponentially grow in magnitude inside compact
material objects, i.e. neutron stars. The importance of this phenomenon is that of allowing
scalarised NSs to develop potentially observable modifications to GR, while still fulfilling the
tight observational constraints in the weak-field regime 6 . In our work, we studied for the first
time the scenario of magnetised models of static, axisymmetric NSs in a class of massless STTs
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containing the spontaneous scalarisation phenomenon. We extended the well-tested XNS code 7,8 ,
which is based on the XCFC approximation for the metric, to the case of a generic STT and for
any tabulated EoS 9,10 . We computed models of NSs, both in GR and in STT, with a variety
of EoSs (detailed in Sec. 3) and then used a “principal component analysis” (PCA) algorithm
to find correlations among the main potentially observable quantities, allowing us to find some
EoS-independent relations between them (see Sec. 4 for the details).
2

Scalar-tensor theories in a nutshell

In the ‘Bergmann-Wagoner formulation’ 11,12 of STTs, the action in the Jordan frame (J-frame)
is
i
h
i
R 4 √ h
1
˜
˜µ
S̃ = 16π
d x −g̃ ϕR̃ − ω(ϕ)
(1)
ϕ ∇µ ϕ∇ ϕ − U (ϕ) + S̃p Ψ̃, g̃µν ,
˜ µ its associated covariant derivative,
where g̃ is the determinant of the spacetime metric g̃µν , ∇
R̃ its Ricci scalar, while ω(ϕ) and U (ϕ) are, respectively, the coupling function and the potential
of the scalar field ϕ, and S̃p is the action of the physical fields Ψ̃. Quantities denoted with a tilde
are computed in the J-frame. In the Einstein frame (E-frame), the action is obtained by making
the conformal transformation ḡµν = A−2 (χ)g̃µν , where A−2 (χ)
p = ϕ(χ) and χ is a redefinition of
the scalar field in the E-frame, related to ϕ by dχ/d ln ϕ = [ω(ϕ) + 3]/4. Quantities denoted
with a bar are computed in the E-frame. In the case of a massless scalar field, which we adopt,
U (ϕ) = 0. In the E-frame the scalar field is minimally coupled to the metric, thus Einstein’s
field equations retain the same form as in GR in this frame, keeping into account the fact the
energy-momentum tensor is now the sum of the physical one and of the scalar field one. Instead,
the scalar field is minimally coupled to the physical fields in the J-frame, thus MHD equations
in this frame have the same expression as in GR. In STTs we have an additional equation to
solve for the scalar field. In the Einstein frame it reads
¯ µ∇
¯ µ χ = −4παs T̄p ,
∇

(2)

¯ µ is the covariant derivative associated to the E-frame metric ḡµν , T̄p = ḡµν T̄pµν , T̄pµν is
where ∇
the physical energy-momentum tensor in the E-frame and αs (χ) = d ln A(χ)/dχ. We adopted
an exponential coupling function 5 A(χ) = exp{α0 χ + β0 χ2 /2}. The α0 parameter regulates
the weak-field effects, while the β0 parameter controls spontaneous scalarisation.
3

A selection of equations of state

We performed our simulations using 13 different EoSs, chosen to span different calculation
methods and particle contents, ranging from zero-temperature, β-equilibrium, purely nucleonics ones, to EoSs containing other particles and computed at a finite temperature. We also
considered strange quark matter EoSs and a polytropic one. All EoSs were chosen to reach a
maximum mass of 2.05M , have a radius of 10 − 14km for 1.4M mass models and satisfy
various nuclear physics 13 and stiffness 14 constraints. We considered the following EoSs: APR 15 ,
SLY9 15 , BL2 15 (which is named “BLEOS with crust” in the CompOSE database), DDME2 13 ,
NL3ωρ 13 , SFHo 15 , DDME2-Y 13 (equivalent to DDME2 with the addition of hyperons), NL3ωρY 13 (equivalent to NL3ωρ with the addition of hyperons), BH8 15 (which is named “QHC18”
in the CompOSE database), BF9 15 (which is named “QHC19-B” in the CompOSE database),
SQM1 16 , SQM2 17 , POL2 18 .
4

Quasi-universal relations

We focused on magnetised, stable models of static NSs with maximum magnetic fields of
Bmax . 1017 G: in this regime the quadrupolar deformation of the star e = (Izz −Ixx )/Izz , where
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Ixx and Izz are the Newtonian moments of inertia, is well approximated by the perturbative
formulas
 2


H
H
2
4
|e| = cB Bmax
+ O Bmax
, |e| = cH
+O
, |e| = cs Bs2 + O Bs4 ,
(3)
W
W2
where cB , cH and cs are called the “distortion coefficients”, Bmax is normalised to 1018 G, H is the
magnetic energy 10 , W is the gravitational binding energy 9 and Bs is the magnetic field at the
pole. We computed the distortion coefficients for several models, both in GR and in STT with
β0 ∈ {−6, −5.75, −5.5, −5}, using the EoSs listed in Sec. 3, in the case of purely toroidal and
purely poloidal magnetic fields (except for cs , which is defined only in the purely poloidal case).
Moreover, we performed a PCA to find EoS-independent relations, which we call “quasi-universal
relations”, between the distortion coefficients and the main observables describing our models:
the Komar mass Mk , the circumferential radius Rc and the scalar charge Qs 9 . In GR we found
that the following formulas approximate cB , cH , cs , with a relative error |cPCA
B,H,s − cB,H,s |/cB,H,s
mostly under ∼ 15%, 2%, 5% respectively, for all EoSs except SQM1, SQM2 and POL2:
(
5.45 M −2.41 for poloidal
0.13R10
PCA
1.6
cB =
,
(4)
5.03 M −2.07 for toroidal
0.25R10
1.6

cPCA
=
H

(
2 + 0.07R2 + 2.28M R
5.77 − 0.77R10 − 4.14M1.6 − 0.27M1.6
1.6 10 for poloidal
10
2 + 1.92R2 + 1.51M R
7.02 − 5.22R10 − 2.76M1.6 − 0.12M1.6
1.6 10 for toroidal
10

−2.80
4.61
cPCA
= 2.97R10
M1.6
,
s

, (5)

(6)

where R10 = Rc /10km and M1.6 = Mk /1.6M . The relative error when using these formulas for
NSs described by the POL2 EoS reaches ∼ 90% for cB both in the poloidal and toroidal case,
∼ 7%(∼ 20%) for cH in the poloidal (toroidal) case, ∼ 20% for cs . If used in the case of SQM1
and SQM2, the relative error reaches ∼ 60%(∼ 50%) for for cB for purely poloidal (toroidal)
magnetic fields, ∼ 8%(∼ 40%) for cH in the poloidal (toroidal) case, ∼ 40% for cs .
In the case of STTs, we focused on finding an approximation for ∆cB,H,s = |cB,H,s − cGR
B,H,s |,
where cGR
are
the
quasi-universal
relations
found
in
the
GR
case:
Eq.s
4-5-6.
We
found
B,H,s
that the following formulas approximate ∆cB , ∆cH , ∆cs , with a relative error mostly under
∼ 50%, 7%, 10% respectively, for all EoSs except SQM1, SQM2 and POL2 and for any β0 ∈
{−6, −5.75, −5.5, −5}:
(
8.23 M −5.08 Q2.60 for poloidal
0.03R10
1
1.6
∆cPCA
=
,
(7)
B
5.96 M −3.52 Q1.95 for toroidal
0.06R10
1
1.6
∆cPCA
H

(
0.72 M −1.96 Q1.54 for poloidal
1.96R10
1
1.6
=
0.75 M −1.81 Q1.55 for toroidal
1.49R10
1
1.6
−4.50 1.71
4.77
∆cPCA
= 0.92R10
M1.6
Q1 ,
s

,

(8)
(9)

where Q1 is Qs normalised to 1M . The relative error when using these formulas for NSs described by the POL2 EoS remains roughly unaffected for ∆cB , but reaches ∼ 15%(∼ 40%) for
∆cH in the poloidal (toroidal) case and ∼ 80% for ∆cs . If used in the case of SQM1 and SQM2,
the relative error remains mostly under ∼ 100% for ∆cB for both purely poloidal and toroidal
magnetic fields. Instead, it reaches ∼ 40%(∼ 50%) for ∆cH in the poloidal (toroidal) case and
∼ 70% for ∆cs .
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The quasi-universal relations we found may be useful in shedding light into some of the major uncertaintes in NS astrophysics. For example, on the one hand cs can be obtained from its
definition in Eq. 3 if both Bs and e are known. The latter can be obtained by observing the emission of continuous gravitational waves from a NS, given that its strain is h0 ∝ eI and the moment
of inertia I of the star around its rotation axis can be obtained in an EoS-independent way 19 by
knowing its mass and radius. On the other hand, Eq. 6 can be applied. Depending on whether
cs < cPCA
or cs > cPCA
some conclusions can be drawn: in the first case, a toroidal component
s
s
must also be present, which counteracts the deformation caused by the poloidal component by
reducing it; in the second case, another source of deformation, other than the magnetic field,
must be present (because a purely poloidal field is an extremal magnetic configuration, thus
causing the maximum possible magnetic deformation of the star). If, instead, I is not computed
in an EoS-independent way, one can use the comparison between cs and cPCA
to draw some
s
conclusions about the EoS: if cs > cPCA
either there is another source of deformation or the
s
EoS predicts a moment of inertia that is not compatible with the observed deformation of the
star, and is thus not consistent. Similar conclusion can be drawn for cB and cH . Moreover, the
quasi-universal relations we found can be useful to quickly determine the magnetic deformation
of a NS model without going through a full numerical simulation. Finally, in the case of STTs,
the scalar charge is also unknown. In this case, relations Eq.s 7-8-9 can be used to determine
whether an observed NS deformation is compatible with a non-zero scalar charge.
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Phonon emission by acoustic black holes
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We present a novel interpretation of the Hawking temperature of acoustic holes, the hydrodynamic analogue of standard black holes, by connecting the geometrical properties of the horizon with the distribution function of the spontaneously generated phonons. Using covariant kinetic theory to describe the
phonon gas emitted by the acoustic hole, we obtain the correct expression of the Hawking temperature by
equating the entropy loss of the acoustic horizon with the entropy gain of the phonon gas. In doing this,
we assume that the entropy of the acoustic hole is proportional to the area of the horizon, as in standard
black holes. Since our method only depends on the geometrical properties of the acoustic horizon and on
the statistical properties of the phonon gas, it is well suited to be extended to standard black holes and to
out-of-equilibrium systems.

1 Introduction
The transonic flow of a fluid is characterized by the presence of an acoustic horizon, the hydrodynamic
analogue of the event horizon of standard black holes (BHs). In the present paper we report on the investigation performed in 1 on how phonons are spontaneously emitted at the horizon of a static acoustic
hole and we interpret the mechanism as related to an effective geometry, determining phonon production and propagation. We perform the computations and discuss the underlying physics within a novel
methodology that hinges solely on a kinetic theory approach applied to the fluid analogue of a BH 1 2 .
This conceptually very simple manner to explore the sonic-to-black hole analogy creates deeper understanding of the horizon physics, which can in turn be in principle demonstrated in experiments currently
at reach, for example using trapped atomic superfluids as a suited quantum technology platform 3 4 .
In an acoustic model of gravity, the emergent metric is fully determined by fluid’s quantities such as
the density ρ, its potential flow vµ and the speed of sound cs . For a relativistic flow on a Minkowski
spacetime, the analogue metric gµν can be written as 2
gµν = ηµν + (c2s − 1)vµ vν ,
where for simplicity we neglected an overall conformal factor. The inverse metric


1
g µν = η µν +
−
1
vµvν ,
c2s

(1)

(2)

is computed reminding that vµ is a four vector living in flat spacetime, therefore v µ = η µν vν .
Given the acoustic metric, it is possible to study its null geodesics, i.e. world-lines associated with
massless particles. In this acoustic model, such null geodesics describe on-shell phonon excitations over
a

Speaker
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the background fluid. It is well understood in literature 5 that fluid excitations φ over a background
configuration can be interpreted as quasiparticles following a Klein-Gordon equation
√
1
√ ∂µ ( −gg µν ∂ν φ) = 0 ,
−g

(3)

where g = det(gµν ). When this massless excitations are originating from the acoustic horizon, they can
be depicted as the equivalent of the Hawking radiated particles, predicted in gravity 6 .
Since we neglect phonon self-interactions, our results are valid sufficiently close to the acoustic horizon.
2 Dimensional reduction in a spherical model
Let us consider a fluid with a smooth convergent flow v(r) < 0 directed along the r̂ direction and speed
increasing with r: such background configuration provides the acoustic equivalent of the Schwarzschild
BH. In spherical coordinates, the background flow is described by the vµ = γ(1, −v(r), 0, 0) four vector,
with γ the Lorentz factor. The line element for this configuration reads
ds2 = dt2 (c2s − v 2 )γ 2 + 2γ 2 (1 − c2s )vdrdt − [(1 − c2s )γ 2 v 2 + 1]dr2 − r2 dΩ2 ,
dΩ2

dθ2

2

(4)

θdϕ2

with
=
+ sin
the angular measure. The acoustic horizon of the metric in Eq. (4) is given
by points at gtt = 0, i.e. by points at fixed r such that cs = v(rH ).
The dispersion law of a phonon with four momentum pµ = (E, −p), can be computed from
g µν pµ pν = 0. Upon decomposing the phonon spatial momentum as a sum of the parallel and orthogonal
components with respect to the background flow, i.e. p = pr + p⊥ , we obtain
q
(p · v)(1 − c2s ) ± cs γ −2 (p · v)2 /v 2 + p2⊥ γ 2 (1 − c2s v 2 )
E± =
.
(5)
1 − c2s v 2
We now recall that v is directed along r and the emitted phonons have momenta antiparallel to the
velocity, therefore p · v = −pr v. Thus
q
−pr v(1 − c2s ) ± cs γ −2 p2r + p2⊥ γ 2 (1 − c2s v 2 )
E± =
,
(6)
1 − c2s v 2
which clarifies that positive energy states correspond to E+ . Since phonons are generated by horizon
fluctuations, they should be emitted parallel to r̂. In 1 we have argued that sufficiently close to the acoustic horizon, phonons of momentum pµ can be modeled as quasiparticles with a factorized distribution
function f (pµ )ph = fBE (pr )·f⊥ (p⊥ ), in terms of the Bose-Einstein distribution function and of the Dirac
delta distribution function on transverse momentum
 2
2π
f⊥ (p⊥ ) =
δ(p2⊥ ) ,
(7)
Lc
where Lc is some microscopic length scale below which the effective acoustic treatment does not hold.
The Dirac δ-function determines an effective dimensional reduction close to the horizon. In view of a
geometrical interpretation of the dimensional reduction mechanism, here we present a different approach.
The direction of phonon propagation corresponds to that of their group velocity


∂E+ ∂E+
vg = (vgr r̂, vg⊥ τ̂ ) =
r̂,
τ̂ ,
(8)
∂pr
∂p⊥
where τ̂ is the unit vector of the transverse direction and
q
−v(1 − c2s ) + (1 − v 2 )cs pr / p2r + γ 2 (1 − v 2 c2s )p2⊥
vgr =
,
1 − v 2 c2s
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cs p⊥
vg⊥ = q
, (9)
p2r + γ 2 (1 − v 2 c2s )p2⊥

are respectively the radial and transverse components of the group velocity. The propagation of phonons
against the background flow can only happen when vgr > 0, which occurs when
s
(1 − v 2 )(c2s − v 2 )
|p⊥ | < |pr |
,
(10)
v 2 (1 − c2s )
meaning that at the horizon, where v = cs , p⊥ = 0. It follows that at the horizon phonons are emitted
radially, indeed for p⊥ = 0 we have from (9) that vg⊥ = 0. In general, the momentum emission angle
for any value of v is given by
s
!

 
p⊥
(1 − v 2 )(c2s − v 2 )
α = max 2 arctan
= 2 arctan
,
(11)
pr
v 2 (1 − c2s )



vgr
while the corresponding phonon emission angle is αg = max 2 arctan vg⊥
.
3

A thermodynamical argument for an area entropy

In 1 we have shown how for acoustic holes the Hawking temperature comes by combining covariant kinetic theory with geometrical arguments. Under the hypothesis that the black and acoustic hole entropies
have an analogous physical origin, we associate to the latter the entropy
SH =

A
,
4L2c

(12)

in terms of the horizon surface area A and the microscopic length scale Lc . We recall that the numerical
factor 1/4 in SH is computed by matching the expression of TH with the one found in the non-relativistic
limit 5 . Since the system is isolated, the entropy variation of the acoustic horizon must equate the entropy
variation of the phonon gas, therefore
dSH = dSph ,
(13)
where the phonon entropy variation is given by
2
dSph = dg dV s̃ph = dg s̃ph 4πrH
drH ,

(14)

where dg is the effective number of phonon degrees of freedom and s̃ph is the phonon entropy density,
see 1 for details. Within this hypothesis, we have determined the expression of the Hawking temperature:


cs − |v| 0
1
TH =
,
(15)
2π 1 − cs |v| H
which agrees with the standard expression obtained in the non-relativistic limit, see for instance 5,7 .
More in general, the same argument can be retraced in terms of energy balance, thus one can write the
following thermodynamic relations at equilibrium:
dSH = dSph ,

dEH = dEph ,

where EH is the energy associated to the acoustic horizon and Eph is the phonon gas energy,
more details. These equations can be interpreted as conservation relations
dSH − dSph = 0 ,

dEH − dEph = 0 ,

(16)
see 1

for

(17)

meaning that we are considering a closed system composed by (horizon)+ (fluctuations). We have used
the analogy with BH physics to hypothesize the area law for analogue acoustic holes and deduced their
properties. We can now read this analogy backwards from analogue to black holes physics and then,
Eq. (16) returns an interesting perspective. Similarly than with phonons, the spontaneous emission of
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photons at the event horizon should result in energy and entropy gains of the photon gas equal to the mass
and entropy losses of the BH. However, in this case, one complication arises because of the long-range
behavior of the gravitational interaction, which may not allow to separate the photon energy density and
entropy from those of the BH 8 .
The dimensional reduction close to the acoustic horizon can be used to justify the assumption in
Eq. (12), probably the most subtle point in our approach, which associates an entropy to the acoustic
horizon. For a moment, let us put that equation aside: meaning that we are not associating to the horizon
any entropy. The effect of the dimensional reduction on thermodynamical functions consists in their
temperature dependence as a one dimensional gas rather than a three-dimensional one 1 . Moreover, when
passing from a three-dimensional to a one-dimensional momentum measure, we are left with a constant
cut-off length scale Lc . The presence of such a length is significant since it appears in thermodynamical
quantities, in particular the covariant phonon entropy density s̃ph ∝ L−2
c .
As a consequence of the emission of phonons by the horizon, the phonon entropy density increases
by the quantity given in Eq. (14). Since the system is isolated and we are neglecting phonon selfinteractions, it means that there is a source of entropy such that
2
dSsource = dg dV s̃ph = dg s̃ph 4πrH
drH .

(18)

The source entropy variation is thus proportional to the phonon entropy density and the geometrical
−2
variation of the horizon. Given that s̃ph ∝ L−2
c we also expect that dSsource ∝ Lc , meaning that
Ssource ∝ L−2
.
However,
the
entropy
is
an
adimensional
quantity,
thus
S
has
to
be
proportional to a
source
c
ratio between a quantity with dimensions (length)2 and L2c . The only (length)2 related with the horizon
is the surface area, A, of the horizon itself, thus we can write
A
dSsource = κ 2 ,
(19)
Lc
where κ is some dimensionless constant. Fixing κ = 1/4 as in standard BHs we recover Eq. (12).
Finally, we note that the dimensional reduction provides a microscopic interpretation of the length Lc for
acoustic holes, since it appears in the distribution function as associated
with the transverse direction. In
√
gravity, the same role of Lc is played by the Planck length lp ∝ G.
In conclusion, our kinetic approach to the physics of acoustic black-holes horizons gains insight on
the role of geometry. The Hawking temperature pops out with a conceptually simple meaning of the
temperature at which phonons are emitted at the horizon, their energy and entropy changes balancing
those of the horizon. This essential idea fosters a different view on standard BHs physics, and can be
applied to generate new understanding on dissipative and out-of-equilibrium horizons.
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Scalar field dynamics around black holes:
superradiant instabilities and binary evolution
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In classical general relativity astrophysical black holes can be affected by the superradiant
instability when gravity is minimally coupled to a light bosonic field. The majority of phenomenological studies have focused on the idealized case in which the black hole is initially
surrounded by a single mode superradiant seed. By studying the evolution of a scalar field
with multiple modes initial data in a quasiadiabatic approximation, we show that the dynamics is more involved and depend on the initial seed energy and the amplitude ratio between
the modes. We also present preliminary results of the dynamical evolution of a massive scalar
field around a Newtonian and a fully relativistic, black hole binary.

1

Introduction

The interaction between black holes and ultralight bosonic fields, that represent popular dark
matter candidates or axion-like particles, has opened new avenues to probe for beyond-standard
model physics. In particular, Kerr black holes can undergo a superradiant instability1 which
actually turn astrophysical black holes into particle detectors.2–4 Moreover the presence of a
scalar field around merging black hole binaries could induce modifications in the gravitational
waveform and studies in this direction have been recently started.5–10 We use geometric units
G = c = 1.
2

Superradiant instabilities and multiple modes

Superradiant amplification is present when a bosonic field scatters off a rotating black holes
with an oscillation frequency ω satisfies the superradiance condition1 ω < mΩH , where m is
the azimuthal index of the field and ΩH is the black hole angular velocity. In particular a
superradiant instability can naturally develop for massive fields and here we focus on a scalar
field of mass mS = µS ~.12 The phenomenology is ruled by the gravitational coupling αG = M µS
which represents the ratio between the black hole characteristic size and the Compton wavelength
of the field λC = 1/µS . the main consequences of this mechanism are two: scalar field develops
a macroscopic cloud which will emit gravitational waves at a later stage and the black hole
rotational motion is slowed down. Both of these features could be captured by electromagnetic
and gravitational
observations.13 The shortest timescale at which this process can occur14


τS ∼ 50 MM s is achieved for αG = 1010 (M/M ) (µS /eV) ∼ O(1/2). This implies that for


astrophysical black hole masses ∼ 5, 1010 M one can probe the range mB ∈ 10−20 , 10−10
15
eV, a regime mostly not accessible by current experiments.
Most studies in the field of superradiant instabilites focus on the case in which the inital
data for the scalar field is made of a single superradiant mode. Our goal in this section11 is to
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Figure 1 – Left: Time evolution of the scalar field energy flux, rescaled by the gravitational coupling αG = M µS ,
for M0 = 107 M , χ0 = 0.8, αG0 = 0.075, λ1,0 = 1 and several values of MS0 (see main text for details). Right:
Black hole Regge plane obtained from the evolution of a scalar field with mass mS = 10−18 eV and containing
both superradiant and absorbing modes. We considered scalar cloud initial mass of MS0 = 0.05M and different
initial relative amplitudes between the modes λ1,0 . Taken from.11

investigate if the more general case of initial data described by a superposition of a superradiant
mode and an absorbing mode can affect the superradiant instability picture. Specifically we
added a new parameter to the overall phenomenology which is the initial amplitude ratio λ1,0
between the modes. Results are presented in Fig.1 where in the left panel we show the time
evolution of the scalar field energy flux at the black hole horizon for an initial black hole mass
M0 = 107 M and dimensionless initial spin χ0 = 0.8, initial gravitational coupling αG0 = 0.075,
λ1,0 = 1 and several values of the initial energy of the scalar seed MS0 . In the case of negligible
initial mass MS0 = 10−9 M0 the instability follows the single mode phenomenology but for
MS0 & 5%M0 the superradiant instability is completely quenched. In the right panel of Fig.1
we present the Regge plane of the black hole (black hole spin vs mass), obtained considering a
scalar field with mass mS = 10−18 eV and MS0 = 0.05M and several values of λ1,0 . The grey
shaded area is the Regge gap predicted in the case of a single superradiant initial seed while the
blue dots represent multiple modes evolved black holes according to our model. Even though
we know superradiance is not present the single mode exclusion region is still present due to
absorption of non superradiant modes with opposite angular momentum. Moreover additional
forbidden regions appear depending on the value of λ1,0 . This shows that the superradiance
mechanism can be turned off in a large region of the parameter space but surprisingly this does
not change the fact that the black hole eventually spins down and consequently it does not vary
the overall phenomenology. Details were presented in.11
3

Scalar field dynamics in binary black holes: preliminary results

In this section we focus on the interplay between scalar fields and binary black holes, which has
been recently investigated in the literature.5–7, 10 In order to complement this studies here we
perform numerical relativity simulations of a scalar field during the late inspiral and merger of a
black hole binary coalescence using Canuda,16 a numerical relativity library designed to study
fundamental fields in the strong-field regime of gravity. In particular we present preliminary
results that will appear soon.17
The first background spacetime we consider is an equal mass Newtonian binary. The latter
is constructed by superposing two Schwarzschild black
p holes at a fixed orbital separation d with
an orbital frequency satisfying Kepler’s law Ωorb = M/d3 . Results for the time evolution of
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a scalar field with constant initial profile are depicted in Fig.2 where we provide a snapshot of
the scalar field at a late time in the evolution (left panel). The scalar field in the area near the
binary system is characterized by a 10-fold amplification due to accretion of the outer portion
of the field on top of the binary. Moreover the rotational motion of the binary excites and
propagates away higher multipoles of the field as one can see from the differential energy flux
behaviour depicted in the right panel of Fig.2.
µS /⌦orb = 2.0, Constant ID
⇥10

1

rex = 10M

rex = 500M

⇥10

1.5

4

2.0
1.5

1.0

1.0
0.5

0.0

0.0

0.5

0.5

1.0

1.0

l=m=0
l=m=2
l=m=4

1.5
2.0
0

jR/M 4

jR/M 4

0.5

250

500
(t

750
1000
rex) /M

1250

0

200

400
600
(t rex) /M

1.5
2.0
800

1000

Figure 2 – Left: scalar field colour plot in the Newtonian binary orbital plane at t = 505M . This is obtained by
considering an orbital separation d = 5M for which the obrital frequency is M Ωorb = 5M . The mass parameter
of the field is chosen to be µS = 2Ωorb . The red circles identify the Newtonian binary companions. Right: scalar
field differential energy flux jR as a function of time at two selected extraction radii rex = 50M and rex = 200M ,
for the same setup as the left panel. Different profiles refer to different multipoles of the scalar field. Taken
from.17

We now move to the description of the time evolution of a scalar field around a fully relativistic black hole binary in the decoupling limit. Results are presented in Fig.3 where we
consider a binary black hole of total mass M , mass ratio q = 1/2, initial separation d = 15M
and spherically symmetric scalar field initial data. In particular we focus on the late inspiral
and merger part of the signal. In the left panel we provide the gravitational waveform Ψ422 ,
the scalar field monopole Φ00 and the total scalar energy flux. Also in this case the scalar field
is featured by accretion towards the binary, as one can clearly see from the blue dotted line,
and this is in agreement with the simpler case of a Newtonian binary. Furthermore the field is
characterised by an involved multipolar structure sourced by the rotational motion of the binary
as depicted in the right panel of Fig.3. Interestingly higher multipoles are excited and assume
larger amplitudes when the gravitational coupling αG is of order unity.
4

Conclusion

We have investigated the evolution of the black hole superradiant instability against ultralight
scalar fields with an initial configuration described by a superposition of modes. In this scenario
the instability evolution heavily depends on the energy of the scalar initial seed and on the
gravitational coupling. If the seed energy is a few percent of the black hole mass, a black hole
surrounded by an overlap of superradiant and absorbing modes with comparable amplitudes
might not even experience a superradiant unstable phase. On the other hand, if the seed energy
is much smaller than a few percent of the black hole mass the effect of nonsuperradiant modes is
negligible. The black hole Regge plane is also affected by the presence of nonsuperradiant modes
and its pattern is more involved and additional forbidden regions can appear, depending on the
parameters. Moreover we have studied the dynamics of a massive scalar field in a Newtonian
binary which magnifies the field due to accretion and propagates higher multipoles through its
rotational motion. Finally we analysed a fully relativistic binary black hole which induces a
complex multipolar structure in the scalar field.
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15. Vitor Cardoso, Óscar J. C. Dias, Gavin S. Hartnett, Matthew Middleton, Paolo Pani, and Jorge E. Santos.
Constraining the mass of dark photons and axion-like particles through black-hole superradiance. JCAP,
03:043, 2018.
16. Helvi Witek, Miguel Zilhao, Giuseppe Ficarra, and Matthew Elley. Canuda: a public numerical relativity
library to probe fundamental physics, May 2020.
17. Giuseppe Ficarra, Raimon Luna, Roberto Emparan, and Helvi Witek. in prep. XXX, 2021.

134

(P)Reheating effects of a constrained Kähler moduli inflation model
Islam Khan, 1,2 Guy Worthey, 1 Aaron C. Vincent 2,3
Department of Physics and Astronomy, Washington State University, Pullman, WA 99164, USA
2
Arthur B. McDonald Canadian Astroparticle Physics Research Institute, Department of Physics,
Engineering Physics and Astronomy, Queen’s University, Kingston ON K7L 3N6, Canada
3
Perimeter Institute for Theoretical Physics, Waterloo ON N2L 2Y5, Canada

1

In this talk, I discuss the effects, viability, and predictions of the string-theory-motivated
Kähler Moduli Inflation I (KMII) potential, coupled to a light scalar field χ, which can provide a possible source for today’s dark energy density due to the potential’s non-vanishing
minimum. Although the model is consistent with the current measured Cosmic Microwave
Background (CMB) data, tighter constraints from future observations are required to test the
viability of the KMII potential with its minimum equivalent to the observed cosmological constant’s energy density ρΛobs . We implement a Markov Chain Monte Carlo (MCMC) sampling
method to compute the allowed model parameter ranges and bounds on the inflaton’s mass
mφ and reheating temperature Treh . Additionally, our lattice simulations predict stochastic
gravitational-wave backgrounds generated during the inflaton oscillations that would be observable today in the 109 -1011 Hz frequency range. All the results and details will be included
in our upcoming paper with the same title.

1

Introduction

According to inflationary cosmology, 1 the Universe underwent a period of rapid exponential
expansion very early in its history. Among several others, inflation solves the horizon and flatness
problems, and provides an attractive mechanism for explaining the observed structures in the
Universe. An almost scale-invariant spectrum of primordial curvature perturbations imprinted
in both the CMB and large scale structures also support an inflationary paradigm. In the
simplest scenario, inflation is driven by a scalar field, namely the inflaton, slowly rolling down its
potential. At the end of inflation, it is generally assumed the inflaton coherently oscillates at the
minimum of its potential, decaying and transferring its energy to a radiation-dominated plasma.
This post-inflationary process during which the Universe gets repopulated with ordinary matter
is known as reheating. Rapid non-perturbative particle production effects can occur during the
initial period of reheating, a period which is usually referred to as preheating. The (p)reheating
era is arguably the least understood epoch of the post-inflationary history.
String theory is a popular and promising candidate for the theory of quantum gravity and
its applications to cosmology have regained interest over the last two decades, in particular, the
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development of string-theory-motivated inflation models. In this work, we consider a simplified
version of the Kähler moduli inflation, referred to as the Kähler Moduli I Inflation (KMII) 2 (see
also Blanco-Pillado et al. 3 ), which has a non-vanishing potential minimum, providing a possible
source for ρΛobs . These models generally arise from the so-called Large Volume Compactification scenarios of Type IIB string theory. The potential’s minimum is constrained by fixing its
dimensionless free parameter α that characterizes the shape of the potential. In Kähler inflation
models, α is related to the overall volume of the Calabi-Yau, the values of the other (stable)
moduli, and couplings that are specific to a given compactification. 2 For simplicity, we consider
a four-leg φφ → χχ quadratic interaction in all our analysis.
The KMII model provides one of the simplest descriptions of the physics within the context
of modular inflation and it has not been ruled out by the current measured CMB data. 4 It is
also one of the simplest models with a non-vanishing minimum which can provide a possible
source for ρΛobs . The Kähler inflation model with a canonically normalized field is known as
the “Kähler Moduli II Inflation” (KMIII), 5 where the potential minimum takes large positive
or negative values. In order to provide a source for ρΛobs , the model must be consistent with
observations when the potential minimum takes the value Vmin ∼ ρΛobs . The KMII model
satisfies this condition, whereas the KMIII model does not.
2

KMII Model

The KMII potential 6 is an example of a string-theory-motivated inflationary potential. It was
shown by Conlon & Queved 6 that, when
a large field limit is taken, the resulting inflationary

potential can be simplified to V = M 4 1 − α(φ/MPl )e−φ/MPl , where φ is the inflaton field, M is
the energy scale, and α is a positive dimensionless parameter of the model. The KMII potential
is shown in Fig. 1 where α is fixed at 1 − α/e = 0. As shown by Martin, Ringeval, & Vennin, 7
α needs to be constrained at α & 2.4095 for inflation to successfully end by slow-roll violation.
The potential has a minimum at φ = MPl where it takes the form Vmin = M 4 (1 − α/e). For
our analysis, the inflaton is directly coupled to a light scalar field χ where it is assumed χ is
short-lived and quickly decays to radiation. A four-leg interaction Lagrangian term −g 2 χ2 φ2 , g
being the small coupling constant, is considered. The adopted model is then given by


φ −φ/MPl
V = M4 1 − α
e
+ g 2 χ2 φ2 .
(1)
MPl

Figure 1 – The KMII potential for 1 − α/e = 0. The ball represents the inflaton slow-rolling down the potential.
Reheating takes place at the minimum of the potential as the inflaton oscillates and transfers its energy to the
other particles. The dotted vertical lines at φk ≈ 6.6MPl and φend ≈ 1.99MPl correspond to the field values when
the reference mode exits the horizon during inflation and inflation ends, respectively.

136

3

Analysis and Results

The three parameters of the adopted model as shown in Eq. 1 are M , α, and g 2 . A Markov
Chain Monte Carlo (MCMC) 8 sampling method, constrained by the latest release of Planck
CMB data, 4 was implemented to compute the allowed ranges of the model parameters. A
modified version of the HLattice code 9 was then used to study the (p)reheating dynamics of the
adopted model.
3.1

MCMC Analysis

Within the slow-roll approximation formalism, we consider three slow-roll parameters , η, and
ξ for quantifying inflation. These slow-roll parameters allow one to relate the model parameters
to the CMB observables. They are defined by
=

2
MPl
2



V0
V

2
,

2
η = MPl

V 00
,
V

4
ξ = MPl

V 0 V 000
,
V2

(2)

where V 0 , V 00 , and V 000 are the first, second, and third derivatives of V with respect to φ. Inflation
models can be constrained by the observed tensor-to-scalar power ratio (r), the scalar spectral
index (ns ), and its running (nrun = d ln ns /d ln k). At an arbitrary pivot scale k = k∗ , they can
be approximated as functions of the slow-roll parameters
r = 16 ,

nrun = 16η − 242 − 2ξ ,

ns = 1 − 6 + 2η ,

(3)

and one can obtain the scalar power spectrum amplitude As using
As =

V (φk )
4.
24π 2 MPl

(4)

For the MCMC sampling analysis, the slow-roll parameter expressions (see Eqs. 3 and 4)
were used corresponding to the adopted model. The constraints α > 2.4095 and g 2 < 1 were
applied during the analysis. Imposing flat priors for all three model parameters and initializing
100 walkers, the burn-in steps was set to 500 with a production run of 10000 steps. The
marginalized posterior distributions of both the model and derived CMB observable quantities
were computed. Fig. 2 shows a triangle plot consisting of the one and two-dimensional posterior
distributions of the adopted model parameters M , α, and g 2 from the MCMC sampling results.
The mass of the inflaton mφ can be obtained from the curvature of the effective potential at
2 e. The estimated allowed range of m was computed
its minimum given by m2φ = M 4 α/MPl
φ
13
to be 2.1 × 10 GeV < mφ < 3.1 × 1013 GeV at 68% CL. The reheating temperature Treh
is generally defined as the temperature of the Universe at the time of transitioning from the
inflaton oscillation domination (reheating epoch) to radiation domination, under the assumption
that local thermal equilibrium has been reached 10 . Treh must be higher than the big bang
nucleosynthesis energy scale (TBBN ∼ 1 MeV), and the upper bound of Treh is constrained at
107 -109 GeV since higher temperatures can result in the production of unwanted relics such as
gravitinos. Treh corresponding to the adopted model can be estimated by

Treh ∼

90
g∗ π 2

1/4

g2M 2
√ Pl
8πM

 1/4
e
.
α

(5)

Using Eq. 5 and the MCMC sampling results, the lower bound on Treh was estimated to be
Treh > 1.3 × 103 GeV at 95% CL.
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Figure 2 – Triangle plot showing the one and two-dimensional posterior distributions of the adopted model
parameters M , α, and g 2 from the MCMC sampling results. The marginalized probability distributions of the
parameters are shown along the diagonal and the off-diagonal plots represent the two-dimensional distributions.
The contours correspond to the 68% and 95% CL. The 68% CL limits of the model parameters are shown on top
of the diagonal plots.

3.2

Lattice Simulation

A modified version of the HLattice code 9 was used to analyze the effects of (p)reheating in
the adopted model. The HLattice parameters include the lattice box size at the start of the
simulation (L) and box resolution (n). Energy conservation is enforced by requiring that the
2 /ρ
quantity 3H 2 MPl
tot − 1 be sufficiently close to zero at all times, where ρtot is the total energy
density of the system. The inflaton field was initially set to be homogeneous and the lattice
simulation initial values of the inflaton field (φ0 ) and its kinetic energy (φ̇0 ) were computed using
the  ≥ 1 condition. The lattice simulations were mainly used to compute the gravitational wave
(GW) energy spectrum. The fractional energy of GW per e-fold is given by
Ωgw =

1 dρgw
,
ρcrit d lnf

(6)

where f is the GW frequency, ρgw is the GW energy density, and ρcrit is the critical density
2 required for a spatially flat Universe. The GW energy spectrum
defined as ρcrit = 3H 2 MPl
in terms of present-day observables is denoted by Ωgw,0 and it is obtained by replacing all the
quantities in Eq. 6 by today’s observables (see Garcia-Bellido, Figueroa, & Sastre 11 for details).
With the M and α parameters fixed at M = 8 × 1015 GeV and 1 − α/e = 0, respectively,
Ωgw,0 was computed for g 2 = 10−4 , 10−5 , 10−6 , 10−7 . The program parameters were set to
−1
L = 0.3Hini
and n = 128 in all the simulation runs. Fig. 3 displays the results which shows
no GWs are generated due to preheating instabilities within the parameter space; however,
stochastic gravitational wave backgrounds (SGWBs) are generated due to inhomogeneities in
the fields which would be observable today in the 109 -1011 Hz frequency range. Unfortunately,
these frequencies are too high for any present or near-future GW observatories to probe. Varying
g 2 does not significantly affect the characteristics of the GW spectra and the lattice simulation
does not perform well when g 2 takes values g 2 > 10−4 . Varying the lattice spacing (L/n) within
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HLattice can significantly affect the SGWB amplitudes. However, the location of the peak
frequency is largely independent of the non-physical simulation parameters.

Figure 3 – Stochastic gravitational wave spectra generated due to inhomogeneities during the field oscillation in
the adopted model for four different values of g 2 = 10−4 , 10−5 , 10−6 , 10−7 . The yellow represents a = 1 and red
represents a ≈ 8 (equivalent to about 2 e-folds). The results show no significant variation in the GW spectra as
2
g 2 is varied. The energy conservation quantity 3H 2 MPl
/ρtot − 1 remained at least below 10−7 throughout in all
the simulation runs.

Conclusion
In an attempt to unify the two phases of accelerated expansions of our Universe within the
context of modular inflation, this work studies the effects and viability of a simple inflation model
known as the KMII model coupled to a light spectator scalar field χ. Under the assumption
that the total vacuum energy density of the Universe is zero due to some unknown symmetry,
the dark energy density ρDE , which can be attributed to the observed cosmological constant
Λobs , is modeled to come from the KMII potential’s non-vanishing minimum. Unfortunately,
the KMII model parameter α needs to be almost identical, but not equal to e, to achieve this
result. This introduces a fine-tuning problem. In other words, considering M = 8 × 1015 GeV
and ρDE = 10−47 GeV4 , the 1 − α/e term in the KMII potential must be fine-tuned to about
110 decimal places to achieve the desired result.
Our MCMC sampling analysis results estimate 2.1 × 1013 GeV < mφ < 3.1 × 1013 GeV at
68% CL and Treh > 1.3 × 103 GeV at 95% CL. The results also indicate −0.14 < 1 − α/e < 0.12
at 68% CL (see Fig. 2). If these aforementioned analyses, along with more precise observational
data from future experiments, point toward 1 − α/e = 0 (or Vmin = 0), the energy density due to
Λobs sourced from the non-vanishing minimum of the KMII potential will remain a possibility.
On the other hand, if observations support Vmin 6= 0 instead, it would be ruled out. These
analyses can also be extended to other types of inflaton interactions, e.g. trilinear interactions,
and other inflation models that are consistent with observations and satisfy the Vmin ∼ ρΛobs
condition.
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Ongoing observations in the strong-field regime are in optimal agreement with general relativity, although current errors still leave room for small deviations from Einstein’s theory. Here
we summarise our recent results on superradiance of scalar and electromagnetic test fields in
Kerr-like spacetimes, focusing mainly on the Konoplya–Zhidenko metric. We observe that,
while for large deformations with respect to the Kerr case superradiance is suppressed, it can
be nonetheless enhanced for small deformations. We also study the superradiant instability
caused by massive scalar fields, and we provide a first estimate of the effect of the deformation
on the instability timescale.

1

Introduction

During its century of history, general relativity has been widely tested both in the weak and in the
strong field regimes 1,2,3,4 . The recent detection of gravitational waves has further advanced the
possibility to test deviations from the theoretical predictions and while present measurements are
so far in agreement with Einstein’s theory, current errors still leave room for small deviations.
Indeed several modified theories of gravity and quantum gravity scenarios suggest that such
deviations could be there, in particular in black hole spacetimes.
In this context, instead of testing the predictions of a specific model it is possible to describe
discrepancies from the Kerr geometry by parametrising deviations from general relativity and
trying to reconstruct the effects of such differences on observable quantities. Konoplya, Rezzolla
and Zhidenko proposed a class of parametrised metrics to describe spherically or axisymmetric
asymptotically flat black holes 5,6 written as an expansion in the radial coordinate and the
polar angle. Since it is compelling that astrophysical observable quantities depend only on few
parameters, a minimal deformation from the Kerr metric have been proposed by Konoplya and
Zhidenko 7 . This Kerr-like spacetime preserves some the properties of the Kerr spacetime but, at
the same time, it allows for substantial modifications of the black-hole structure at the horizon
scale.
Rotating spacetimes exhibit an interesting behaviour when surrounded by perturbing fields.
Consider the scattering of a wave with frequency ω and azimuthal number m off a black hole: if
the incident wave frequency satisfies the condition ω < mΩH , where ΩH is the angular velocity
on the horizon, the reflected wave gets its amplitude enhanced with respect to the incident one.
This phenomenon is called black-hole superradiance 8,9 . Moreover, in presence of a massive field,
superradiant scattering can give rise to unstable and exponentially growing modes 10 , extracting
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more and more rotational energy from the black hole. Superradiant scattering and, in particular,
the superradiant instability could be used e.g. to constrain the mass of ultralight boson fields 11 .
In this work we present our recent results 12 on superradiance and superradiant instability
in Konoplya–Zhidenko (KZ) black holes for test scalar and electromagnetic fields.
2

The KZ black hole

The KZ black hole is described, in Boyer–Lindquist-like coordinates, by the metric


2M r2 + η
2M r2 + η
ds2 = − 1 −
dt2 − 2a sin2 θ 2
dt dϕ
2
2
2
r (r + a cos θ)
r(r + a2 cos2 θ)
2

r2 + a2 − a2 ∆ sin2 θ
r2 + a2 cos2 θ 2
+
sin2 θdφ2 +
dr + r2 + a2 cos2 θ dθ2 ,
r2 + a2 cos2 θ
∆

(1)

where M is the ADM mass of the black hole, a is the spin parameter, η is some deformation
parameter and ∆ ≡ r2 − 2M r + a2 − η/r. The metric (1) reduces to Kerr in the limit η → 0.
For the KZ black hole the horizons are located at the roots of the equation ∆ = 0, which
admits up to three (possibly complex-valued) solutions, given by


2M
2p
2kπ
1
16M 3 − 18M a2 + 27η
rk =
+
4M 2 − 3a2 cos β −
, β = cos−1
,
(2)
3
3
3
3
2(4M 2 − 3a2 )3/2
where k = 0, 1, 2. Notice that, differently from the Kerr case, the parameter space is larger and
no upper bounds on the spin parameter exist. Moreover, studying the spacetime structure, it is
useful to introduce the quantity
3/2 i
2 h
η− =
9M a2 − 8M 3 4M 2 − 3a2
.
(3)
27
In this work we limit our analysis to the case η > η− , in which the horizon is located at r0 ,
otherwise the spacetime could describe naked singularities.
For small values of the deformation parameter, i.e. η/M 3  1, and for a < M , the event
horizon location is given by
η
+ O(η 2 ),
(4)
r0 = r+ +
r+ (r+ − r− )
where r+ and r− are, respectively, the event and the Cauchy horizons of the Kerr black hole.
From eq. (4) we interpret the deformation parameter as a displacement of the horizon with
respect to r+ and we see that the KZ black hole is less (more) compact than the Kerr spacetime
with the same spin parameter for positive (negative) values of η.
The ergosurfaces are located at the roots of the equation gtt = r2 −2M r +a2 cos2 θ −η/r = 0.
For small deformations these are very similar to the Kerr’s ones, however, for some specific values
of the black-hole parameters, they can assume nonphysical discontinuous shapes 12 .
3

Superradiant scattering from a KZ black hole

We now consider scalar and electromagnetic perturbations propagating in a KZ background.
Notice that, since the KZ metric is not a solution of a specific theory, we are not able to study
gravitational perturbations and, although scalar and electromagnetic test fields are good proxies
for studying black-hole properties, spin-2 perturbations could behave very differently. It turns
out that the Klein–Gordon (s = 0) and Maxwell (s = ±1) equations separate into an angular
part, described by the well known spin-weighted spheroidal harmonics, and a radial one, which
satisfies a Teukolsky-like equation 13 , given by

  2

d
dRs
K − 2is∆0 K
s(s + 1)(∆00 − 2)
∆−s
∆s+1
+
+ 4isrω − λ +
Rs = 0,
(5)
dr
dr
∆
2
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where K = (r2 + a2 )ω − am, ω is the wave frequency, λ = A + a2 ω 2 − 2amω, being A the
eigenvalue of the angular equation, and a prime denotes differentiation with respect to the
radial coordinate. As discussed in our work 12 , solutions of eq. (5) with spin-weight −s contain
the same physical information as those with spin-weight s. For each spin-weight, the angular
eigenvalue, and the corresponding radial solution, are also characterised by the harmonic number
l and the azimuthal number m.
Equation (5) can be integrated when supplied by boundary conditions. In order to obtain
such conditions, we introduce the tortoise
radial coordinate r∗ , defined by dr∗ /dr = (r2 + a2 )/∆,
√
and a new radial function Ys (r) = r2 + a2 ∆s/2 Rs (r). With this substitution, one finds that
perturbations behave as Ys ∼ r±s e∓iωr∗ at infinity, where the minus (plus) refers to ingoing
(outgoing) waves, while at the horizon purely ingoing waves behave as Ys ∼ ∆−s/2 e−ikr∗ , being
k = ω − mΩ0 and Ω0 = a/(2M r0 + η/r0 ) the angular velocity on the horizon.
Superradiant scattering occurs when an incident wave, with amplitude I and with frequency
ω < mΩ0 , scatters off a black hole and its amplitude gets enhanced. Asymptotically, the radial
function can be written as
Ys ∼ Ie−iωr∗ rs + Reiωr∗ /rs

for r∗ → ∞,

(6)

where R is the reflected wave amplitude. We can then compute the ingoing and outgoing energy
fluxes dEin/out /dt, which are proportional to |I|2 and |R|2 respectively, and define the so-called
amplification factors Zs,l,m = dEout /dEin − 1. Zs,l,m is positive when the outgoing flux is greater
than the ingoing one meaning that energy is extracted from the black hole and superradiant
scattering occurs.
4

Results

In order to compute the amplification factors we solved eq. (5) numerically for several values of
the black-hole parameters and the field quantum numbers, as described in our work 12 . Some
of our results for the dominant mode (l = m = 1) are presented in fig. 1, but more can be
found in our work and online 14 . Qualitatively, the amplification factors for a KZ black hole
share the same behaviour with its Kerr analogous: in fact, Zs,l,m are positive only for ω < mΩ0
and m > 0, at ω ≈ mΩ0 the curve drops down very quickly and for ω  mΩ0 Zs,l,m ' −1,
implying total absorption. Nonetheless, there are also some important differences. For large
values of the deformation parameter, as mΩ0 becomes smaller, the integral of the amplification
factor spectrum over the frequency range (0, mΩ0 ) gets reduced and the superradiant scattering
is suppressed. As in the Kerr case, the larger the spin parameter, the larger the amplification
factors. Since the KZ black hole has no maximum value of a above which the spacetime always
describes a naked singularity, the amplification factors can, in principle, become very large as
the black-hole spin increases. Surprisingly, we found that the maximum of Zs,l,m can be, for
a < M and small η/M 3 , few percents greater than its Kerr analogous. For sufficiently large spin
parameters (a & 0.97 M ), this happens for positive values of the deformation parameter, i.e. for
black holes less compact than Kerr ones. In relative values, for a ' 0.99 M and η ' 0.04 M 3 ,
we observe a maximum amplification factor about 6% and 1% larger than the same quantity
computed in Kerr for scalar and electromagnetic waves, respectively.
We also simulated the scattering of massive scalar waves with mass ms = ~µs . In this
case, the boundary conditions at infinity get modified since modes with frequency ω < µs are
trapped near the horizon and asymptotically suppressed. Therefore, at infinity (r∗ → ∞ and
2
2
r ∼ r∗ ) we have Y0 ∼ rM (µs −2ω )/ω̃ eω̃r , where ω̃ = ±(µ2s − ω 2 )1/2 . We limited our analysis
to the dominant l = m = 1 mode, for which we studied the amplification factors spectra and
the superradiant instability. The spectra qualitatively behave as the massless ones, although
for heavier perturbing fields the superradiant phenomenon gets suppressed. Regarding the
instability, following Detweiler 15 , we showed that under the assumptions M ω  1, |η|/M 3  1,
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Figure 1 – Left and center panels: amplification factor spectra for l = m = 1 scalar (left) and electromagnetic
(center) modes around a KZ black hole with a = 0.99 M and selected values of η/M 3 . Right panel: amplification
factor maximum as a function of the deformation parameter for l = m = 1 and a = 0.99 M normalised to the
maximum value in Kerr.

aω  1 and M µs  1 the problem can be treated analytically and we found that the growth
time of the instability gets corrected by a quantity proportional to η/M 3 . In particular, for an
axion field with mass m = 10−20 eV the instability time is given by
τ = τKerr − (7.89 · 103 s)



µaxion
µs



η/M 3
0.01



M
a

3

1
,
(M µs )8

(7)

where τKerr ' 106 s and from which we see that τ is shorter (longer) for positive (negative)
values of the deformation parameter.
Finally, we found that for η/M 3  1 massless scalar field in KZ and little massive fields in
Kerr produce almost degenerate spectra.
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We discuss recently introduced scale-free Einstein equations, where the information from their
trace part is lost. These equations are classically equivalent to General Relativity, yet the Newton constant becomes a constant of integration or a global dynamical degree of freedom. Thus,
from the point of view of standard quantization, this effective Newton constant is susceptible
to quantum fluctuations. This is similar to what happens to the cosmological constant in the
unimodular gravity where the trace part of the Einstein equations is lost in a different way.
Using analogy with the Henneaux-Teitelboim covariant action for the unimodular gravity,
we consider different general-covariant actions resulting in these dynamics. This setup allows
one to formulate the Heisenberg uncertainty relations for the Newton constant and canonically
conjugated quantities. Unexpectedly, one of such theories also promotes the Planck’s quantum
constant to a global degree of freedom, which is subject to quantum fluctuations. Following
analogy with the unimodular gravity, we discuss non-covariant “unimatter” and “unicurvature” gravities describing the scale-free Einstein equations. Finally, we show that in some
limit of the Yang-Mills gauge theory a “frozen” axion-like field can emulate the gravitational
Newton constant or even of the quantum Planck constant.

1

Introduction and Main Idea

For the last six billion years our Universe has been expanding with an acceleration. This phenomenon is well described by the gravitational actiona
S [g] = −

1
16πGN

Z

√
d4 x −g (R + 2Λ) ,

(1)

where the cosmological constant Λ has inverse dimensions to the Newton constant GN , while
their product is inexplicably tiny:
GN Λ ∼ 10−122 .
(2)
The origin of this extremely small number remains a mystery. In particular, it is not clear how
to keep this product small when taking into account quantum corrections to Λ and GN . But
a
We use (+, −, −, −) signature convention and units where c = 1, while in most parts of the text h̄ = 1 and
we restore h̄ only to stress the quantum nature of a formula.
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what if these constants are in fact dynamical quantities? In that case either some dynamics
may enforce (2) or quantum cosmology (possibly together with anthropic reasoning) may help
to select only those initial values which are close to (2). The minimal number of corresponding
degrees of freedom is achieved when Λ and/or GN are global degrees of freedom. Such degrees of
freedom are space-independent – they remain constant along every Cauchy surface for arbitrary
3+1 foliation of spacetime. The simplest example of a global degree of freedom is provided by
the so-called unimodular gravity (UG). Indeed, since Einstein’s paper1 it is well known that
trace-free equations


1
1
Gµν − gµν G = 8πGN Tµν − gµν T ,
(3)
4
4
are equivalent to General Relativity (GR) equipped with Λ being a constant of integration, or a
global degree of freedom, see e.g.2–7 This can be checked by applying covariant derivative ∇µ to
both sides of this equation and consequently using the Bianchi identity along with the assumed
conservation of the total energy-momentum tensor (EMT). These trace-free Einstein equations
(3) are invariant under vacuum shifts of the total EMT
Tµν → Tµν + c gµν ,

(4)

with c = c (xµ ), and in particular with c = const.
In8 we promoted the Newton constant to a similar global degree of freedom. This is achieved
again by loosing the information contained in the trace of the Einstein equations. Namely,
instead of the trace-free equations (3) one can write normalized or trace-trivial equations
Gµν
Tµν
=
,
G
T

(5)

Gαβ Tµν = Gµν Tαβ .

(6)

or in a more regular form
These equations are scale-free and invariant with respect to rescaling
Tµν → c Tµν ,

(7)

by a constant, or even an arbitrary function c (xµ ). In8 we demonstrated that equations (5)
(or (6)) are equivalent to the usual GR, however, now GN becomes a constant of integration.
Similarly to the unimodular case, this equivalence follows from the Bianchi identity and assumed
EMT conservation.
2

Unimodular Gravity

Let us first briefly recall UG. A simple covariant actionb for UG was introduced by Henneaux
and Teitelboim in7
S [g, W, Λ] = −

1
16πGN

Z

√
d4 x −g [R + 2Λ (1 − ∇µ W µ )] .

(8)

For every foliation of spacetime, variation with respect to the spatial components W i yields a
constraint ∂i Λ = 0. Hence, Λ is a global quantity–is space independent. Following “quantization
without tears” by Faddeev-Jackiw,10 one can use this constraint in the action to infer that the
energy density εΛ = Λ/ (8πGN ) is a canonical momentum conjugated to another global quantity
often called cosmic time
Z
√
τ (t) =
d3 x −g W t (t, x) .
(9)
Σ
b

For a higher-derivative and Weyl-invariant formulation of UG see.9
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Variation of (8) with respect to Λ gives ∇µ W µ = 1. For W i vanishing at the boundary (e.g. at
the spatial infinity) the last equation implies that τ (t) measures four-volume Ω of space-time
between Cauchy hypersurfaces Σ2 and Σ1 :
τ (t2 ) − τ (t1 ) =

Z

√
d4 x −g .

(10)

Ω

As εΛ and τ are canonically conjugated, one can use the correspondence principle of quantization
and find that they are subject to the Heisenberg uncertainty relation
δεΛ × δτ ≥

h̄
,
2

(11)

similar to the energy-time uncertainty relation. This uncertainty relation can be also written as
δΛ × δ

Z
Ω

√
d4 x −g ≥ 4π `2P l ,

(12)

√
where `P l = h̄GN is the Planck length. These unavoidable quantum fluctuations are the
main difference of UG from the usual GR. This property is insensitive to higher order curvature
invariants appearing in effective action for gravity. These fluctuations may be relevant close to
singularities. Except of this phenomenon, perturbative “unimodular” gravity is equivalent to
GR also in quantum realm, for recent discussions
see e.g.11–24 There are only two ways to claim
R
√
that (12) is not applicable. Namely, either Ω d4 x −g is not well defined, say it is divergent,
or one is ready to violate the main postulate of the canonical quantization that the Poisson
bracket for the canonically conjugated quantities are directly mapped into commutators of the
corresponding operators. Another conceptual issue with a potential to undermine the usefulness
of (12) is the following. It may be difficult for a local observer to measure a total space-time
volume between Cauchy hypersurfaces, as this involves events with space-like separation. In
this case, four volume could have arbitrary large fluctuations, provided they are due to causally
disconnected regions. These arbitrary large fluctuations of four volume would imply that the
observer can be at an eigenstate of Λ.
To illustrate the importance of the uncertainty relation let us take closed radiation-dominated
Friedmann Universe
h



ds2 = a2 (η) dη 2 − dχ2 + sin2 χ dθ2 + sin2 θ dφ2

i

,

(13)

where a (η) = am sin η, so that conformal time η and radial coordinate χ both belong to the
interval (0, π). The total four volume for this universe is
Z π

Ωtot =

Z

dη
0

√
d3 x −g = 4πa4m

Z π

sin4 ηdη

0

Z π
0

sin2 χdχ =

3π 3 4
a .
4 m

(14)

Quasiclassical approximation requires that at least δτ < Ωtot . Hence, under the assumption of
quasiclassical evolution, equation (11) yields the bound
εΛ > δεΛ >

4 h̄
.
3π 3 a4m

(15)

For a large Universe this is a tiny bound independent of the composition and structure of the

radiation. It is useful to compare (15) with the minimal energy density εm = 3/ 8πGN a2m .
Hence, εm  δεΛ provided am  `P l .
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3

Action for Scale-Free Gravity, Changing Gravity

Following the Henneaux-Teitelboim formulation of the UG (8) discussed above, it is easy to
write a similar action to promote the Newton constant to a global degree of freedomc :
S [g, C, α] =

1
2

√
d4 x −g (∇µ C µ − R) α .

Z

(16)

Variation with respect to C µ yields ∂µ α = 0 while variation with respect to the metric gives
α Gµν = Tµν .

(17)

Thus GN = (8πα)−1 becomes a constant of integration. In complete analogy with HenneauxTeitelboim formulation of UG discussed in the previous section, we obtain that α is a canonical
momentum conjugated to the global quantity
% (t) =

1
2

√
d3 x −g C t (t, x) .

Z

(18)

Σ

For appropriate boundary conditions on C i , due to the constraint, ∇µ C µ = R, this global
quantity measures the integrated Ricci scalar
% (t2 ) − % (t1 ) =

1
2

Z

√
d4 x −g R .

(19)

Ω

For canonically conjugated pair (%, α) the Heisenberg uncertainty relation √
reads δ% × δα ≥ h̄/2.
One can write it using observable quantities and the Planck length `P l = h̄GN as
δ
δGN
×
GN

R

4 √
Ω d x −g R
`2P l

≥ 8π .

(20)

Again this inequality should have rather nontrivial consequences close to singularities. Quasiclassical description implies that
Z

8πGN

√
d4 x −gT  δ

Ω

Z

√
d4 x −g R .

(21)

Ω

Thus, there is a lower bound on fluctuations of the Newton constant
δGN
 h̄
GN

√
d4 x −g T

Z

−1

.

(22)

Ω

Hence, conformal anomaly plays a crucial role for the magnitude of fluctuations of δGN . On the
other hand, most of the fields in standard model are conformal for hight temperatures. But on
top of conformal anomaly there can be vacuum energy εΛ as the source of T . In that case (22)
implies that
Z
−1
√
δGN
h̄

d4 x −g
.
(23)
GN
4εΛ
Ω
The rather weak lower bounds (22) and (23) is a novel extension of material presented in.8
c

cf.25, 26 written for local version of the vacuum energy sequester27
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4

Action for Scale-Free Gravity, Changing Matter

Interestingly there is another way to write an action for the Newton constant as a global degree
of freedom. Namely, one can preserve the Einstein-Hilbert action, but change the usual action
for matter fields Φm ,
Z
√
S0 [g, Φm ] = d4 x −g Lm ,
(24)
to one (c.f.28 ) similar to (16):
√
d4 x −g β (Lm − ∇µ Lµ ) .

Z

S [g, β, L, Φm ] =

(25)

In this formulation of the theory, on the right hand side of the Einstein equations one obtains a
rescaled EMT for matter fields Φm

where

2 δS
(m)
Tµν = √
= β Tµν
,
−g δg µν

(26)

√
2 δS0
2 δ ( −gLm )
(m)
√
Tµν
=√
=
.
−g δg µν
−g
δg µν

(27)

Variation with respect to Lµ yields ∂µ β = 0. Hence, the effective Newton constant, ḠN , is just
a rescaling of the constant from the Einstein-Hilbert action
ḠN = GN β .

(28)

Following the same path as in (9) and (18), the global dynamical degree of freedom canonically
conjugated to β is
Z
√
I (t) = − d3 x −g Lt (t, x) .
(29)
Σ

Under appropriate boundary conditions, due to ∇µ Lµ = Lm , this variable measures the matter
action between the Cauchy hypersurfaces Σ2 and Σ1
I (t2 ) − I (t1 ) = −

√
d4 x −g Lm .

Z

(30)

Ω

Applying again the Heisenberg uncertainty relation to the canonical pair (I, β) one obtains
δI × δβ ≥ h̄/2, which can be written in terms of observables as
δ ḠN × δ

Z
Ω

√
1
d4 x −g Lm ≥ `2P l ,
2

(31)

√
where the Planck length `P l = h̄GN corresponds to GN from the Einstein-Hilbert action.
More interestingly, the introduction of β also rescales the commutation relations for usual
matter. For instance, for the usual scalar field φ the canonical momentum gets rescaled similarly
to the EMT:
√ ∂Lm
π = βπ (m) = β −g
.
(32)
∂ φ̇
Thus, the canonical commutator relation, [φ (x) , π (y)] = ih̄δ (x − y), implies that usual commutator gets rescaled as well
h

i

φ (x) , π (m) (y) =

ih̄
δ (x − y) .
β

(33)

Hence, the effective Planck constant is
¯ = h̄ .
h̄
β
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(34)

√
Interestingly, the Planck length (and time) `P l = h̄GN remains invariant under this rescaling,
¯
as h̄ḠN = h̄GN . Using this invariance one can write (31) as
δ ḠN
×δ
ḠN

√
1¯
d4 x −g Lm ≥ h̄
.
2

Z
Ω

(35)

Following the same logic as in (22) one obtains a new lower bound
δ ḠN
1¯
≥ h̄
2
ḠN

√
d4 x −g Lm

Z

−1

.

(36)

Ω

Even more unorthodox, one can interpret the uncertainty relation δI ×δβ ≥ h̄/2 as uncertainty in
¯ = h̄δβ/β 2
the effective Planck constant. Indeed, through (34) fluctuations δβ correspond to δ h̄
so that
Z
¯ × δ d4 x√−g Lm ≥ 1 h̄
¯2 ,
δ h̄
(37)
2
Ω
with the corresponding lower bound on fluctuations
¯
δ h̄
1¯
≥ h̄
¯
2
h̄

√
d4 x −g Lm

Z

−1

.

(38)

Ω

For many theories the Lagrangian density is vanishing on equations of motion. However, similarly to (23) one can include vacuum energy εΛ into Lm .
5

Unimodular, Unicuravature and Unimatter

Fixing a gauge and a class of coordinates in the UG action (8) such that
W µ = δtµ √

t
,
−g

(39)

before performing the variation ensues
Z

d4 x Λ 1 −


√



−g .

(40)

This is a usual non-covariant formulation of the UG.29–32 Interestingly, this formulation still
results in the seemingly covariant traceless Einstein equations (3). In8 we demonstrated that one
can do the same to obtain non-covariant formulations for theories with the globally dynamical
Newton (16) and Planck constants (25).
Indeed, similarly to (39) one can fix
C µ = ±δtµ √

t
M2 ,
−g α

(41)

in the action, before variation. Here, ” + ” corresponds to the positive Ricci scalar, while ” − ”
to the negative one, while Mα is some mass scale introduced for dimensional reasons. Then, in
units where Mα = 1, the action takes a non-covariant form
S [g, α] =

1
2

Z

d4 x ±1 −


√
−gR α .

(42)

√
Thus instead of the “unimodular” constraint −g = 1 we have a “unicurvature” condition
√
8
−gR = ±1. In we provided a proof that the action (42) together with the usual matter action
(24) describe same trace-trivial equations (5). Thus, along with the well-known unimodular
gravity one can study the novel “unicurvature” gravity (42). Here it was crucial that the gauge
fixing does not affect the matter sector so that the total EMT is conserved.
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Finally, one can fix
Lµ = ±δtµ √

t
M4 ,
−g β

(43)

before varying the action (25). Here Mβ is again some mass scale in units of which the action
takes an unusual non-covariant form
Z

S [g, β, Φm ] =

d4 x β

√



−gLm ∓ 1 .

(44)

√
Variation with respect to β results in −gLm = ±1 which by analogy with the unimodular
√
constraint −g = 1 can be called “unimatter” condition. In8 we provided a proof that action
(44) accompanied with the usual Einstein-Hilbert action again describe the same trace-trivial
equations (5). Thus, this construction can be called “unimatter” gravity. The key point of the
proof in8 is that the transformation properties of (44) with respect to diffeomorphisms imply
(m)
that ∇ν βTµν = −Lm ∂µ β. Then the constancy of β ensues from the Bianchi identity.
6

Frozen Axions

In33 it was showedd , that vector field W µ in UG can be exchanged in (8) with a more convenient
Chern-Simons current of a (non-abelian or abelian) gauge field Aµ . In this way instead of
∇µ W µ one can plug in Fαβ F ?αβ , where the gauge field strength is Fµν = Dµ Aν − Dν Aµ with
the covariant derivative Dµ = ∇µ + iAµ , while the Hodge dual is defined as usual
1 αβµν
1
√
Fµν ≡ E αβµν Fµν .
2 −g
2

F ?αβ =

(45)

In the absence of the usual kinetic term −Fαβ F αβ /4g 2 , variation of the action with respect to
Aµ forces Λ to be constant. It is easy to further extend33 this action to resemble the one of the
usual axion, cf.35
Z

S [g, A, θ] =

√
d4 x −g −


R
1
θ
+ (∂θ)2 +
Fαβ F ?αβ − Vλ (θ) ,
16πGN
2
fΛ


(46)

where now θ is a canonically normalized pseudoscalar, while fΛ is some mass scale emulating
axion decay constant and Vλ (θ) is a “potential”. We would like to stress again, that it is the
absence of the usual kinetic term for the gauge field −Fαβ F αβ /4g 2 which freezes θ to be constant.
This gives hopes to embed unimodular gravity in some more usual high energy system. Indeed,
this action can appear from the usual axion and Yang-Mills construction in the dynamical regime
when one can neglect the usual kinetic term −Fαβ F αβ /4g 2 for the gauge field. Naively, this
setup corresponds to a confinement or an infinitely strong coupling g → ∞ in IR.
In8 we proposed that the same procedure can be done for theories with the globally dynamical
Newton (16) and Planck constants (25). Namely (16) can be extended to
S [g, A, ν] =

Z

√
1
1
ν
d4 x −g − ν 2 R + (∂ν)2 + Fγσ F ?γσ − Vα (ν) ,
2
2
fα




(47)

where now ν is another frozen “axion”, which is constant on all solutions, while fα is some mass
scale and Vα (ν) is a corresponding potential. The presence of non-minimal coupling to gravity
breaks shift-symmetry. Thus, potential and the ensuing cosmological constant appear naturally
in this setup. This action is written in the Jordan frame and we remind the reader that the
standard Einstein-Hilbert term is absent. Connecting to (16) one notices that α = ν 2 , so that
the effective Newton constant is given by GN = 1/(8πν 2 ).
d

cf.34
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Completely analogously to the previous cases, one can extend (25) to
S [g, η, A, Φm ] =

Z

"

#

1
η2
η
d x −g
(∂η)2 − Vβ (η) + 2 Lm − Fµν F ?µν ,
2
Mm
fβ
4

√

(48)

where η is again a frozen “axion”, which is constant on all solutions. This frozen “axion” universally couples to the Lagrangian Lm of all other matter fields Φm . This coupling is quadratic,
as this is the lowest possible order which does not introduce ghosts. Due to this coupling the
shift-symmetry is broken. Hence, potential Vβ (η) with the corresponding cosmological constant
are naturally incorporated in this construction. The usual dimensions of η are restored by introducing two mass scales Mm and fβ . Here gravity is described by the standard Einstein-Hilbert
2 , so that the effective Newton constant
action. Connecting to (25) one notices that β = η 2 /Mm
2 while the effective Planck constant (34) is h̄
¯ = h̄M 2 /η 2 .
(28) is given by ḠN = GN η 2 /Mm
m
Finally, it is worth mentioning that combining (48) or (47) with the (46) provides an “axionic” setup for the vacuum energy sequestering25, 27 and brings it closer to the usual particle
physics models.
7

Conclusions

In8 we proposed theories where the effective Newton constant and Planck constants are global
dynamical degrees of freedom. In this proceeding we first presented scale-free or scale trivial
Einstein equations where the Newton constant is the constant of integration. In Section II we
recall covariant formulation of the unimodular gravity (UG) due to Henneaux and Teitelboim.7
In particular we stressed the presence of the unavoidable uncertainty relation which distinguishes
quasiclassical UG from GR. Then, in Section III and IV we presented two distinct extensions of
Henneaux and Teitelboim construction to describe global dynamics of GN and h̄, (16) and (25)
respectively. Extending,8 we derived new lower bounds on quantum fluctuations of effective
GN , see (22), (36) and (38) for effective h̄. Then, in Section V we discussed non-covariant
formulations of such theories: so-called “unimatter” (44) and “unicurvature” (42) gravities.
Finally, in Section VI we considered how one can embed covariant formulations of such theories
into axion and a confined Yang-Mills gauge theory.
There remain a lot of issues to understand better in such theories. In particular one can
mention: minisuperspace quantum cosmology; canonical analysis and quantization for axionic
construction; boundary terms and matching conditions; and finally global degrees of freedom
in the presence of horizons and more importantly close to the end-of-time singularities of GR.
It would be exciting, if quantum mechanics of such global degrees of freedom could solve the
global end/beginning of time problems in GR.
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Probing SMBH with LISA

Srija Chakraborty, Simona Gallerani
Scuola Normale Superiore,7 Piazza dei Cavalieri, Pisa 56126, Italy
We study hydrodynamical simulations of galaxy formation, based on the GADGET-3 code,
and investigate supermassive black hole binaries coalescence at 5.5 < z < 14 and the expected
gravitational waves emitted from the binary mergers for different AGN feedback models. A
fraction of the accreted rest-mass energy is radiated away by each black hole. A fraction
of this radiated energy is coupled to the surrounding gas as feedback energy. We consider
the cases of AGNfiducial feedback where the feedback energy is thermal, as well as kinetic
feedback,which includes AGNcone and AGNsphere,where in the former case the kinetic black
hole feedback is distributed inside bi-cone (45°half opening angle) and in latter the kinetic
feedback is distributed in sphere (90°half opening angle). We further consider the case in
which no AGN feedback is implemented in the simulation. We find the merger rate for the
kinetic feedback of the order between 100 to 1000 mergers per year for the chirpmass range
less than ∼ 106 M and for the thermal feedback model to be between 100 to 500 in the same
chirp mass range. We stress the comparisons to be made between simulations of same resolution: kinetic with Rsmooth = 1ckpc/h and thermal with Rsmooth =0.5 ckpc/h. For each model,
we estimate the expected characteristic strain of gravitational waves emitted by supermassive
black hole binary mergers, the time to coalesce, and the expected number of resolved events
and compare our predictions with the LISA sensitivity and resolution. We further investigate
the host galaxy properties for the events detectable by LISA and make predictions of the
electromagnetic counterparts expected events to be detected by other electromagnetic instruments operating along the proposed operational time of LISA and present a panoramic view
of merger events through different detectors.

1

Introduction

Quasar observations at redshift ∼ 6 shows that blackholes can attain masses of 2×109 M in less
than 0.7 Gyr. It is a point of active research how such high masses are attained in such short
time scales. One of the widely acclaimed model of supermassive blackhole seed formation is the
direct collapse black hole (DCBH) scenario which consists of pristine (metal-free), primordial
gas collapsing into “heavy” seeds. Blackholes grow by merging and accretion. Here we try to
predict the black hole binary mergers arising from such DCBH scenario to be seen by the Laser
Interferometry Space Antenna(LISA).
In this work we tried to answer the following question: how does different AGN feedback
models change the merger rates in each scenario and hence how can the different feedback
scenario be compared through observations of merger events by GW detection through LISA.
We also try to find the possibility of follow-up EM observations for the merger events for our
fiducial feedback model by calculating the host galaxy properties and comparing our results
with the different EM instruments specifications which has the potential of complementing
LISA observations.
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2

Simulations

We use Gadget-3 code to generate simulations of 2 different resolutions, with initial conditions
generated by MUSIC code: kinetic (Barai +2018 ,hereafter B18) with Rsmooth = 1ckpc/h and
thermal (Valentini +2021, hereafter V21) with Rsmooth =0.5 ckpc/h and for each resolutions we
generate two cases of AGN feedback: for kinetic we have spherical feedback(AGNsphere) where
kinetic AGN feedback is distributed isotropically and conical feedback(AGNcone) kinetic AGN
feedback is distributed within a bi-cone with an half-opening angle of 45 °and for the thermal
resolution scales we have thermal feedback where only thermal AGN feedback is considered
(AGNfiducial) and No AGN feedback scenario which is a control run where the BH feedback is
turned off. For each resolution for each scenario, we calculate the merger rates for different AGN
feedback scenario and compare it with existing literature.[Sesana+07,Hartwig et al.,+18] For a
fixed numerical resolution, it is possible to study the dependence of the number of mergers on
the feedback implemented. Fig. 1 further shows that in the the spherical feedback geometry the
number of merger is lowered by a factor of ∼10 with respect to the conical case.This is due to
the fact that in the AGNsphere feedback case the sound speed (cs ) is higher and the black hole
smoothing length is smaller as compared to the AGNcone case. However, at resolutions of V21,
we find that for low chirp masses (< 107 M ) merger rates for AGNfiducial (thermal) feedback
is higher than the no AGN feedback case but for masses (> 107 M ), this trend reverses. For
lower chirp mass, it is not unusual to observe gas sound speed (cs ) which can be higher when
the AGN feedback is not included because the scales over which the sound speed is computed
(i.e. the smoothing length of the black holes), the heating by accretion is dominant over the
heating by feedback.
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Figure 1 – Number of mergers per unit redshift per unit time for 3 chirp mass ranges and one including all chirp
masses for AGNsphere feedback, AGNcone feedback (kinetic), AGNfiducial feedback, no AGN feedback (thermal).
For Mchirp < 106 M , models from Hartwig +2018 and Sesana +2007 are plotted for comparison.
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3

SNR and Angular resolution

We compute various GW observables such as coalescence time, characteristic strains as well as
predict the SNR accumulated through the MBHB life in the LISA band for each merger in every
resolution and each feedback mechanisms. We find for a given resolution and feedback channel
fixed redshift, the SNR is higher for sources with lower chirp mass because low mass binaries
merge slower, so stays in LISA band for longer time and hence accumulates more SNR over its
lifetime. Different resolutions are distingushable at the same (low) redshift for the same (low)
SNR as the corresponding chirp masses are for B18 are higher than V20 by a factor of at least
10 we find the results as shown in fig 2.

Figure 2 – Signal-to-noise ratio of mergers for the four feedback cases of simulations.The filled circles represents
the actual detected events and the undetected events are represented by the empty circles where the threshold of
detectability has been set to SNR=10

4

Complementary EM observations

We associate each MBHB merger event with a host galaxy using distance constraint and for
each LISA-detectable MBHB merger event, we compute the ultra violet, far infrared, X-ray
observational properties resulting both from stellar and AGN activity within the host galaxy.
We show the UV, FIR and X-ray maps for the case of a bright (MU V ≥ −21, LF IR ≥ 1012 L ,
LX ≥ 108 L ) LISA detectable 106 M black hole, formed by the coalescence of two z ∼ 6.5
MBHs (106 M with 2 × 105 M ). We find that although some of the MBHB merger events
detected by LISA will be at the reach of observatories at different wavelengths (ALMA, JWST,
LSST, Roman, Rubin, AXIS, Lynx) the identification of the GW event with its EM counterpart
will be challenging, as a consequence of the LISA low precision in the spatial localization of GW
signals (10 − 1000deg2 ).
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5

Summary

We explored the possibility of detecting SMBH-progenitors with LISA through the GW emission due to 106 M MBHBs. At z ∼ 6.5, we expect to detect tens/year of these sources.
We furthermore consider the possibility of characterizing SN R > 10 (detectable) LISA events
through their EM counterparts: although the expected signals are at reach of current and future
multi-wavelength observatories, the identification of a GW event with its EM counterpart will
be challenging, as a consequence of the LISA low precision in the spatial localization of GW
signals (10deg2 at best).
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I briefly discuss recent results of numerical simulations addressing the generation of a cosmological gravitational wave background produced by turbulence sources in the early universe.
Contribution to the 2021 Gravitation session of the 55th Rencontres de Moriond.

1

Introduction

The field of gravitational astronomy is in a period of blossoming. Starting in 2015 with the
first detected gravitational wave event GW150914, the LIGO-Virgo collaboration has recently
released the first half of the third observing run O3a, with 39 new observed events, amounting
to a total of 50 detected events.1 In the 1–100 nHz regime, pulsar-timing arrays (PTA) seek to
detect GWs by monitoring the time-delay signals of an array of millisecond pulsars.
Recently, it has been reported by the North American Nanohertz Observatory for Gravitational Waves (NANOGrav) after 12.5 years of observation a common-spectrum process, although
the statistical significance of a quadrupolar correlation, as expected for GW signals, is still not
conclusive.2 Even though most of the current applications focus on astrophysical events, cosmological applications are becoming more relevant, and space-based GW detectors, such as the
Laser Interferometer Space Antenna (LISA), PTA and CMB anisotropies might even allow us
to explore the first moments of the history of our Universe. Many sources of GWs in the early
universe have been proposed, and how to disentangle the different contributions is a complicated
problem that requires a lot of work from the GW community in the years to come. An interesting source of GWs in the early universe corresponds to turbulence, which can be generated
by violent events, such as first-order cosmological phase transitions or by primordial magnetic
fields due to the high conductivity of the primordial plasma producing magnetohydrodynamic
(MHD) turbulence. Previous analytic estimates have suggested that turbulence generated at
the electroweak phase transition (EWPT) can produce GWs that can be detected by LISA.3,4
Although semi-analytical models of MHD turbulence have been used to predict the GW
spectral shape,5 the highly non-linear dynamical evolution of MHD turbulence requires the use
of numerical simulations.
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I present an overview of the status of such simulations and a discussion of some of the latest
relevant results.
2

Magnetohydrodynamic turbulence and GW production

The stress tensor that leads to GW production is sourced by velocity and magnetic fields,
Tij = (p/c2 + ρ)γ 2 ui uj − Bi Bj + δij B 2 /2,

(1)

where we have neglected electric fields due to the high conductivity of the early universe during the radiation-dominated era. The magnetohydrodynamic (MHD) conservation laws on an
isotropic and homogeneous universe described by the Friedmann-Lemaı̂tre-Robertson-Walker
(FLRW) metric tensor, with a radiation equation of state p = ρ/3, are

4
1
(∇j uj + uj ∇j ln ρ) +
uj εjmn Jm Bn + ηJ 2 ,
3
ρ

1
ui
Dt ui = ui (∇j uj + uj ∇j ln ρ) −
uj εjmn Jm Bn + ηJ 2
3
ρ
1
3
2
− ∇i ln ρ + εimn Jm Bn + ∇j ρνSij + Fi ,
4
4ρ
ρ
∂t Bi = εimn ∇m (εnpq up Bq − ηJn + En ) ,

∂t ln ρ = −

(2)

(3)
(4)

where the magnetic and density fields are expressed in units normalized by the radiation energy
density at the time of turbulence generation, and are comoving with the Universe expansion, and
the time is normalised to the initial conformal time of turbulence generation.6,7,8,9 We consider
two main sources of turbulence in the early universe:
1. Hydrodynamic turbulence induced by a first-order phase transition.
2. Primordial magnetic fields that are produced or present at or during a phase transition.
The turbulence is characterized by the spectral peak k∗ of the sourcing (velocity or magnetic)
field. The scale k∗ of the turbulence is comoving and normalized by the Hubble scale H∗ at the
time of generation. Physically motivated values of k∗ are about 100 for the EWPT10 and 10 for
the QCD phase transition.11 We consider the initial energy density of the turbulent source to be a
fraction of the radiation energy density at the time of generation that cannot exceed 10% due to
the Big Bang nucleosynthesis limit.12 In the case of magnetic fields, Fermi observations of blazar
spectra give lower limits on the magnetic field amplitudes present in cosmic voids.13 Assuming
that these fields have evolved from cosmological seeds allows us to impose lower bounds on
primordial magnetic fields that have been generated at some early cosmological epoch. The
presence of partial helicity seems to be required to explain the observed lower bounds at very
large scales if the magnetic field is produced at the electroweak scale.7
The tensor-mode perturbations hphys
above the FLRW background are described by the GW
ij
equation. For anisotropic sources, it reads14,15

∂t2 − ∇2 hij = 6TijTT /t,

(5)

for scaled strains hij = ahphys
ij , comoving coordinates and stress tensor components, and conformal time. We have used a normalization appropriate for numerical simulations,8,9 and TT
corresponds to the traceless-transverse projection.
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3

Numerical results

The set of partial differential equations given in the previous section can be computed by performing numerical simulations, in which we solve the MHD equations for the stress tensor, Tij ,
and then compute the resulting GW radiation, sourced by its TT projection. The open-source
Pencil Code16 contains a module for GW computations that has been recently added,8 and
that is being used in recent studies of GWs sourced by early-universe turbulence.9,17,18,19,20,21
Different turbulent scenarios can be considered to model the initial magnetic or velocity fields.9
1. Turbulent primordial magnetic fields present at the phase transition with a characteristic
scale given as a fraction of the Hubble scale. When the EWPT is considered, the resulting
spectrum peaks around the maximum LISA sensitivity when k∗ ∼ 2π × 100, and we reach
PTA sensitivities when the characteristic scale is comparable to the horizon of the QCD
phase transition.
2. Magnetic or velocity fields sourced during a short period of time (∼ 0.1H∗−1 ) via a forcing
term introduced in the induction or the momentum equations, respectively. The resulting
GW production is enhanced,9,17 and hence the prospects of detectability are improved.
The results show that acoustic turbulence (from velocity fields) is more efficient in producing GW than vortical turbulence (both from magnetic and velocity fields),9 as it had
been previously computed numerically for sound waves.23
In both cases, the GW is generated in a very short amount of time (δt ∼ 1/k∗ ) after the energy of
the source has reached its maximum value. The time evolution of the small wave number modes
of GW energy density shows a time increase proportional to δt2 at earlier times. Following such
time evolution of the different modes, the subinertial range of the GW spectrum (with spectral
peak kGW = 2k∗ , due to being sourced by the convoluted magnetic and/or velocity fields)
presents ΩGW ∼ k spectrum below the peak down to scales of the order of the Hubble scale.
Previous analytical estimates predicted ΩGW ∼ k 3 spectrum below the peak, so this is a novel
result of the numerical simulations.9 Slightly different power laws can be observed depending on
the specific dynamics18,19,20,21 and the specific description is still on-going work. Longer times
of forcing have been considered,17 as well as magnetic fields produced by the chiral magnetic
effect.20 The effects of non-Gaussian turbulent fields (potentially produced by the dynamical
MHD evolution) can also alter the slopes of the stress and the resulting GW spectra.19,24 The
k 3 power law is observed to appear at short times9 while the GW amplitude is growing and
it is expected to be kept at super-horizon scales due to causality. However, simulations that
include super-horizon scales and characteristic scales require a very large dynamical range and
are challenging. In general, vortical sources with a total energy density of 1-10% of the radiation
energy can source GW signals detectable by LISA with a signal-to-noise ratio (SNR) of 10.9
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Figure 1 – GW spectrum for initial turbulent magnetic fields (left) and for velocity and magnetic turbulent fields
produced by shortly forcing the MHD equations (right). The GW signal is assumed to be generated at the
electroweak phase transition, and compared to the power law sensitivity of LISA using a SNR of 10 and 4 years
of mission duration.22 The exact parameters of each run can be found in Roper Pol et al. 2021.9
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Parity-odd violating processes during the early universe lead to circularly polarized GW
signals. The degree of circular polarization can be computed from the results of the numerical
simulations and it has recently been studied numerically in the case of stationary turbulence17
The detection of polarization using the dipolar response of LISA induced by our proper motion25
or combining LISA and other space-based GW detectors, e.g., TianQin,26 from different turbulent
sources using numerical simulations is on-going work by the author and collaborators.
Following the recently reported detections by NANOGrav,2 the possibility that it corresponds
to a primordial magnetic field produced at the QCD phase transition, with a characteristic scale
of k∗ ∼ 10 has been proposed.20,27 Moreover, if the magnetic field is non-helical, the amplitude
and coherence scales at recombination are compatible with those recently proposed to relieve the
Hubble tension.28 This is a topic currently under investigation by the author and collaborators.
Note, however, that the NANOGrav observations cannot be confirmed yet to correspond to a
GW signal.
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Figure 2 – Helical GW spectrum produced by primordial kinetic fields (left) and magnetic fields (right) from the
electroweak phase transition using the numerical results of Kahniashvili et al. 202117 compared to the power law
sensitivities computed from the proposed methods to detect a polarized signal with LISA25 and by combining
LISA and Taiji.26 A range of fractional helicities of the primordial field ε = 2σ/(1 + σ 2 ) and different types of
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4

Conclusions

The new era of gravitational astronomy is at its beginning stage, and it has already led to
great discoveries, challenging our understanding on astrophysics. Future detections will keep
providing us with new information of our Universe, and with new challenges, even at scales that
are not accessible to traditional astronomy. One of the many cosmological sources of GWs is
MHD turbulence. The numerical implementation of a GW module within the Pencil Code
has been shown to be very useful as a tool to compute GW signals produced at the early
universe, which combined with analytical calculations, can shed light into our understanding
of the spectral shape of cosmological GW backgrounds. It is particularly useful to address
the turbulence dynamics of the velocity and/or magnetic fields, which required a case-specific
turbulence modelling in previous analytical calculations. The GW spectral shape highly depends
on the mechanism of turbulence, and the range of possible characteristic turbulent scales and
sourcing amplitudes can be explored using numerical simulations. The resulting GW signals
produced by MHD turbulence at the EWPT are potentially detectable by future space-based
GW detector LISA, and a novel ΩGW ∼ f spectrum that extends from the Hubble scale to the
frequency corresponding to twice the characteristic sourcing scale, has been shown to appear
while the turbulence source is acting, in time scales related to the turbulence scale. If the
recent PTA observations are proven to be produced by a background of gravitational waves, this
would be consistent with the presence of primordial magnetic fields at the QCD phase transition

164

with a characteristic scale near the horizon, and could also be compatible with the presence of
primordial magnetic fields at recombination. The latter have been proposed to be able to relieve
the Hubble tension. The detection of such GW signals would provide clean information on the
turbulence sources of the GW spectrum, e.g., primordial magnetic fields (that could explain the
current observations of magnetic fields at cosmic void scales) or velocity fields induced by the
expansion of first-order phase transition bubbles, among other sources. The potential detection
of the circular polarization of GWs by LISA (or by combining the results from LISA and an
additional space-based GW detector, e.g., TianQin) can provide us with information of parityviolation processes in the early-universe, which can be related to, for example, the presence of
helicity in magnetic fields at later times and to electroweak baryogenesis.
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The Cosmic Merger Rate Density of Compact Binaries

Filippo Santoliquido
Department of Physics and Astronomy, University of Padova, Vicolo dell’Osservatorio 3,
35141, Padova, Italy
With the recent publication of the second gravitational wave transient catalog by the LIGOVirgo collaboration (LVC), the number of binary compact object mergers has risen dramatically, from a dozen to ∼ 50 events. From these detections, the LVC inferred the merger rate
density in the local Universe. It is then of foremost importance to compare the merger rate
density predicted by different astrophysical models with the value inferred by the LVC. I will
present a semi-analytic model that evaluates the cosmic merge rate density, by taking into
account the cosmic star formation rate density and the metallicity evolution of stars across
cosmic time. These are then combined with catalogs of merging compact binaries. I will
show that by propagating the uncertainties of the metallicity evolution model on the merger
rate density, the binary black hole merger rate can change by one order of magnitude within
50% credible interval. I also explored the impact of various binary evolution processes on
the merger rate density. For example, when I vary the common envelope ejection efficiency
parameter from αCE =7 to 0.5, the local merger rate density of binary neutron stars varies
from 103 to 20 Gpc−3 yr−1 , whereas the local merger rates of binary black holes and black
hole - neutron star binaries vary just by a factor of ∼2-3.

1

Introduction

The detection of gravitational waves represents a new way of observing the Universe. The
LIGO-Virgo collaboration has recently published the second gravitational-wave transient catalog
(GWTC-2)1 .
This catalog includes the first half of the third observing run (O3a) which contributes to
enlarge the population of confirmed compact object mergers. We can now rely on ∼ 47 binary
black holes (BBH) mergers and 2 binary neutron star (BNS) mergers. From this population of
detected binaries, the LIGO-Virgo collaboration is able to infer the merger rate density in the
local Universe. The BBH merger rate density inside the 90% credible interval is estimated to be
+54
−3 yr−1 (R
−3 yr−1 ) if we exclude (include) the event
RBBH = 23.9+14.9
BBH = 58−29 Gpc
−8.6 Gpc
1
−3 yr−1 .
GW190814 . The local BNS merger rate density is inferred to be RBNS = 320+490
−240 Gpc
It is then of foremost importance to create the theoretical background of the cosmic evolution
of compact binaries. I developed a semi-analytic model that evaluates the cosmic merger rate
density by combining the observed star formation rate (SFR) density2 and a metallicity evolution
model 3,4 with catalogs of compact binaries obtained through various astrophysical models.
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2

Methods

We use catalogs of isolated compact binaries from our population-synthesis code mobse a 5,6 .
Binary evolution processes are implemented as described in Hurley et al. 2002 7 and Santoliquido
et al. 2020, 2021 8,9 . In this work, we assume that the common envelope (CE) ejection efficiency
parameter, αCE , can assume values from 0.5 and 10.
We used this catalog of merging compact binaries to evaluate the cosmic merger rate density.
The model has been already described in Santoliquido et al. 2020, 2021 8,9 . Here we summarize
the main aspects. The merger rate density as a function of redshift is given by the following
equation:
Z z

Z
d
dtlb (z 0 ) 0 Zmax
0
R(z) =
ψ(z 0 )
dz
η(Z)
F(z
,
z,
Z)
dZ
,
(1)
dtlb (z) zmax
dz 0
Zmin
where tlb (z) is the look-back time at redshift z, Zmin and Zmax are the minimum and maximum
metallicity, ψ(z 0 ) is the cosmic SFR density2 at redshift z 0 , F(z 0 , z, Z) is the fraction of compact
binaries that form at redshift z 0 from stars with metallicity Z and merge at redshift z, and η(Z)
is the merger efficiency 10,11,12 . The maximum considered redshift in equation 1 is zmax = 15.
We performed 2 × 103 realizations of equation 1 per each astrophysical model. In each
realization, we randomly draw the normalization value of the SFR density, and the intercept
(a) and the slope (b) of the average metallicity4,3 from three Gaussian distributions with mean
(standard deviation) equal to log ψ(0) = −2 (σlog ψ = 0.2), a = 1.04 (σa = 0.14) and b = −0.24
(σb = 0.14), respectively.
3

Results and Conclusions

In figure 1 (left panel) we see the propagation of cosmological observational uncertainties on the
merger rate density R(z) as a function of redshift. We see that the merger rate density of BBHs
is heavily affected by the uncertainty of metallicity evolution. In contrast, the uncertainty of
BNS merger rate density is much smaller in general; and it is dominated by the uncertainty on
the star formation rate density normalization.
Figure 1 (right panel) shows the impact of different αCE values on the merger rate density.
The BNS merger rate density is up to two orders of magnitude higher for large values of αCE
than for low values. In the local Universe, RBBH (z) changes by a factor of 2 − 3 if we change
αCE . The merger rate density of BHNSs follows an evolution similar to that of BBHs: lower
values of αCE give higher merger rates and the difference between models with different αCE is
only a factor of ∼ 2 in the local Universe.
We investigated the cosmic merger rate density evolution of compact binaries, by exploring
the main sources of uncertainty. The parameter αCE , quantifying the efficiency of CE ejection,
is one of the main sources of uncertainty. We have also investigated the effect of observational
uncertainties on the cosmic SFR and on metallicity evolution. RBNS (z) is not significantly
affected by metallicity evolution. In contrast, the metallicity evolution has a tremendous impact
on the merger rate density of BBHs. In summary, the uncertainties on both cosmic metallicity
and binary evolution processes substantially affect the merger rate of BBHs and BHNSs.
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Figure 1 – Evolution of the merger rate density R(z) for BBHs (top), BHNSs (center) and BNSs (bottom) in the
comoving frame, as a function of the look-back time (lower x−axis) and of the redshift (upper x−axis). On the
left-hand panel, we show the uncertainties given from SFR and metallicity evolution. The contour areas represent
50% of different realizations (between the 25% and 75% percentile), while the thick solid line is the median. To
obtain the hatched area (with vertical lines), we varied only the slope and intercept of the metallicity fit. To
derive the shaded area we varied only the SFR density normalization ψ(0). On the right-hand panel, we show
the merger rate density for various αCE from 0.5 (model α0.5) to 10 (model α10). For BHNSs the gray shaded
area shows the 90% credible interval of the local merger rate density, as inferred from the first two observing runs
of the LVC 13,14 . The shaded gray areas in the upper panel show the local BBH merger rate density inferred
including all O1, O2 and O3a events 1 . In particular, the hatched dark-gray and the shaded gray areas show the
90% credible interval calculated including and excluding GW190814-like events, respectively. The gray shaded
area in the lower panel shows the 90% credible interval of the local BNS merger rate density 1 . The width of the
shaded areas on the x−axis corresponds to the instrumental horizon obtained by assuming BBHs, BHNS, BNSs
of mass (10 + 10), (1.4 − 5) and (1.4 − 1.4) M respectively and O2 sensitivity 15 . Right y−axis and gray solid
thin line: SFR density evolution.
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Implications for first-order cosmological phase transitions from the third
LIGO-Virgo observing run 1

A. Romero-Rodrı́guez
Institut de Fı́sica d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, E-08193
Barcelona, Spain

We place constraints on the normalised energy density in gravitational waves from first-order
strong phase transitions using data from LIGO and Virgo’s first, second and third observing
runs. First, adopting a broken power law model, we place 95% confidence level upper limits
simultaneously on the gravitational-wave energy density at 25 Hz from unresolved compact
binary mergers, Ωcbc < 6.1×10−9 , and strong first-order phase transitions, Ωbpl < 4.4×10−9 .
The inclusion of the former is necessary since we expect this astrophysical signal to be the
foreground of any detected spectrum. We then consider two more complex phenomenological
models, limiting at 25 Hz the gravitational-wave background due to bubble collisions to Ωpt <
5.0 × 10−9 and the background due to sound waves to Ωpt < 5.8 × 10−9 at 95% confidence
level for phase transitions occurring at temperatures above 108 GeV. This work has recently
been published 1 .

1

Stochastic gravitational wave background from Phase Transitions

In a First Order Phase Transition (FOPT), it is well established that gravitational waves(GWs)
can be produced by mainly three sources: bubble collisions, sound waves, and magnetohydrodynamic turbulence 2,3 . The GW thus produced is a Stochastic gravitational wave background
(SGWB), described by the energy density spectrum: Ωgw (f ) = dρgw /(ρc d ln f ) with ρc the
present critical energy density ρc = 3c2 H02 /(8πG), ρgw the density of gravitational waves and f
the frequency. Each spectrum can be well approximated by a broken power law, with its peak
frequency determined by the typical length scale at the transition, the mean bubble separation
Rpt which is related to the inverse time duration of the transition β, and also by the amount
of redshifting determined by Tpt and the cosmic history. The amplitude of each contribution
is largely determined by the energy released normalized by the radiation energy density α, its
fraction going into the corresponding source and the bubble wall velocity vw . Here we do not
consider the contribution from magnetohydrodynamic turbulence as it always happens together
with sound waves and is subdominant. The dominant source for GW production in a thermal
transition, as most commonly encountered in the early universe, is the sound waves in the plasma
induced by the coupling between the scalar field and the thermal bath 5 . We use the spectrum
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from numerical simulations:
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Hpt
κsw α 2 100 1/3
f 3
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Ωsw (f )h2 = 2.65 × 10−6
× vw
Υ(τsw ) ,
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1+α
g∗
fsw
4 + 3(f /fsw )2
where κsw is the fraction of vacuum energy converted into the kinetic energy of the bulk flow,
a function of vw and α 6 ; Hpt is the Hubble parameter at Tpt ; g∗ is the number of relativistic
degrees of freedom, chosen to be 100 in our analysis; h is the dimensionless Hubble parameter;
fsw is the present peak frequency,



Tpt
1
β
g∗  16
fsw = 19
µHz,
(2)
vw Hpt
100GeV
100
and Υ = 1 − (1 + 2τsw Hpt )−1/2 which is a suppression factor due to the finite lifetime 7 , τsw ,
of sound waves. τsw is typically smaller than a Hubble time unit and is usually chosen to
be the timescale for the onset of turbulence 4 , τsw ≈ Rpt /Ūf , with Rpt = (8π)1/3 vw /β for an
exponential nucleation of bubbles 7 , and Ūf2 = 3κsw α/[4(1 + α)] 4 .
When sound waves, and thus also magnetohydrodynamic turbulence, are highly suppressed
or absent, bubble collisions can become dominant, e.g., for a FOPT in vacuum of a dark sector
which has no or very weak interactions with the standard plasma. The resulting GW spectrum
can be well modelled with the envelope approximation 8 , which assumes infinitely thin bubble
wall and neglects the contribution from overlapping bubble segments. In the low-frequency
regime, Ωgw ∝ f 3 from causality 9 , and for high-frequencies Ωgw ∝ f −1 due to the dominant
single bubble contribution as revealed by the analytical calculation 10 .The spectrum is 10,4 :
Ωcoll (f )h2 = 1.67 × 10−5 ∆



Hpt
β

2 

κφ α
1+α

2


×

100
g∗

1/3
Senv (f ),

(3)

where κφ = ρφ /ρvac denotes the fraction of vacuum energy converted into gradient energy of the
3 /(1 + 5.3v 2 + 5v 4 ) and the spectral shape is
scalar field. The amplitude ∆ is ∆(vw ) = 0.48vw
w
w
Senv = 1/(cl f˜−3 + (1 − cl − ch )f˜−1 + ch f˜) where cl = 0.064, ch = 0.48 and f˜ = f /fenv with
fenv the present peak frequency




Tpt
fbc
β
g∗  16
fenv = 16.5
µHz,
(4)
β
Hpt
100GeV
100
4 ). More
and fbc the peak frequency right after the transition fbc = 0.35β/(1 + 0.069vw + 0.69vw
recent simulations going beyond the envelope approximation show a steeper shape f −1.5 for
high-frequencies, and it also varies from f −1.4 to f −2.3 as the wall thickness increases.

2

Data analysis

Here we take two analysis approaches. First, we consider an approximated broken power law
including main features of the shape and its peak. We then consider the phenomenological
models (Eqs. (1) and (3)), for contributions from bubble collisions and sound waves.
I. Broken power law model. The spectrum can be approximated by a broken power law (bpl) as
Ωbpl (f ) = Ω∗

 f n1
f∗

"
1+

 f ∆
f∗

#(n2 −n1 )/∆
.

(5)

Here n1 = 3, from causality, and n2 takes the values −4 and −1, for sound waves and bubble
collisions, respectively. We fix the n1 parameter in our search, but we let n2 vary uniformly
between -8 and 0, allowing for the values motivated by both contributions. The value for ∆
is set to 2 for sound waves and 4 for approximating bubble collisions. We follow V. Mandic
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(1)

et al. approach 11 to perform a Bayesian search and model selection. In addition to a search
for the broken power law, we undertake a study on simultaneous estimation of a Compact
Binary Coalescence (CBC) background and a broken power law background, because current
estimates of the CBC background 12 show it as a non-negligible component of any SGWB
signal. The search for an isotropic stochastic signal shows no evidence of correlated magnetic
noise, and a pure Gaussian noise model is still preferred by the data 12 . Therefore, here, a
contribution from Schumann resonances 15 is neglected. The CBC spectrum is modelled as
Ωcbc = Ωref (f /fref )2/3 , with fref = 25 Hz. We consider three separate scenarios: contributions
from unresolved CBC sources, with parameters θgw = (Ωref ); broken power law contributions,
with θgw = (Ω∗ , f∗ , n2 ); and the combination of CBC and broken power law contributions,
for which θgw = (Ωref , Ω∗ , f∗ , n2 ). The priors considered in the analysis cover all the physics
motivated parameter space (see. Ref 1 ).
II. Phenomenological model. Two scenarios are considered, corresponding to dominant contributions from bubble collisions or sound waves, respectively, following an approach similar
to that by B. Von Harling et al. 17 . The analysis procedure follows closely that of the broken
power law search, with θgw = (Ωref , α, β/Hpt , Tpt ) including CBC background Ωcbc , and Ωgw
from bubble collisions and sound waves described by Eqs. (3) and (1), respectively. For bubble
collisions, vw and κφ are set to unity. The remaining model parameters are varied in the ranges
specified in Ref. 1 . For sound waves, we initially set vw = 1, and then explore different values
for vw in the range (0.7 - 1.0), corresponding to various detonation and hybrid modes of fluid
velocity profile 6 . The rest of the parameters are varied as in the case of bubble collisions.
3

Results

I. Broken power law model. In Fig. 1(a) we present posterior distributions of parameters in the
cbc+bpl
combined CBC and BPL search. The Bayes factor is log Bnoise
= −1.4, demonstrating no
evidence of such a signal in the data from the three observing runs. The 2-d posterior of Ωref
and Ω∗ allows us to place simultaneous estimates on the amplitudes of the two spectra. The
95% confidence level (CL) upper limits are Ωref = 6.1 × 10−9 and Ω∗ = 5.6 × 10−7 , respectively.
If we take individual posterior samples of Ω∗ , f∗ and n2 from Fig. 1(a), and combine them to
construct a posterior of Ωbpl , we estimate at 95% CL Ωbpl (25 Hz) = 4.4 × 10−9 . The width of
the n2 posterior suggests no preference for a particular value by the data, and we are unable to
rule out any part of the parameter space at this time.
II. Phenomenological model. We now estimate 95% CL upper limits on Ωcoll and Ωsw from
bubble collisions and sound waves respectively. The Bayesian analysis is repeated separately for
cbc+coll
Ωcoll and Ωsw contributions, with priors stated in Ref. 1 , leading to Bayes factors log Bnoise
=
cbc+sw
-0.74 and log Bnoise
= -0.66, respectively. In Fig. 1(b) we present exclusion regions as a function
of the different parameters of the CBC+FOPT model, now under the assumption that contributions from bubble collisions dominate, with vw = 1 and κφ = 1. In general, with the chosen
prior, the data can exclude part of the parameter space at 95% CL, especially when Tpt > 108
GeV, α > 1, or β/Hpt < 1. Similarly, in Fig. 1(c) we present the results for the CBC+FOPT
hypothesis in which the sound waves dominate with vw = 1 and κsw a function of vw and α. The
Bayesian analysis shows sensitivity at large values of α and Tpt , but does not exclude regions in
the parameter space at 95% CL. The analysis is then performed for given values of β/Hpt and
Tpt leaving α as a free parameter. As a result, a 95% CL upper limit on Ωsw (25 Hz) of 5.9 × 10−9
is obtained for β/Hpt < 1 and Tpt > 108 GeV. The analysis is repeated for models with reduced
velocities of vw = 0.9, vw = 0.8, and vw = 0.7, with an upper limit Ωref ≈ 5.9 × 10−9 , with no
significant vw dependence. In all studied cases, the models with reduced vw lead to significantly
lower sound waves predicted energy densities, and with no 95% CL exclusions. The results
indicate the importance of using LIGO-Virgo GW data to place constraints on new phenomena
related to strong FOPTs in the early universe.
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Figure 1: Posterior distributions for the different CBC+FOPT searches. The 68% and 95% CL
exclusion contours are shown. The horizontal dashed line in the posteriors indicates the flat
priors used in the analysis.
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Searches for compact binary coalescence events using neural networks in
LIGO/Virgo second observation period
A. Menéndez-Vázquez
Institut de Fı́sica d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, E-08193
Barcelona, Spain

We present results on the search for the coalescence of compact binary mergers using convolutional neural networks and the LIGO/Virgo data, corresponding to the O2 observation period.
Two-dimensional images in time and frequency are used as input, and two sets of neural networks are trained separately for low mass (0.2 - 2.0M ) and high mass (25 - 100M ) compact
binary coalescence events. We explored neural networks trained with input information from
a single or a pair of interferometers, indicating that the use of information from pairs leads
to an improved performance. A scan over the full O2 data set using the convolutional neural networks for detection demonstrates that the performance is compatible with that from
canonical pipelines using matched filtering techniques. No additional events with significant
signal-to-noise ratio are found in the O2 data.

1

Introduction

Since the detection of a gravitational wave (GW) in 2015 a new era of gravitational wave
astronomy has opened. This was confirmed with the detection of up to 11 events at the end
of the second observation run (O2). Additional 39 events were recently reported corresponding
to the first part of the third observation run (O3), for a total of 50 events 1 . The LIGO and
Virgo Collaborations use matched-filtering techniques to extract the events from the much larger
background. The presence of a distinct chirp-like shape in the CBC events, when represented
in spectrograms showing the signal in frequency-time domain, makes the use of a convolutional
neural network (CNN) a valid alternative suitable for GW detection. In this poster, we focus
on the detection of CBC events with either very low (0.2 − 2M ) or very high (25 − 100M )
mass ranges, and explore a CNN based on a ResNet50 architecture that has shown to give good
results in image classification.
2

Data preparation

The study 2 uses the O2 open data 3 from LIGO-Livingston (L1), LIGO-Hanford (H1) and Virgo
(V1) interferometers with 4096 Hz sampling rate. A fraction of the data, 7.4 days in each

175

interferometer, is used for constructing background and background plus injected signal images
for the purposes of the CNN training. The resulting total number of images are enough for
an adequate training of the network. Special precaution was taken in the preparation of the
background images to avoid including any of the identified GWs events in O2, as collected in
the O2 catalog.
Waveforms for GW signals are generated using the IMRPhenomPv2 model and combined
with data segments from the different interferometers, after taking into account the proper
relative orientations, times of arrival and antenna factors. In the case of the low mass CBC
regime, masses in the range between 0.2 - 2.0 M are considered for the two compact objects
in the binary system, and the corresponding luminosity distance DL is limited to nearby events
in the range 1 - 50 Mpcs. In the case of high mass regime, signals with masses in the range
between 25 and 100 M and DL in the range between 100 and 1000 Mpcs are considered.
Other parameters related to the position in the sky and orientation of the source are taken as
homogeneously distributed. This finally results in a signal grid with O(250000) different signals.
The injected signals are limited to a fixed maximum duration of five seconds computed backward
from the merger time. A low frequency threshold of 80 Hz (20 Hz) is applied for the low-mass
(high-mass) signal grid, in order to control the duration of the injected signal. Finally, the
signals are randomly placed within the five-seconds window.
Once the GW signals are injected in the different L1, H1 and V1 background data segments,
the data are processed. First, the data are whitened following the same prescription as in Ref. 4 .
Secondly, two-dimensional arrays holding spectrogram data are produced using Q-transforms
with 400 bins in time and 100 bins in frequency.
In the low mass regime, and after taking into account the distance and the antenna factors
for the detection, the strength of the GW signal is such that it often becomes invisible in the
images and constitutes a challenge for the CNN training. Hence, to avoid a potential bias, we
limit the signal injections to those events for which the effective distance Deff , defined as
DL
Deff = q
,
(1 + cos2 (l))2 F+2 /4 + cos2 (l) F×2

(1)

is smaller than 60 Mpcs, where l denotes the inclination angle, and F+ and F× are the antenna
factors for the interferometer corresponding to the two GW polarizations.
3

Neural network definition and training

We adopted a deep CNN ResNet-50 with a 50-layer architecture. A total of 128000 images per
interferometer are used, evenly divided into background-only and background+signal. About
63% of the sample is devoted for training, whereas a 7% and a 30% are used for validation and
testing, respectively.
We first explored training three separate CNNs for L1, H1 an V1 data. For a number of
epochs greater than five, the three CNNs reach stability. In the low-mass range and for the
case of L1 and H1, a validation accuracy of the order of 88% is obtained. The V1 accuracy is
smaller and a value around 75% is reached. In the high mass range, the CNNs present a better
performance, to large extent attributed to the larger signal strain. The CNNs for L1, H1 and
V1 show a validation accuracy of about 96%, 92%, and 82%. Altogether, these variations reflect
the differences in sensitivity across interferometers.
The performance of the CNNs can be improved by including the information of pairs of
interferometers during the training process. In this way, the CNN learns about the correlations
between images in two different channels when the signal is present. The inclusion of the V1
information does not translate into a significant improvement, whereas the L1-H1 combination
leads to a slightly better performance of the CNN.
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An example of the discriminant of the neural networks can be seen in figure 1. More results
are collected in 2 .

Figure 1 – CNN discriminating outputs corresponding to the H1-L1 case for background and signal images

in the case of (left) low mass and (right) high mass ranges. The dashed-dotted lines indicate the threshold
used to identify the signal events.

4

Injection tests

In order to determine the performance of the CNNs, injection studies of GW signals with given
signal-to-noise ratios (ρ) are performed. The study is carried out separately for low and high
mass ranges, in which masses and distances are injected following a homogeneous probability
distribution.
For each GW signal, the value for ρ is computed by solving the integral
ρ2 =

Z fmax

df |h(f )2 |/Sn (f ),

(2)

fmin

in the frequency domain (f ), where |h(f )2 | denotes the signal and Sn (f ) is the power spectral
density of the background. The signal templates are then re-scaled to targeted values ρT by
multiplying the amplitude of the signal by the ratio ρT /ρ.
In the case of the high mass range, the L1-H1 CNN provides the best results with an efficiency
for selection of about 80% for ρT = 6, becoming fully efficient for ρT = 8. The other CNNs
involving Virgo performed differently but also become fully efficient around ρT = 8. In the
case of the low mass range, the differences among CNNs become more evident, with L1-H1 still
providing the best performance with an 80% efficiency for ρT = 12, becoming fully efficient for
ρT = 16.
5

Results

The low mass and high mass CNNs were used to search for candidate events in the O1 and
O2 data. A majority of the events were properly identified by at least one of the CNNs. In
particular, the GW170817 event, corresponding to the NS-NS event, was identified by the lowmass CNN, whereas the rest of the events in the catalog that were identified, corresponding to
BH-BH events, triggered the high mass CNN. The events for which none of the CNNs detected
the signal correspond to events with masses outside the ranges considered for the training.
We then performed a scan of the full O2 data set, for which a slicing window of five seconds
duration was used in steps of 2.5 seconds (leading to a 50% overlap between consecutive images)
in each of the interferometers. In the case of the L1-H1, more than four million images are
tested for the presence of potential signals. For H1-V1 and L1-V1, data are reduced to about
584 thousand and 601 thousand images, respectively, as dictated by the limited duration of the
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Table 1: Summary of the CNN response to the O1+O2 catalog events.
CNNs response to O1+O2
low mass
Event
CNN Detected
value
(Y/N)
GW170104
0.001
N
GW170608
0.02
N
GW170729
0.1
N
GW170809
0.15
N
GW170814
0.01
N
GW170817
1.0
Y
GW170818
0.003
N
GW170823
0.05
N
GW150914 (O1)
0.24
N
GW151012 (O1)
0.06
N
GW151226 (O1)
0.29
N

catalog
high mass
CNN Detected
value
(Y/N)
1.0
Y
0.008
N
1.0
Y
1.0
Y
1.0
Y
0.04
N
1.0
Y
1.0
Y
1.0
Y
0.95
N
0.08
N

Virgo data set. From these, L1-H1 CNNs identify 0.1% as possible signals whereas H1-V1 and
L1-V1 identify 0.07%. The rate of detection is large compared to the size of the O2 catalog,
indicating that the CNNs are triggering on noisy events.
In order to determine the significance of the different detections in terms of signal-to-noise
ratio, the ensemble of images triggered by the low mass and high mass CNNs are correlated to
an independent scan over the O2 available single trigger data using the pyCBC pipeline. A large
majority of the images flagged as potential signals by the CNNs are also detected by the pyCBC
pipeline with signal-to-noise ratio in the range between six and eight. This indicates that the
CNNs are performing similarly to the first steps of the dedicated pipelines. Once consistency
across interferometer signals is imposed in the pyCBC single-trigger list, the O2 catalog candidates emerge.
This study shows the viability of CNN-based pipelines and could be regarded as a step
towards an online implementation, in preparation for the future LIGO-Virgo-KAGRA combined
observation runs. Future studies will extend the CNN training towards the simultaneous use of
multiple interferometers relevant for O3 and O4 observation runs.
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Unstable binary black-hole spins: post-Newtonian theory and numerical relativity
Matthew Mould
School of Physics and Astronomy & Institute for Gravitational Wave Astronomy,
University of Birmingham, Birmingham, B15 2TT, United Kingdom
Spin precession occurs in binary black holes whose spins are misaligned with the orbital
angular momentum. Otherwise, the spin configuration is constant and the subsequent binary
dynamics and gravitational-wave emission are much simpler. We summarize a series of works
which has shown that, while three of the aligned configurations are stable equilibria, the ‘updown’ configuration, in which the heavier (lighter) black hole is (anti) aligned with the orbital
angular momentum, is unstable when perturbed; at a critical point in the inspiral the black
hole spins begin to tilt wildly as precession takes over. We present two equivalent approaches
to derive the instability onset based on multitimescale post-Newtonian techniques, and point
out that the instability has a predictable endpoint. Finally, we demonstrate the presence of
this precessional instability in the strong-field regime of numerical relativity with simulations
of aligned-spin binaries lasting ∼ 100 orbits before merger. The spins of up-down systems can
tilt by ∼ 90◦ , leaving a notable imprint in the emitted gravitational-wave signals and providing
a possible mechanism to form precessing systems in astrophysical environments from which
sources are preferentially born with (anti) aligned spins.

1

Introduction

Binary black-hole (BBH) spins are important astrophysical observables in gravitational-wave
(GW) astronomy. Their dynamics require detailed modeling in order to produce accurate
waveforms1 and are crucial for determining the formation channels of GW events.2 Typically, the
directions of the orbital plane and BH spins change over an inspiral due to general-relativistic
spin precession,1,3 but not when the spins are aligned with the orbital angular momentum. For
unequal-mass binaries, there are four such alignments. We label a BH with aligned (antialigned)
spin as ‘up’ (‘down’), and thus a binary is labeled as, e.g., ‘up-down’, where the direction before
(after) the hyphen refers to the primary (secondary) BH. We demonstrate the existence of a precessional instability in up-down BBHs4,5 and find its asymptotic endpoint6 with post-Newtonian
(PN) techniques, before also demonstrating its effect on the spin dynamics and GW emission of
inspiraling BBHs in numerical relativity (NR) simulations.7
2

Unstable spin precession

We use geometric units G = c = 1. A binary of spinning BHs is described by component
masses m1 > m2 (or the mass ratio q = m2 /m1 and total mass M = m1 + m2 ) and its angular
momenta –that of the orbit, L, and of the BH spins, S1 and S2 . They can be described by
six parameters: their magnitudes L, S1 and S2 , the spin tilt angles θi = arccos[Si · L/(Si L)]
(i = 1, 2), and the azimuthal angle ∆Φ between the in-plane spin components. Since the spin
magnitudes (or the dimensionless spins χi = Si /m2i ) are conserved, just (L, θ1 , θp
2 , ∆Φ) are free
parameters. Reparameterizing by (L, θ1 , θ2 , ∆Φ) 7→ (L, J, χeff , S), L = m1 m2 r/M and the
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magnitude of the total angular momentum J = |L + S1 + S2 | vary only on the longer radiationreaction timescale, on which the orbital separation r shrinks, while the effective aligned spin,
χeff = (χ1 cos θ1 +qχ2 cos θ2 )/(1+q), is conserved.8 Therefore, on the shorter precession timescale,
the BBH spins are described by a single time-varying parameter: the total spin, S = |S1 +S2 |.9,10
2.1

Effective potential approach

Since χeff is conserved, on the precession timescale S is constrained to move between extrema
S− ≤ S ≤ S+ in the S–χeff plane. Here, S± are the solutions of χeff = χeff± (S), where the
curves χeff± (S) act as effective potentials for spin precession and form a closed loop.9,10
In the mutually aligned up-up and down-down configurations, this loop reduces to a single
point and no spin precession can occur. In the antialigned configurations, oscillations of S are
possible except at the top and bottom of the loop, where χeff is extremized. Antialignment
implies S = |S1 − S2 | (the leftmost point on the loop), where χeff+ (S) = χeff− (S). The downup configuration sits at the maximum of the loop where no spin precession can occur, since
dχeff± /dS < 0. For the up-down configuration, dχeff± /dS > 0 at large orbital separations, so
that it is located at the minimum. However, for orbital separations rud+ > r > rud− , where
√
√
( χ1 ± qχ2 )4
rud± =
,
(1)
(1 − q)2

dχeff− /dS < 0 and S can oscillate. Below rud− , χeff+ (S) also changes sign so that the updown configuration is now located at the maximum of the loop. In the intermediary range
rud+ > r > rud− , the up-down configuration is an unstable fixed point.4
2.2

Harmonic oscillator approach

An equivalent approach is to consider the time-dependence of S which, using the 2PN orbitaveraged spin precession equations,8 is determined on the precession timescale by (dS 2 /dt)2 ∝
2 − S 2 )(S 2 − S 2 )(S 2 − S 2 ), where S is a third nonphysical root.11 For an aligned spin
(S+
3
−
3
2 = S 2 . A perturbation
configuration denoted by S∗ , the total spin is a constant, S∗2 = S−
+
2
2
S − S∗ to the aligned spin configuration gives the leading order second time derivative

d2 2
2
2
(S − S∗2 ) + ω 2 (S 2 − S∗2 ) ≈ 0 , ω 2 ∝ 3S∗2 − S+
− S−
− S32 .
(2)
dt2
Equation 2 is that of a harmonic oscillator: when ω 2 > 0, the perturbations cause small amplitude oscillations of the BH spins around the exact alignment; when ω 2 < 0, the perturbed
system is unstable and precession leads to large spin tilts. Stability transitions, when ω = 0,
occur only for up-down binaries at r = rud± , in precise agreement with the previous approach.6
Numerical exploration of inspiraling BBHs12 revealed that the precessional instability develops over a typical decrease δr ≈ 25M in the orbital separation and that, at small separations,
the binaries cluster at well-defined endpoints. At large separations, up-down binaries correspond
to the ∆Φ = 0 category of resonant configurations13,4 and, during the post-instability inspiral,
tend to be recaptured into this resonance. By locating analytically the location of this resonance
in the small separation limit, we find that, for the unstable up-down BBHs,
χ1 − qχ2
cos θ1 , cos θ2 →
, ∆Φ → 0 as r → 0 ,
(3)
χ1 + qχ2
i.e., the spins coalign but become equally misaligned with the orbital angular momentum.6
The up-down instability occurs earlier in the inspiral for BBHs with higher spins, as demonstrated in the left panel of Fig. 1. On the other hand, in the limits of equal or very unequal
masses the up-down configuration becomes stable. The right panel of Fig. 1 displays the evolution of the spin angles for a population of binaries initially close to up-down alignment. The
spin tilts remain constant until encountering the instability at r = rud+ , from whence they tend
to the asymptotic value given by Eq. 3 while converging to the ∆Φ = 0 resonance.
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Figure 1 – Left: Values of the instability onset rud+ for up-down BBHs with mass ratio q = 0.75 as a function of
the dimensionless spins, χ1 and χ2 . Highlighted for reference (white curves) are the locations of the Schwarzchild
innermost stable circular orbit (ISCO), rISCO , the orbital separation corresponding to a GW frequency of 20 Hz
(for total mass M = 50M ), rLIGO , and the value of rud+ required for the precessional instability to develop
appreciably before a BBH enters the LIGO band, rLIGO + δr. Right: Medians (solid lines) and 90% confidence
regions (shaded areas) for evolutions of the spin angles θ1 (orange), θ2 (green) and ∆Φ (blue) for a population of
up-down binaries with q = 0.75, χ1 = χ2 = 1 and initial spins distributed isotropically within ≈ 20◦ of the exact
alignment. The vertical dashed grey line shows the location of the instability onset, r = rud+ , and the horizontal
dashed grey line shows the analytic limit of the tilt angles.

3

Up-down binaries in numerical relativity

The predictions of Section 2 are made with approximate PN techniques. To study BBHs in full
General Relativity (GR), one must rely on NR simulations. Using the Spectral Einstein Code
(SpEC)14 developed by the Simulating eXtreme Spacetimes (SXS) Collaboration, we simulate
the late inspirals and mergers of up-down binaries with mass ratio q = 0.9 and dimensionless
spins χ1 = χ2 = 0.8. The binaries are evolved from an initial separation r = 30M , which is well
within the instability regime (rud+ ≈ 900M and rud− ∼ 10−4 ). As controls, we also simulate
the stable configurations. In all cases, we perturb the exact alignments by θpert = 1◦ , 5◦ , 10◦ .
The 12 new simulations7 (which have been assigned identifiers SXS:BBH:2313–2324) are among
the longest in the SXS catalog,14 with each lasting ≈ 100 orbits before merger.
These simulations confirm the existence of the up-down instability in the strong-field regime
of GR. Its effect is visualized in Fig. 2 for θpert = 10◦ . While the BH spins are initially close to
the exact alignment, close to merger they have tilted wildly, with misalignments reaching up to
≈ 90◦ ; for the control cases, this unstable precessional motion does not occur. The corresponding
orbital plane precession causes a transfer of power in the emitted GW signal from the dominant
(2, 2) mode to the subdominant (2, 1) mode, which features a characteristic growth in amplitude.
4

Conclusions

As predicted with multi-timescale PN techniques4,5,6 and verified by NR simulations,7 the spins
of up-down BBHs are unstable. If aligned-spin binaries form astrophysically at large orbital
separations, the precessional instability will cause a dearth of detected BBH mergers with updown spins. Instead, they will be present in the detection bands of ground- and spaced-based of
GW interferometers with spin tilts close to those given by Eq. 3. Instability-induced precession
of the orbital plane is expected to leave an imprint in the GW emission of these systems. As
the measurement accuracy of BBH parameter estimation improves, the detection of a precessing
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Figure 2 – Evolutions of the primary (purple) and secondary (orange) BH spins from a NR simulation of an
up-down binary (right; SXS:BBH:2324), and for comparison those of a down-up binary (left; SXS:BBH:2323),
each with mass ratio q = 0.9 and dimensionless spins χ1 = χ2 = 0.8. The binaries are initialized with spins
perturbed by 10◦ from the exact alignments. The spin vectors are viewed in a frame whose z-axis is aligned
with the initial direction of the orbital angular momentum. While the down-up binary always remains close to
its initial configuration as the component BHs inspiral, the precessional instability causes spin precession in the
up-down case, leading to large spin misalignments at merger.

GW signal with spin configuration matching that of the up-down endpoint may allow us to infer
the occurrence of the precessional instability.
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Gravitational-wave parameter inference using deep learning
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We explore machine learning methods to detect gravitational waves (GW) from binary black
hole (BBH) mergers using deep learning (DL) algorithms. The DL networks are trained
with gravitational waveforms obtained from BBH mergers with component masses randomly
sampled in the range from 5 to 100 solar masses and luminosity distances from 100 Mpc to, at
least, 2000 Mpc. The GW signal waveforms are injected in public data from the O2 run of the
Advanced LIGO/Virgo detectors, in time windows that do not coincide with those of known
detected signals. We demonstrate that DL algorithms, trained with GW signal waveforms
at distances of 2000 Mpc, still show high accuracy when detecting closer signals, within the
ranges considered in our analysis. Moreover, by combining the results of the three-detector
network in a unique RGB image, the single detector performance is improved by as much as
70%. Furthermore, we train a regression network to perform parameter inference on BBH
spectrogram data and apply this network to the events from the GWTC-1 and GWTC-2
catalogues. Without significant optimization of our algorithms, we obtain results that are
mostly consistent with published results by the LIGO-Virgo Collaboration. In particular, our
predictions for the chirp mass are compatible (up to 3σ) with the official values for 90% of
events.

1

Introduction

We explore the use of computer vision techniques and DL methods to both detect gravitational
waves (GW) from binary black hole (BBH) mergers and perform parameter inference using
RGB spectrograms that combine open data from the Advanced LIGO and Advanced Virgo
three-detector network. To achieve our goals we train a residual network for classification and a
cross-residual network which allows us to extract information about source parameters such as
luminosity distance, chirp mass, network antenna power, and effective spin. The networks are
tested on LIGO-Virgo data from the public catalogs 1,2 .
2

Dataset Production

To build a GW signal dataset, synthetic GW signals are produced using the pyCBC package
for Python3 . Produced signals are then injected into detector noise from public data, for all 3
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Figure 1 – Combining single detector spectrogram data into a single RGB image, to be used combined by the deep
learning network architectures. The Hanford (first), Livingston (second) and Virgo (third) spectrogram data, are
used as the Red, Green and Blue images, respectively, to build the full RGB image (last). The x-axis is time, the
y-axis is frequency, and the color intensity represents strain amplitude.

LIGO/Virgo detectors. A spectrogram (time-frequency-power plot) covering 0.2 s is produced
for each detector, and the 3 resulting spectrograms are stacked into a single RGB image (see
fig. 1). A background-only image can be built similarly, but without an injection.
3

Classification Network

The convolutional neural networks used in this work were implemented using the fastai Python
library 4 . The classification network consists of a 101-layer residual network, with the input
spectrograms being resized to 275 × 275 × 3 tensors. For the classification task, we have a
dataset with 2 categories, ’Signal’ (5000 images) and ’Background’ (5000 images). 20% of the
generated dataset is reserved for the validation set. Our performance is shown in figure 2.

Figure 2 – ROC curve for the best-performing classifier. The red star displays the current threshold location on
the ROC used for classify the events into signal (score ≥ 0.5) or background (score ≤ 0.5).

4

Regression Network

The regression network consists of a cross-residual network, resizing the input tensors to 128 ×
128 × 3, and using blur pooling layers in place of max pooling for more solid translation invariance 5 . We use Monte-Carlo dropout 6,7 to obtain prediction distributions for the luminosity
distance (dL ), the source-frame chirp mass (M), the network antenna power (as a proxy to sky
position) and the effective inspiral spin (χeff ). The calibration plots on the validation set are
shown in figure 3.
5

Classification results

To analyse the real GW events we produce RGB spectrograms using publicly available data for all
GWTC-1 and GWTC-2 BBH events, combining the data from Hanford (R), Livingston (G) and
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Figure 3 – 2D histograms comparing the predictions on the validation set (y-axis) vs. the real parameters of
the waveform injections (x-axis). Top: Left: Luminosity distance, Right: Chirp mass. Bottom: Left: Network
antenna power, Right: Effective inspiral spin. The different columns show different thresholds for the signal to
noise ratio: SNR > 5 (left), SNR > 10 (middle) and SNR > 15 (right).

Virgo (B). We leave out the binary neutron star events (GW170817, GW190425 and GW190426)
as those cases involve different time scales and are not present in training. However, we include
GW190814 despite the fact that it involves a ∼ 2.6M compact object, since its precise nature
remains undetermined. In addition to the confident detections from GWTC-1 and GWTC-2, we
also analyze the marginal subthreshold triggers for GWTC-1. The scores given by our classifier
to these events are presented in Table 1.
Table 1: Classifier scores for GWTC-1 confident detections (left), GWTC-1 marginal detections (middle) and
GWTC-2 detections (right).
GWTC-1 Confident
Event
Score
GW170814
1.00
GW150914
1.00
GW170823
1.00
GW170104
1.00
GW170729
0.99
GW170809
0.97
GW151012
0.96
GW170608
0.92
GW170818
0.88
GW151226
0.87
-

6

GWTC-1 Marginal
Event
Score
MC151116
0.73
MC161217
0.72
MC170705
0.51
MC170630
0.49
MC170219
0.45
MC161202
0.40
MC170423
0.35
MC170208
0.33
MC170720
0.30
MC151012A
0.26
MC151008
0.20
MC170405
0.14
MC170616
0.12
MC170412
0.09
-

Event
GW190521
GW190602 175927
GW190424 180648
GW190620 030421
GW190503 185404
GW190727 060333
GW190929 012149
GW190915 235702
GW190630 185205
GW190519 153544
GW190706 222641
GW190413 134308
GW190701 203306
GW190517 055101
GW190408 181802
GW190910 112807
GW190828 063405
GW190413 052954
GW190512 180714
GW190527 092055

GWTC-2
Score
Event
1.00
GW190708 232457
1.00
GW190909 114149
1.00
GW190514 065416
1.00
GW190814
1.00
GW190521 074359
1.00
GW190731 140936
1.00
GW190513 205428
1.00
GW190421 213856
1.00
GW190412
1.00
GW190728 064510
1.00
GW190719 215514
1.00
GW190803 022701
1.00
GW190930 133541
1.00
GW190828 065509
1.00
GW190924 021846
1.00
GW190707 093326
0.99
GW190720 000836
0.99
0.98
0.98
-

Score
0.98
0.97
0.96
0.95
0.95
0.92
0.92
0.87
0.81
0.77
0.76
0.66
0.58
0.56
0.40
0.35
0.16
-

Regression results

To perform parameter inference on GWTC-1 events we used MC dropout to pass the spectrogram
corresponding to each event to our model 1500 times. The output of this is an array of normallydistributed values, from which we calculate the mean and standard deviation for the values of
the chirp mass, luminosity distance and effective inspiral spin. Figure 4 shows the comparison
between the results obtained with our model and the values published in the GWTC-1 paper.
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Figure 4 – Predictions of the DL network for the chirp mass (left), luminosity distance (middle), and effective
inspiral spin (right) of events from the GWTC-1 catalogue. The green shading covers the LVC published values
for the 90% interval for each parameter. The blue shading covers our MC dropout inferred 90% interval, while
the red bar delimits our 3σ range.

7

Conclusions

We introduce DL methods to study gravitational waves from BBH mergers, using spectrograms
created from LIGO-Virgo open data. For black holes of varying mass and zero spin, we have
trained a residual network classifier, which has been applied on GWTC-1 and GWTC-2 detections, corroborating 34 out of 37 confident results with high scores. An analysis of marginal
triggers has identified 3 cases (MC151116, MC161217 and MC170705) as GW signals, rejecting
all others. We have also trained a cross-residual network to perform parameter estimations
on GW spectrogram data from BBH mergers. Using MC dropout we have obtained a natural
estimation of the uncertainty of our predictions. We have shown that it is possible to perform
parameter inference on the distance, chirp mass, network antenna power and effective inspiral
spin. Applying this network to spectrogram data from GWTC-1 BBH events, we have found
a remarkable agreement with the results published by the LVC in the case of dL estimations.
Most of our chirp mass and effective spin estimations are also compatible with the published 90%
confidence intervals up to an MC dropout uncertainty of 3σ, with the exception of GW151226.
Going forward, optimizing the network architecture could provide further improvements on our
results. Other physical effects of BBH mergers, such as eccentricity, may also be explored.
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There are several proposed formation channels for stellar mass binary black holes. We summarize the search for a specific channel through hierarchical triple mergers. The search yielded
interesting merger pairs alongside insights about the importance of the pair-instability limit
for such inferences on hierarchical mergers.

1

Introduction

Gravitational-wave (GW) astronomy started with the observation of a binary black hole (BBH)
merger 1 . As the GW detectors got more sensitive and their total observation time increased,
more BBH mergers got detected 2,3 . One question that remains unanswered, though, is the formation mechanisms of BBHs. One specific formation channel is the so-called triple hierarchical
merger, which describes a system of initially bound three BHs merging in succession. Under
certain configurations, such as coplanar interaction of three BHs, the time interval between the
two mergers can be a few years 4 . Therefore it is feasible to probe this scenario with a collection
of BBH mergers observed in the last few years. This probing can be done by comparing the
estimated parameters of the final BH of the first merger to those of the BHs in the second
merger since the hierarchical triple merger scenario dictates that one of the BHs of the second
merger being the final BH of the first merger. In this paper we summarize the results of the past
searches 5,6 of hierarchical triple mergers among the BBH mergers found from the first, second,
and the first half of the third observing run of LIGO 7 and Virgo 8 detectors, including the ones
found by the IAS-Princeton group 9,10,11 besides the ones in GWTC-1 2 and GWTC-2 3 .
2

Search methodology

The conducted searches were based on constructing a test statistic that is well suited for differentiating hierarchical triple mergers from mergers of first generation BHs and doing a p-value
analysis. It is well known that the most powerful test statistic for distinguishing two simple
hypotheses is the ratio of their likelihoods 12 ; hence it was adopted here. Several properties of
the mergers and the BHs were used for computing the likelihoods which are listed below. Exa
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cept for the detection times of the mergers, all the other estimated properties have uncertainties
represented by probability distributions.
• Time ordering: By definition, the first merger happens before the second merger.
• BH masses: In the hierarchical triple merger scenario the final BH of the first merger
participates in the second merger. Therefore the masses of either of the BHs in the second
merger should be same as the mass of the final BH of the first merger. The mass of the
other black hole in the second merger should be coming from the mass distribution of the
first generation BHs. In the case of unrelated mergers, masses of both of the BHs in the
second merger should be coming from the mass distribution of the first generation BHs.
• Spin: Due to conservation of the initial orbital angular momentum of a BBH, the final
BH of a merger is expected to be spinning. Therefore in the case of a hierarchical triple
merger, the second merger should contain a spinning BH. The initial search 5 did not
consider the effect of spin where as the second extended search 6 included the effect of spin
through the effective spin parameter χeff b as it is one of the best constrained properties
of BBHs mergers; and also because its estimation has a distribution similar to a Gaussian
which makes it to be easily mimicked for the background distribution generated for the
p-value analysis. The distributions of χeff are expected to be different for the mergers of
first generation BHs and hierarchical triple mergers due to the presence of a heavy and
spinning BH in the latter one.
• Localization: The two mergers of a hierarchical triple merger should happen at the same
location in space where as locations of two unrelated mergers are independent of each
other.
The overall test statistic can be written as products of likelihood ratios for each property as
R
P
(i,j)=(1,2),(2,1) L(mi , mj )L(mf )P1g (mi )P2g (mf )δ(mi − mf )dmi dmj dmf
R
T Sm =
(1a)
L(m1 , m2 )L(mf )P1g (m1 )P1g (m2 )P2g (mf )dm1 dm2 dmf
R
L(χeff )P2g (χeff )dχeff
T Sχ = R
L(χeff )P1g (χeff )dχeff
R
T Sr =

L(rf )L(rs )δ 3 (rf − rs )P (rf )drf drs
R
=
L(rf )L(rs )P (rs )P (rf )drf drs

Z

L(rf )L(rs )δ 3 (rf − rs )P (rf )drf drs

T S = T Sm T Sχ T Sr

(1b)

(1c)

(1d)

where m1,2 are the masses of the BHs in the second merger, mf is the mass of the final BH of first
merger, 1g and 2g in the subscripts of the distributions mention the expected distributions for
mergers of first generation BHs and hierarchical triple mergers respectively. 2g mass distributions
are found by self convoluting the 1g distribution and accounting for the mass loss during the
merger. Distributions of χeff are found numerically by assuming uniformly distributed BH spin
magnitudes between a = [0, 1] with random orientation for 1g mergers. In the latest search 6 ,
for mass distributions, different upper bounds were used due to the uncertain pair-instability
limit 13 . Spatial distribution of mergers P (r) is taken uniform in volume. The likelihoods of
properties represent their estimated probability densities divided by the used priors.
b
2 a2
χeff = m1ma11 +m
· L̂ where m1,2 are the masses of BHs, a1,2 are their dimensionless spin vectors and L̂ is
+m2
the unit vector along the orbital angular momentum.
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3

Results

The latest search explored relations between 54 BBH mergers including the ones in GWTC1, GWTC-2, eccentric localization of GW190521 14 and those were found by the IAS-Princeton
group. The search was done by assuming the power law + peak model for the first generation
BHs 15 , but with 4 different upper bounds at 50, 60, 70 and 100 M . The reason for this extra
freedom was the uncertain mass limit for the pair-instability in stars which is thought to be in
between 50-70 M 13 . The result of the search is significantly different for the 50 M limit while
the other limits give similar results.
3.1

50 M

upper limit

The difference caused by this upper limit is due to the mass estimates of GW190521, which is
the heaviest confirmed BBH merger up to date. Averages of the mass estimates of GW190521
for both masses are above 50 M with the heavier one being certainly above 50 M . Since mass
of one of the BHs is above 50 M it cannot be a first generation BH according to the adopted
model, thus for merger pairs involving GW190521 and mergers happened before it, the calculated
likelihood ratios become infinite and the corresponding p-values become 0 c . In order to be able
to rank the probable predecessors of GW190521, a test statistic considering only the localization
was used (T Sr ). For both the regular and eccentric localizations GW190514 turned out to be the
most probable predecessor with a partial p-value of 0.14 for both localizations. GW170729 and
GW170823 were the next most plausible ones. The final masses of GW190514 and GW170729;
but not of GW170823, were consistent with the heavy BH in GW190521. Moreover, GW190514s
90% localization includes the active galactic nucleus from which a candidate electromagnetic
counterpart was observed by Zwicky Transient Facility 16 .
3.2

60, 70 and 100 M

upper bound

For the mass upper limits 60, 70 and 100 M , GW190519-GW170818 pair was the most significant with an individual p-value ∼ 1 × 10−3 for all three upper bounds. Nevertheless, despite its
individual significance, the search cannot claim a significant detection with a low overall false
alarm probability due to the total number of analyzed pairs. Pairs arising from 54 mergers give
1431 total analyzed pairs and consequently an equal multiple hypothesis correction factor. After
this correction no significant pairs are left for these mass upper bounds and the search can only
yield individually interesting pairs.
4

Conclusion

In conclusion, we summarized results from the search for a specific BBH merger channel hierarchical triple mergers. The search was based on assigning a test statistic to each merger
pair and performing a p-value analysis. The search was done for different mass upper bounds
on the mass distribution of first generation BHs. For the upper bound of 50 M the search
identified GW190521 as a certain outlier from 1g mergers. The most probable predecessors of
it were identified as GW190514 and GW170729. For higher mass upper bounds, the search
identified GW190519-GW170818 to be the most significant pair with 3σ individual significance.
However, after the multiple hypothesis correction, the study did not yield a significant pair.
Nevertheless, the considerable difference between the interpretations from different mass upper
bounds showed the importance of the employed assumptions and provided additional insight
on the pair-instability limit and upper mass gap for stellar mass BHs. As more BBH mergers
will be detected with the developing GW detectors, searches for hierarchical triple mergers will
c
For the eccentric localization of GW190521 only the information of the best matching template is available
which belongs to a 102M +102M merger.
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continue and will enable us to either detect more significant pairs or constrain the contribution
from this specific formation channel better.
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The Dark Energy Survey is an international collaboration whose main goal is to understand the
nature of the dark energy. To achieve this, it has performed a 6-year photometric survey from
Cerro Tololo (Chile), covering around 5000 square degrees of the southern sky up to magnitude
i = 23.7 or redshifts of about 1.2. One of the main probes for the Large-Scale Structure (LSS)
of the Universe is the galaxy clustering, described by the two-point correlation function.
Its combination with weak lensing measurements has proven to provide tight constraints on
cosmological parameters. The main sources of systematic error for galaxy clustering are
photometric redshift errors, observing conditions and astrophysical sources of contamination.
In order to obtain reliable cosmological information, it is necessary to perform a systematics
mitigation and to validate the impact of these corrections.

1

Galaxy clustering as a probe for the Dark Energy

One of the main probes for the Large-Scale Structure (LSS) and to study the nature of the Dark
Energy is galaxy clustering. Combining galaxy positions with galaxy-galaxy lensing and cosmicshear measurements provides tight constraints on cosmological parameters. The combination
of the correlation functions that characterised these observables is the so called 3×2pt analysis 2 .
We characterise the galaxy clustering at redshift bin i by means of the angular correlation
function,
X 2` + 1
wi (θ) =
P` (cos θ)Cδiig,obs δg,obs (`) ,
(1)
4π
`
where Cδiig,obs δg,obs (`) is the galaxy clustering angular power spectrum and P` (cos θ) are Legendre
polynomials.
However, before inferring any cosmological parameter from w(θ) or from its combination with
the other correlation functions, it is vital to ensure that our data is free from systematic contamination that could bias our estimations. For this reason, it is necessary to perform a systematics
decontamination of the galaxy samples.
2

Galaxy samples

We use three different galaxy samples for the DES Y3 LSS analysis:
• MagLim: magnitude limited sample. Optimized selection of lens galaxies 3 . Increased
density with reliable photo-z. Redshift range z = 0.20 1.05.
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• redMaGiC: Luminous Red Galaxies (LRGs) selected by the redMaGiC algorithm 4 .
High quality photo-zs. Redshift range z = 0.15 0.90.
• BAO SAMPLE: red galaxy sample. Optimized to detect the Baryonic Acoustic Scale 5 . Balance between density and photo-z precission. Redshift range z = 0.60 1.10.
3

Survey Property maps

In order to characterise the different observing conditions we use Survey Property (SP) maps:
HEALPix 6 maps that track the spatial variations of a statistic concerning the imaging conditions of the survey 7 . We also use consider a stellar density map made from DES bright stars
and a galactic dust extinction map 9 as foreground sources of contamination.
We have 107 SP maps in total. However, in order to optimize the decontamination process
and to minimize the possibility of over-correction, we perform a dimensionality reduction. We
do this in two different ways 8,5 :
• Selection of representative maps based on their Pearson’s correlation coefficient
• Principal Component Analysis (PCA)
Then we have two different SP bases to work with. At the standard basis we take 34 representative maps 5 , while at the PC basis we take the 50 first maps, which explain ∼ 98% of the
variance 8 . From these sets of maps we obtain weights with which we decontaminate our galaxy
samples.
4

Iterative Systematics Decontamination (ISD)

In order to decontaminate our data, we apply Iterative Systematics Decontamination (ISD), a
method that determines the significance of the impact of each SP map on the data iteratively.
The procedure can be summarised as 11 8 :
• Fix a significance threshold, T1D , for the contamination: S1D =

∆χ2
∆χ2 (68)

< T1D

• Compute the 1D relation (relation between the observed number density and the SP map
values) of each SP map and identify the most significant one by S1D
• Fit the relation nobs = F (s)
• Derive a weight map as w = 1/F (s)
• Apply the weight map to the data
• Re evaluate the significance of the SP maps
• Repeat iteratively until convergence is achieved, i.e., until all SP maps have S1D < T1D
• The final weight map is the product of individual weight maps
• Apply this final weight map to the data
The significance is calculted by computing the 1D relation of each map with respect to a set of
1000 log-normal mocks. ∆χ2 is defined as χ2null − χ2model , where χ2null corresponds to fitting the
1D relation to f (s) = 1 ∀s (no impact of the SP map) and χ2model corresponds to fitting a linear
function, f (s) = m · s + c. An example of this process can be seen on Figure 1.
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Figure 1 – 1D relation for one of our SP maps at iteration 0 (left), when it is flagged as the most significant map,
and after obtaining weights from it and applying them to the redMaGiC sample (right).

5

Weights validation

Before unblinding our results, it is necessary to ensure that the correction applied does not
impart any bias that could affect the cosmological parameter constraints. To ensure this, we
perform validation tests on log-normal mocks. Moreover, to reveal potential blind spots on ISD,
we use mocks contaminated with weights from an alternative method, ENet 10 . Some of the
tests we conduct include:
• False correction bias: given the large number of SP maps, do we correct for some of
them just by chance? This is determined by running ISD on log-normal mocks with no
contamination added.
• Residual systematic bias: is there some contamination uncorrected that can bias the w(θ)
measurements and thus the parameter estimation? We employ log-normal mocks with
imprinted contamination. This contamination is obtained from running ENet on the
data. Then, we decontaminate these mocks applying ISD.
• Biases on cosmological parameters: Do we estimate unbiased parameters after applying
the correction method? We obtain constraints on Ωm and on galaxy bias, bi , using the
mean w(θ) from decontaminated mocks.
We run ISD on different sets of log-normal mocks depending on the purpose of the test. An
example of the impact on the correlation function and on cosmological parameter constraints is
shown on Figure 2 8 .
6

Conclusions

We conclude that a strict significance threshold is the best option to properly decontaminate
our data. Our tests show that the over-correction that this choice could impart is under control.
Our validation tests demonstrate that biases induced on w(θ) and on cosmological parameter
estimation are negligible compared with the statiscal uncertainty. We have obtained similar results in two different SP map bases: standard basis and PC basis. Moreover, we have validated
the ISD methodology with alternative decontamination methods, such as ENet 10 .
Covering larger areas reduces the statistical error, so the characterisation of systematic contamination and its unbiased decontamination is becoming an increasingly important task for
current and coming surveys.
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Figure 2 – Impact of the contamination on w(θ) (left) and on Ωm − bi constraints (right). Red lines correspond
to contaminated mocks, blue lines to mocks decontaminated with ISD at T1D = 2 and black lines to mocks with
no contamination added. Left panel are redMaGiC-like mocks and right panel are MagLim-like mocks.
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Gravitational wave cosmology with extreme mass-ratio inspirals
Danny Laghi
Dipartimento di Fisica “Enrico Fermi”, Università di Pisa, and INFN Sezione di Pisa,
I-56127 Pisa, Italy
We show that the loudest extreme mass-ratio inspirals (EMRIs) detected by the future spacebased gravitational wave detector LISA can be used as dark standard sirens, statistically
matching their sky localisation region with mock galaxy catalogs. In these Proceedings we
focus on a realistic EMRI population scenario and report accuracy predictions for the measure
of cosmological parameters, anticipating the potential of EMRIs to simultaneously constrain
the Hubble constant, the dark matter, and the dark energy density parameters.

1

Introduction

The Laser Interferometer Space Antenna (LISA) promises access to the mHz frequency window of
the gravitational wave (GW) spectrum 1 . Extreme mass-ratio inspirals (EMRIs) are inspiralling
binary black hole systems formed by a massive black hole (∼106 M ) and a smaller compact
object (∼10M ) that will be detected by LISA. In these Proceedings we assume a realistic
EMRI population scenario and give: i) accuracy predictions for h ≡ H0 /100 km−1 s Mpc and
w0 , the dark energy (DE) equation-of-state parameter, for both 4 and 10 years of LISA mission 2 ;
ii) preliminary accuracy predictions for h jointly inferred with the density parameters Ωm and ΩΛ
(or equivalently Ωk ) for 10 years of LISA mission. Our method is based on the joint use of these
dark sirens measured distance along with their redshift, obtained by statistically matching 3
their sky localisation region with mock galaxy catalogs. We show that high signal-to-noise-ratio
(SNR) EMRIs are well-suited for doing cosmological Bayesian inference with dark sirens.
2

EMRI & Galaxy Catalogs

We use EMRI catalogs 4 which assume 10 years of LISA mission lifetime with an arm-length
baseline of ∼2.5×106 km, while we use galaxy catalogs 5 which are based on the Millennium
Simulation 6 . We assume as nominal true cosmology the Millennium one, i.e., h = 0.73, Ωm =
0.25, ΩΛ = 0.75. Here we focus on a fiducial EMRI scenario (in a dedicated study 2 we have
also investigated more pessimistic and optimistic scenarios, the grade of confidence reflecting
the number of available events). To each EMRI we associate a true and potential hosts drawn
from the galaxy catalog, that we use up to z < 1. Possible hosts are any galaxies with stellar
mass M∗ > 1010 M that lie within the 2σ credible region for the GW direction and distance, for
at least one value of the cosmological parameters within the prior range. This selects a 3D comoving volume in direction and redshift containing Ng,i possible hosts for the i’th EMRI, each
host having sky position (θj , φj ) and redshift zj . To account for statistical fluctuations in the
galaxy distribution, that we verified to be complete out to z ∼ 0.5, we repeat the host-drawing
procedure three times for each EMRI scenario. We select and analyse only the most informative
events with SNR>100. In Fig. 1 we show the relevant properties of our fiducial EMRI model.
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3

Bayesian Inference

According to Bayes’ theorem, the posterior
probability distribution for the cosmological
parameters Ω is:
p(Ω | D H I) = p(Ω | H I)

p(D | Ω H I)
,
p(D | H I)

where H is our cosmological model, which assumes a flat Friedmann-Lemaı̂tre-RobertsonWalker metric prescribing a luminosity
distance-redshift functional relation, dL =
d(Ω, z), I represents all the relevant background information, and D ≡ {D1 , . . . , DN }
is the set of GW observations, with Di the
data from the i’th EMRI event. The LISA 3D
error volume is approximated by a multivariate Gaussian distribution:
Figure 1 – Properties of our fiducial EMRI model. Green


1
1
p(Di |Θ) = p
exp − Θ̃Ti Σ−1 Θ̃i , histograms in panels a), b), and c) show the redshift, luminosity distance error (∆dL /dL ), and sky location er2
(2π)3 |Σ|
ror (∆Ω) distributions, respectively, for the entire EMRI
population detected by LISA in 10 years of operations

where Θ̃i ≡ Θ − Θ̂i (Di ), and the 3D parame- (O(3000) with SNR>20). For the purpose of our analter vector includes the source luminosity dis- ysis we select only systems with SNR>100, which are
tance, the cosine of its declination, and its N = O(30). This selection criterion automatically selects
right ascension, i.e., Θ = (dL , cos θgw , φgw ). the most informative events within z . 0.75, i.e., welllocalised events with relatively few hosts (Ng . 1000).
The vector Θ̂i (Di ) = (dˆL , cos θ̂gw , φ̂gw )i de- Orange histograms in panels a), b), and c) show these
fines the best measured values of the param- events. Panel d) shows the distribution of the number of
eters. Σ is the 3D correlation matrix, which candidate hosts within the 3D 2σ error volume, averaged
we extract from the full 15D correlation ma- over the three realisations of the model.
trix of the EMRI parameter estimation 4 . We
expect the observed events to have almost zero correlation with each other; thus the likelihood
function can be written as:
N
Y
p(D | Ω H I) =
p(Di | Ω H I).
i=1

Assuming that correlations between the LISA measurements of the sky position angles and
distance can be neglected, the single-event likelihood that we use is given by:
p(Di | Ω H I) =

Ng,i

Z

wj
q
×
2 + σ2
σ
j=1
WL,i
dˆL,i
( "
2
2 #)
dˆL,i − d(Ω, zgw,i )
1 zj − zgw,i
exp −
+
,
2
2
σz2j
σ 2ˆ + σWL,i

1
2π

dzgw,i

X

σzj

dL,i

where wj are weights computed from p(Di |Θ) marginalised over dL and evaluated at the sky
position angles (θj , φj ) of the galaxy j. We account for the galaxy peculiar velocity uncertainty
with σzj 7 , while including the weak lensing contribution σWL,i in the distance measure uncertainty 8 . We verified that both selection and completeness effects do not significantly affect our
conclusions. We explore the posterior distribution p(Ω | D H I) using cpnest 9 , a parallel nested
sampling algorithm implemented in Python. The inference code utilised in this paper is publicly
available in a dedicated GitHub repository 10 .

196

4

Fiducial EMRI Model

In these Proceedings, we focus on our fiducial EMRI population model, assuming both 4 and
10 years of LISA observation; we consider two cosmological scenarios:
i) a ΛCDM scenario, characterized by a parameter space Ω ≡ {h, Ωm } to be explored,
assuming a uniform prior range h ∈ [0.6, 0.86] and Ωm ∈ [0.04, 0.5], with fiducial values dictated
by the Millennium run;
ii) a DE scenario, in which we assume (h, Ωm , ΩΛ ) to be pre-determined by other probes
at the values of the Millennium run and we search on the parameters Ω ≡ {w0 , wa } defining
the DE equation of state w(z) = w0 + z/(1 + z)wa , drawing from the uniform prior range
w0 ∈ [−3, −0.3], wa ∈ [−1, 1], with fiducial values w0 = −1 and wa = 0, corresponding to the
cosmological constant Λ.
For the 10-year analysis, posteriors are averaged over the analyses of the three different 10year realisations, while for the 4-year case we draw three sets of events according to a Poisson
distribution from each 10-year realisation, for a total of nine 4-year realisations, which then
we separately analyse and average. Assuming a ten (four) year LISA mission, H0 and w0 are
constrained to ∼1.5% (∼2.5%) and ∼6.2% (∼7.4%), respectively, within 90% credible regions
(CRs). Our ΛCDM results can be easily illustrated with a dL -z regression line, as in Fig. 2,
which is obtained from one of the three 10-year EMRI realisations.
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Figure 2 – Regression line for one of the three 10-year realisations of our fiducial EMRI model. The median (solid
black) and 68% and 95% CRs are in light seagreen and light gray, respectively. The red dashed line corresponds to
the Millennium Simulation fiducial values of h, Ωm , and ΩΛ . The coloured blobs show the posterior distribution
for zgw and dL for each EMRI event. The horizontal dots show the redshift of each candidate galaxy host for that
particular EMRI. For illustrative purpose, we assigned to each galaxy a luminosity distance equal to dˆL . The dots
are colour-coded from violet to red for increasing values of the weights wj . The bottom panel shows the residuals
of the inferred regression line CRs.
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Full ΛCDM: Future Prospects

6

Summary
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Preliminary investigations of the full ΛCDM
scenario, where in addition to the uniform hΩm prior defined above we assume a uniform
prior range ΩΛ ∈ [0, 1], indicate that, even for
moderate-redshift sources such as our loudest
EMRIs at z . 0.7, LISA will provide simultaneous constraints on all cosmological parameters. This is shown for our fiducial EMRI scenario in Fig. 3. Preliminary results (90% CR)
indicate that, in a 10-year LISA mission, ΩΛ
(or the curvature density Ωk ) could be constrained with an accuracy of ∼27% and Ωm
with an accuracy of ∼55%, while retaining an
accuracy on H0 of ∼2%. This suggests that
the joint inference of all the ΛCDM parameters with LISA standard sirens will be possible.

0.6

5

m

Figure 3 – Posterior distributions obtained by sampling the full ΛCDM cosmological parameter space, Ω ≡
{h, Ωm , ΩΛ }, assuming our fiducial EMRI scenario. In
each panel, the cyan lines mark the fiducial values and
the black dashed lines indicate the median and 90% CRs
extracted from the marginalized posterior.

By using the loudest EMRIs detected by
LISA (SNR>100) as dark standard sirens,
we find that constraints on H0 can reach
∼1.1% (∼3.6%) accuracy (90% CR), in our
best (worst) case scenario 2 . By considering a
dynamical DE equation of state, with ΛCDM parameters fixed by other observations, we further
show that in our best (worst) case scenario ∼5.9% (∼12.3%) relative uncertainties (90% CR)
can be obtained on w0 2 . Here we also suggest that EMRIs can be potentially used to constrain
the ΛCDM model beyond Ωm . These results update the only EMRI cosmological analysis available in the literature to date 11 . EMRI measurements will be affected by different systematics
compared to both electromagnetic and ground-based GW observations, hence they will provide
additional independent validation of our present understanding of the Universe.
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Neutron Stars Mass-Radius relationship and
Electromagnetic follow-up of Kilonovae
D. Barba González, M. A. Pérez-Garcı́a
Department of Fundamental Physics & IUFFyM, University of Salamanca, E-37008 Spain
When two Neutron Stars collide a multi-band electromagnetic emission, known as Kilonova
(KN), follows being powered by the radioactive decay of ejecta products. In this contribution
we discuss how the equation of state of dense matter, impacts the mass and velocity in the
KN ejecta and thus its light curve. Using this information encoded in the stellar mass-radius
relationship, we ellaborate on how the future experimental observations in photon channels,
in addition to complementary multimessenger probes, could provide a new and more detailed
insight into the equation of state of nuclear matter.

1

Introduction

When two Neutron Stars (NSs) in a binary system, a BNS, coalesce and merge, they are expected
to produce a multimessenger signal: gravitational waves (GW), photons from an electromagnetic
(EM) counterpart and even neutrinos. One example of such event was the observation of a
rapidly fading EM transient in the galaxy NGC 4993, which was spatially coincident1 with
GW170817. The optical and infrared emission, known as Kilonova (KN) or macronova, was
named AT2017gfo. It was possible to identify line features in the spectra, consistent with the
presence of light r-process elements (atomic masses of A = 90140) powering the emission. In
addition, a gamma-ray burst GRB170817A, was also detected. Since then it is now expected
that many detections of this kind or similar ones i.e. Black Hole and NS (BHNS) mergers
will follow in the future. An updated BNS rate1 after the discovery of GW170817 leads to the
expectation of potentially detectable dozens of events per year by LIGO/Virgo O4 and O5 runs.
In order to capture the challenging optical counterpart of a BNS merger, it is crucial to
develop an alert system allowing observers to point in the right direction in the sky, obviously
before it has faded away and ideally before the time it peaks. The community has gained
valuable experience thanks to the historical event GW170817 localised optically in a sky area
of around 30 square degrees within hours of its appearance. Typically, light curve peak values
are obtained at times tpeak ranging between tenths of a day and a day. The alert system
GraceDB2 , a communication node that connects LIGO and Virgo analysis pipeline, sends an
alert to astronomers when a promising binary GW signal has been detected and located in the
sky. Although challenging, detecting these EM counterparts is key to shed light on some relevant
physical processes taking place, such as dynamical and post-merger ejection, neutron capture and
thermalization in the ambient matter. Existing and future missions, like for example MAAT 3
in the GTC (Spain) will be able to provide an agile response and deeper knowledge in this field.
In this contribution we discuss how KNe can serve yet as another additional complementary
constraint to the equation of state of neutron star matter, particularly through the light curve
and spectra as measured by existing and future missions.
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2

NS equation of state and key KN properties

The equation of state (EoS) of nuclear matter describes the behavior of the matter inside NSs.
Typically these objects have a mass (M ) up to a maximum value Mmax ∼ 2M and a radius
(R) in the 10 − 13 km range. Constraints on both quantities have been provided in a series
of world-wide experimental efforts 4 . These objects appear as solutions of the stellar structure
equations from General Relativity (GR) and their computed M (R) values display some spread
due to the poorly known high density matter EoS. In particular, it is not yet known what are
the actual degrees of freedom suitable for its description, i.e. whether matter inside remains
under the form of nucleons or perhaps deconfined as quarks. NSs are born in the aftermath of
a Supernova explosion displaying a large velocity kick and distribute mostly towards the center
of the galaxies. Further into the NS description, its layered structure can be mainly explained
from two regions: an external crust and a central core. It is believed that up to nearly 99%
of the NS mass resides in the latter under the form of nucleons, hyperons and alike species
although if high densities are in excess of ∼ 6 × 1014 g/cm3 a quark deconfined state may
appear5 . From the population studies of Galactic double NSs (DNSs) it appears that ' 98% of
all merging DNSs will have a mass ratio, q, close to unity6 q > 0.9. Recent studies7 find that the
weighted mean masses of the primary and companion stars are respectively (1.439 ± 0.036)M
and (1.239 ± 0.020)M . In addition, the surface magnetic field strength in the primary stars of
the DNSs is B ∼ 1010 G, and the spin period is P ∼ 50 ms. Due to the fact that the NS in the
BNS events under scrutiny will share these general characteristics it is important to see what
information the EM counterparts can yield. The gravitational and baryonic masses are two
quantities that determine
the binding energy (BE) of the NS. Namely, the gravitational mass is
R
mG (R) = M = 0R 4πr2 (r)dr where (r) is the energy density at a radial distance r from the

−1/2
R
center and the baryonic mass MB = M ∗ = m0 0R 4πr2 1 − 2GmG (r)/rc2
n(r)dr where m0
is the mass of a baryon and n(r) is the baryon (nucleon) number density. The binding energy
of the NS is BE = (M ∗ − M ) c2 and typically BE = |BE| is taken as a positive quantity.
In the literature, some universal relations between the BE and C have been proposed, such
−1
as that8 based on the radius of a 1.4M NS, R1.4 , M ∗ = M + R1.4
× M 2 , with 1.8% relative
error. Note that the 1.4M selection is close to the most probable for primary companions in
DNSs. In order to illustrate our findings we consider two EoS i.e. DD2 and SFHo 9 , whose
M(R) relationship is shown in Fig.(1) left panel. For SFHo it is found a saturation density
n0 = 0.1583 fm−3 , nuclear incompressibility K = 245.4 MeV, symmetry energy J = 31.57
MeV and a logarithmic derivative of the symmetry energy L = 47.10 MeV. For the DD2 n0 =
0.1491fm−3 , K = 242.7 MeV, J = 31.78 MeV and L = 55.19 MeV. Using existing data10 from
DD2 = 13.5 ± 0.1 km, RSFHo = 11.8 ± 0.1 km, see Fig.(1) right
BNS simulations we obtain R1.4
1.4
panel. Considering the sum of BE of both NSs described by a given EoS, BE1 + BE2 , we arrive
at values for DD2: BE1 + BE2 = 0.25 ± 0.04M and SFHo: BE1 + BE2 = 0.28 ± 0.04M which
GMi
2
i
fulfill the fitted form11 BE
Mi = −0.0130 + 0.618Ci + 0.267Ci where Ci = Ri c2 is the compactness.
They retain the M (R) relationship from C and M values.
As shown in GR simulations12 the ejected mass in a violent BNS merger is mostly stripped
from the inner and outer crust of the NSs and will be determined by the energetics of the collision
and the actual amount of matter in the crust. In a NS the neutron rich crust displays a large set
of inhomogenous substructures ranging from lattice nuclei to pasta phases 13 . In the thin-crust
3P
t
approximation Mcrust ≈ 4πR
[1 − 2C] where Pt is the EoS dependent pressure transition from
c2 C
14
the crust-core regions . There is a large sensitivity to the EoS in the crust mass value, being
smaller for heavier stars. Recent Bayesian analysis15 provide values for the transition density
nt = 0.072 ± 0.011 fm−3 and the transition pressure Pt = 0.339 ± 0.115 MeV fm−3 . The resulting
DD2 = 0.038M and M SFHo = 0.024M . In addition, the number of baryons
crust masses Mcrust
crust
∗
∗ .
must be conserved N1∗ + N2∗ = Nremnant
+ Nejec
The complex dynamics of the BNS merger and its ejecta are studied using GR numerical
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Figure 1 – M(R) relationship for the DD2 and SFHo EoS (left) and BE as a function of M 2 (right)

simulations with a number of approximations regarding neutrino transport and microphysics.
The output is obtained by determining the relevant parameters modelling the KN emission,
including the mass, Mej , and velocity, vej , of the ejecta, which are fitted10 (with some uncertainty,
see parameterizations) to functional forms depending on both objects in the BNS (1, 2),
M fit
ej
10−3 M

vej =

 

= a

q

vρ2 + vz2 ,

M2
M1

1/3 

1−2C1
C1







vρ,z = aρ,z
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M
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M1∗ +(1↔2)+d,

1

M1
(1 + cρ,z C1 ) + (1 ↔ 2) + bρ,z .
M2


(1)



(2)

We plot in Fig.(2) left panel, the ejected mass as a function of gravitational masses M1 , M2
for Mi ∈ [1.2, 1.6] in our analysis with the DD2 EoS. As a rule of thumb we see that smaller
mass ratio q ≡ M< /M> provide larger Mej . The experimental measurement of the KN peak
bolometric luminosity and spectral time series usually depend on the conditions of transparency
after the ejection of matter parameterized through the opacity, κ. For early emission, typically
κ ∼ 0.1 cm2 g−1 while for later r-powered emission κ could be a factor of 10 or more larger. The
peak values and are given16 by tpeak = 4.9 d ×


Mej
10−2 M

1− α 



Mej
10−2 M

1 
2

κ
10 cm2 g−1

1
2

vej − 12
0.1

and Lpeak =

− α

vej  α
2 . For a BNS the measurable magnitudes
0.1
spectrum 1 and from GW170817 some constraints appear

2.5 1040 erg s−1 ×
can be fitted to the Black Body power
for masses i.e. total mass M ≈ 2.74M , and individual masses of M1 ≈ (1.36−1.6)M and M2 ≈
(1.17−1.36)M . Also from this analysis marginalized over the selection methods, it was obtained
that the radius of the progenitors R1 ∼ (10.8 − 11.9) ± 2 km and R2 ∼ (10.7 − 11.9) ± 2 km and
the tidal deformability parameters Λ1 < Λ2 , Λ1 < 500 and Λ1 < 1000. Under this additional
input they find Λ̃(310 − 345)+691
−245 and R1.4 = 8.7 − 14.1 km, where the binary tidal deformability
h

2

κ
10 cm2 g−1

Λ M 4 (M +12M )

2

i

1 1
1
2
Λ̃ is defined as Λ̃ ≡ 16
+ 1 ↔ 2 which is most precisely derived.
13
(M1 +M2 )5
Direct measurements from current and future missions will be able to provide time spectral
series. In Fig.(2), right panel, we plot the simulated fluxes of two runs using POSSIS 17 as a
function of the EM rest wavelength. Run 1 (Run 2) corresponds to a q = 1 BNS merger of
1.4M at 40 Mpc using the output of recent simulations18 M 140140−LK of DD2 (SHFo) EoS
using polar/equatorial orientations. We notice that the early, agile KN follow up would be key
to further constrain the EoS. The soft SFHo EoS peaks at IR, and is fainter than DD2 across
the whole spectrum. Since the q values remain the same we rely to the EoS features (including
secondary peak features) for wavelengths less than ∼ 1µm.
To summarize, we have discussed the dependencies of the EM observables obtained from
KN light curves (peak values) with q = 1 in order to help indirectly constrain quantities such
as the M (R), C, BE, R1.4 and thus the EoS of NS matter. In particular, the combination of
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Figure 2 – (left) Ejected mass from simulation data 10 . (right) Simulated flux for a BNS merger using DD2 (run
1) and SFHo (run 2) EoS at 40 Mpc for polar and equatorial view angles at 0.5 d (left) and 1 d (right) after the
merge.

optical/IR observations from proposed missions such as MAAT in addition to GW signals from
the LIGO/Virgo collaboration, will provide complementary valuable input. Further work is in
progress.
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Black-hole kicks: a tool to measure the accuracy of gravitational-wave models
Angela Borchers and Frank Ohme
Max Planck Institute for Gravitational Physics (Albert Einstein Institute), 30167 Hannover, Germany
Leibniz Universität Hannover, 30167 Hannover, Germany

Asymmetric binary systems radiate linear momentum through gravitational waves, leading
to the recoil of the merger remnant. Black-hole kicks have attracted much attention because
of their astrophysical implications. However, little information can be extracted from the
observations made by LIGO and Virgo so far. In this work, we discuss how the gravitational
recoil, an effect that is encoded in the gravitational signal, can be used to test the accuracy
of waveform models. Gravitational-wave models of merging binary systems have become
fundamental to detect potential signals and infer the parameters of observed sources. But,
as the interferometers’ sensitivity is enhanced in current and future detectors, gravitational
waveform models will have to be further improved. We find that the kick is highly sensitive to
waveform inaccuracies and can therefore be a useful diagnostic test. Furthermore, we observe
that current higher-mode waveform models are not consistent in their kick predictions. For
this reason, we discuss whether measuring and improving waveform accuracy can, in turn,
allow us to extract meaningful information about the kick in future observations.

1

Introduction

Gravitational waves (GWs) emitted by asymmetric black-hole binaries carry energy, angular
and linear momentum away from the system. From momentum conservation, the center of mass
(CM) of the system will move in the opposite direction to the radiated momentum flux. Since the
flux radiation rotates with the orbital movement of the binary, the CM will spiral with the orbital
motion. In the early inspiral phase, the momentum flux is radiated isotropically on average over
each orbit. As the two bodies come closer, during the last few orbits before the merger, the
flux increases drastically and GWs are radiated in a preferred direction. The emission of the
radiation is then abruptly cut off and drops exponentially as the remnant black hole ringdowns
into a stationary state. The final black hole is thus kicked by the emission of gravitational
radiation. The asymmetries of the system that are responsible for the kick are imprinted in
the gravitational signal. Fig. 1 shows an example for a Numerical Relativity (NR) waveform 1 ,
which corresponds to a black-hole binary with a kick velocity of ~v = (632.587, 88.320, −3055.229)
km/s, expressed in a source-centered coordinate frame, with the z-axis along the direction of
the initial orbital angular momentum.
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Figure 1 – The left plot serves as an example of how the velocity of the CM of the binary evolves over time. The
figure on the right displays the waveform asymmetries that cause the recoil for an NR precessing waveform with
a kick velocity ~v = (632.587, 88.320, −3055.229) km/s.

2

Morphology of the kick

The momentum acquired by the remnant black hole is equal to the negative of the 3-momentum
carried by the radiated GWs, and is given by
r2 c2
16πG

Pi = − lim

r→∞

Z ∞

I

dt
−∞

dΩ x̂i (θ, φ) |ḣ|2 .

(1)

It is interesting to mention that the momentum is entirely determined by the waveform, since
the asymmetries that lead to the kick are encoded in the signal. In a non-precessing binary,
when the spin components of the two objects are parallel to the orbital angular momentum,
the kick takes place in the orbital plane. Although precessing binaries get larger kick values,
here, we focus on the higher-mode description of the kick. The gravitational radiation is usually
expanded in a basis of spin-weighted spherical harmonics (SWSH),
h := h+ − ih× = lim

r→∞

∞ X
l
1 X
hl,m (t, λ)
r l=2 m=−l

−2 Yl,m (θ, φ).

(2)

Here, hl,m (t, λ) are the radiation multipoles, which express the dependence on time and the
intrinsic properties of the source, λ. The dependence on the orientation of the binary is described
by the SWSH basis functions −2 Yl,m (θ, φ), where (θ, φ) are the usual spherical angles defined
in a source-centered coordinate frame. The momentum of the CM can then be expressed as a
combination of the two planar coordinates,
P⊥ := Px + iPy = −

c2
8πG

Z ∞

dt
−∞

X
l,m

ḣl,m (al,m ḣ∗l,m+1 + bl,−m ḣ∗l−1,m+1 − bl+1,m+1 ḣ∗l+1,m+1 ), (3)

where the coefficients al,m and bl,m read
p

al,m =

(l − m)(l + m + 1)
l(l + 1)

;

bl,m =

1
2l

s

(l − 2)(l + 2)(l + m)(l + m − 1)
.
(2l − 1)(2l + 1)

(4)

The kick velocity will be given by vf = P/Mf , where Mf is the mass of the remnant black hole.
The momentum of the remnant black hole is a quantity that appears on an infinite set of
balance laws that are predicted by full, non-linear General Relativity 2 . Together they form an
infinite set of constraints that can be applied to gravitational models of compact binaries, including NR waveforms. Yet, the momentum flux integral itself has been used to test the accuracy
of the higher harmonics in the development of the latest binary black hole phenomenological
models 4 . Here, we reproduce and extend the idea of using the kick as a diagnostic tool. We
find that studying the kick dependencies with respect to the intrinsic parameters of the binary

206

is not only relevant to better understand the morphology of the kick. It is also interesting to
find waveform inaccuracies over the parameter space. As an example, we show the dependency
on the symmetric mass ratio η = m1 m2 /(m1 + m2 )2 , for two aligned-spin, higher-mode models,
IMRPhenomHM 3 and IMRPhenomXHM 4 , two models that are currently used in GW analyses.
We compare their predictions to those coming from a set of NR waveforms 1 and an NR surrogate
fit 5 .
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Figure 2 – Symmetric mass ratio dependency of the magnitude and orientation of the kick velocity.

As Fig. 2 shows, the predictions of the higher-mode models differ, both, in the kick magnitude
and orientation, as a function of the symmetric mass ratio. We should mention that the final
direction is subject to the orbital reference phase. There is some ambiguity on how this quantity
is defined for each model, so one should be careful when comparing final kick orientations.
3

Harmonic spectroscopy

The recoil is actually built up by the contributions of a set of pairs of hl,m modes, those combinations specified precisely by Eq. 3. As shown in Fig. 3, the final kick value is influenced by the
magnitude and orientation of the individual contributions. Looking at the pair-contributions is
thus relevant to take a step further into finding which modes show inaccuracies. The kick is
highly sensitive to small time and phase shifts. Hence, minor inaccuracies can lead to significant
differences in the kick predictions.
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Figure 3 – Comparison of the pair-contributions predicted by the two phenomenological higher-mode models and
an SXS waveform, for {η = 0.2, χ1 = 0, χ2 = 0}.
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4

Kick measurements in O3a

The recoil velocity is an observable that can, in principle, be inferred from GW events. We
investigate whether the kick velocity can be measured from the O3a events. We employ the NR
surrogate fit 5 on posterior samples from the GWTC-2, to obtain a posterior distribution of the
kick for each event. In this case, the kick is inferred from the intrinsic properties of the binary,
not from the waveform asymmetries encoded in the signal. We observe that so far, not much
information can be extracted from the observed events. As an example, we show the results
obtained for the event GW190412, the first GW event with highly asymmetric masses.
Table 1: Kick velocity values inferred by the specified waveform models for GW190412.

waveform model
IMRPhenomD
IMRPhenomHM
NRHybSur3dq8
SEOBNRv4HM ROM
SEOBNRv4 ROM
IMRPhenomPv3
IMRPhenomPv3HM
SEOBNRv4P
SEOBNRv4PHM

v (km/s)
122 ± 30
123 ± 27
106 ± 16
108 ± 17
115 ± 24
431 ± 289
382 ± 228
316 ± 173
287 ± 146

The first clear distinction one observes is the significant difference between considering a
precessing or non-precessing waveform model for the analysis. The main reason is, non-precessing
systems always have small kicks (vmax ∼ 300 km/s), while precessing systems can have a broader
range of velocity values. This means, one should always consider a precessing model to infer the
kick in order not to restrict the range of possible values. Besides, mode asymmetries play an
important role in the generation of the recoil for precessing systems. However, existing effectiveone-body and phenomenological GW models do not include the mode asymmetries responsible
for the highest kicks. Apart from precession effects, we observe that those models which include
higher harmonics can infer the recoil more accurately. This is because waveform asymmetries
are described in terms of the dominant and higher multipoles. In other words, the final velocity
is built up by the sum of mode contributions. Hence, higher-mode models can give a better
description of the kick.
5

Summary

The kick is a sensitive tool to measure waveform accuracy. In particular, we find that highermode models used in current GW studies are not consistent in their kick predictions. Based
on the kick harmonic contributions, we observe that waveform inaccuracies could be tuned
by applying small phase and time shifts to particular modes. Our work is the starting point
to improve the accuracy of higher-mode models, which in turn, can lead to meaningful kick
measurements in the future.
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1

What is the fate of very massive binary stars, which kind of signatures/observables are associated with their stepwise evolution, which kind of new physical laws are revealed, represent the
most relevant questions at the heart of relativistic astrophysics. The answer to these questions
is intimately related to the explanation of the most powerful transients in the Universe, supernovae (SNe) and gamma-ray bursts (GRBs), and with the formation of neutron star-black
hole (NS-BH), of neutron star-neutron star (NS-NS), and possibly BH-BH binaries. We here
analyze the afterglow of 380 long GRBs within the binary-driven hypernova (BdHN) scenario
to answer a crucial question: how large are the mass and how fast are the rotational spin of
those astrophysical BHs and NSs? In doing this, we validate and verify, for the first time, the
BH mass-energy formula established fifty years ago.

1

Introduction

The year 2021 marks the 50th anniversary of the black hole (BH) mass-energy formula. Interest
in BHs has since then spread worldwide and their study represents one of the most innovative
fields of fundamental physics and astrophysics. The exponential growth of observational and
theoretical developments are now finally unveiling the process of rotational energy extraction
from a rotating (Kerr) BH. We here summarize the path of this discovery.
This achievement needed the decodification of GRBs, one of the most complex sequences of
non-repetitive classical and quantum events, each characterized by specific spectral and temporal
properties. This conceptual progress has not been reached straightforwardly: it has resulted
from the continuous feedback between theoretical understanding, unprecedented panchromatic
observational progress, and modification of basic paradigms: they have all been truly essential.
We first summarize some of the contributions which begun this most complex inquiry on
the most powerful transients in the Universe, and identify the rotational energy of a Kerr BH
as their energy source.
• 1st breakthrough: discovery of pulsars in 1967 (A. Hewish and J. Bell) and of a pulsar in
the Crab Nebula. The identification of the energy source of the pulsar with a fast rotating
newly born neutron star (NS); the new NS (νNS), coincident with the supernova (SN)
explosion led to a new paradigm in SN understanding.
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• 2nd breakthrough: the launch in 1970 of the first X-Ray telescope, observing in the 2–
20 keV energy band: the Uhuru satellite (R. Giacconi). It discovers inside our Galaxy a
large number of binary X-ray sources composed of a main-sequence star and a companion
NS (e.g. Hercules X-1 and Centaurus X-3), and a main-sequence star and a BH: the first
evidence for the discovery of a BH in our Galaxy (Cygnus X-1).
• 3rd breakthrough: BH mass-energy formula (Christodoulou, Hawking, Ruffini), and BH
extractable energy by reversible and irreversible transformation:
M2 =

c2 J 2
2
2 + Mirr ,
G2 4Mirr

Eext = (M − Mirr )c2 ,

(1)

where J, M , Mirr are the BH angular momentum, mass, and irreducible mass. A Kerr BH
can release up to 29% of its mass-energy. The GeV emission of long GRBs is powered by
the energy extracted to the Kerr BH formed in the GRB. For the first time, the mass and
spin of these Kerr BHs are obtained thanks to the Fermi-LAT data.
The late catastrophic evolution of the X-ray binaries leads to binary-driven hypernovae
(BdHNe): the progenitors of long GRBs. A carbon-oxygen (CO) star undergoes SN in presence
of a NS companion. The SN event, in addition to form a νNS at its center, produces a hypercritical accretion onto the NS companion leading it to collapse into a BH. These energetic (1054 erg)
sources are observed in the Universe at a rate of 10-100 y−1 , just as the X-ray binaries.
2

X-ray afterglow: inference of the νNS spin

The hypercritical accretion of the SN ejecta onto the νNS leads to the pulsar-like emission
generating the X-ray afterglow emission observed by Swift. It is present in all long GRBs, in all
BdHN subclasses, follow a common decaying power-law (see Fig. 1):


LX = AX

t
1s

−αX

,

(2)

with αX = 1.48 ± 0.32. The different amplitudes, AX , and power-law indices, αX , of the X-ray
afterglow luminosity can be used to determine the spin and magnetic field of the νNS. The
rotational energy of the νNS provides the energy budget of the X-ray radiation via synchrotron
emission of the electrons:


Erot = EX ,

ĖX = LX (t) = AX

t
1s

−αx

= −IΩΩ̇,

(3)

where I and Ω are the moment of inertia and angular velocity of the νNS.
3

GeV emission: inference of the inner engine parameters M , α and B0

The GeV luminosity is paid by the BH mass-energy, i.e.:
LGeV = −Ėext = −Ṁ ,

(4)

where LGeV = AGeV t−1.2 (see Fig. 1), and the BH spin is obtained from Eq. (1).
The magnetic field B0 is obtained by requesting the transparency of the GeV photons against
magnetic pair production. Table 1 shows the results obtained by applying this method to the 11
BdHN I. Specifically, we show the inferred mass and spin of the BH, its corresponding irreducible
mass, as well as the strength of the surrounding magnetic field.
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Figure 1 – Left: X-ray (0.3–10 keV) afterglow and GeV (0.1–20 GeV) emission of GRB 130427A (upper left),
GRB 180720B (upper right), GRB 190114C (lower left). The lower right plot shows the power-law luminosity of
the GeV emission of 20 BdHN I. Figures taken from Ruffini, et al. 1 .
Table 1: The mass, M , spin, α = J/M 2 , and magnetic field, B0 , in 11 BdHNe I out of the 25 long GRBs analyzed.

4

BdHN I

α

080916C
090902B
090926A
110713A
130427A
130518A
131108A
160509A
170214A
170405A
180720B

0.87
0.59
0.76
0.37
0.40
0.50
0.56
0.41
0.80
0.45
0.27

M (α)
(M )
8.9
5.3
8.4
4.7
2.3
2.5
4.7
2.4
2.8
3.4
2.3

Mirr
(M )
7.6
5
7.7
4.6
2.24
2.4
4.4
2.3
2.5
3.3
2.29

B0
1010 G
1.9
2.8
2.1
4.5
4.1
3.3
2.9
4
2.1
3.7
6

BdHN I morphology

We calculate the ratio between the number of GRBs with observed GeV radiation, NLAT , and the
total number of GRBs, Ntot , within the LAT 75◦ boresight angle. We assume that: 1) BdHNe
I follow the same cosmological isotropic distribution of all GRBs first observed by the BATSE;
2) all orientations of the BdHNe I with respect to the LAT detector are equally probable; 3)
the GeV emitting region is a two-side cone whose opening angle is the same for all sources. We
thus estimate the half-opening angle of a single cone ϑ as:
1 − cos ϑ =

NLAT
25
= ,
Ntot
54
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ϑ ≈ 60◦ .

(5)

From the statistics of the GeV emission, it has been inferred the morphology of this emission:
it occurs within a cone of 60◦ measured from the normal to the orbital plane. No GeV radiation
is observable outside such a conical region. The X-ray afterglow is instead present in all BdHN
I, independently of the inclination of the GRB with respect to the orbital plane. See Fig. 2.

Figure 2 – Morphology of BdHN I. The GeV emission is detectable for viewing angles within 60◦ from the normal
to the orbital plane. Left: situation in which the detectors can observe the GeV and Prompt emissions. Right:
situation where the GeV emission is not detectable. The 10◦ cuts indicate the low-density region through which
the prompt radiation can be “seen in the orbital plane”, as first identified from numerical simulations.

5

Discussion and Conclusions

This treatment of long GRBs, originating from very massive binary stars, makes ample use of
the four fundamental interactions: relativistic gravity and electrodynamics describe the “inner
engine”, weak interactions drive the neutrino emission in the accretion process, and the strong
interactions shape the inner structure of the NSs responsible of the X-ray afterglow. This
detailed understanding have allowed us to infer, from the X-ray afterglow, the spin of the νNS.
The GeV emission has allowed for the first time in about fifty years of GRB observations, to
directly evaluate the mass and spin of the BHs therein formed. Their values in 11 BHs range
2.3–8.9 M and 0.27–0.87, respectively (see Table 1).
The observations of the BATSE instrument on board the Compton satellite showed that
GRBs are isotropically distributed. The discovery of the GRB cosmological redshift thanks to
BeppoSAX, have showed that BdHN I occur all the way to z = 8.2 (e.g. GRB 090423). We can
assert that GRBs, with their outstanding energetics, have a role in the processes occurring in
the 95.5% of our known Universe. Their prolonged emission of polarized synchrotron radiation
at X-rays and GeV energies may have a fundamental role in the life in and of our Universe.
In BdHN I, the BH forms smoothly: the SN produces a hypercritical accretion onto the NS
companion, bringing it smoothly the its critical mass for gravitational collapse, forming a Kerr
BH. The NS smooth transition into a BH does not emit any detectable gravitational waves.
With all the above, it is surprising the vision carried forward by the LIGO-Virgo observatories
that very massive binary stars rapidly undergo gravitationally collapse into two BHs, crossing
the Universe spacetime, and finally merging into a larger BH. With the exception of gravity,
this avoids the role of fundamental interactions, a vision at odds with relativistic astrophysics.
References
1. R. Ruffini, R. Moradi, J. A. Rueda, et al., Mon. Not. Roy. Astron. Soc. in press, e-print:
2103.09142 (2021).
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The emergence of structure in the binary black hole mass distribution
V. Tiwari
Gravity Exploration Institute, School of Physics and Astronomy, Cardiff University, Queens Buildings,
The Parade, Cardiff CF24 3AA, UK

I report an emerging structure in the binary black-hole mass distribution. We use the mixture
model framework VAMANA on the observations in LIGO and Virgo’s catalog GWTC-2 to
reconstruct the underlying mass and spin distributions of the population of merging black
holes. Our analysis identifies a structure in the chirp mass distribution, specifically, we identify
peaks in the chirp mass distribution at 7.1, 13.5, 25.3, and 45.3 M, and a complementary
structure in the component mass distribution. Intriguingly, the location of subsequent peaks
are separated by a factor of around two and there is a lack of mergers with chirp masses of
10-12 M. We argue in favour of the hierarchical merger scenario as the source of the observed
structure. In simplest terms, these features can be explained when at least one of the black
hole binary formation channels suffers a mass-gap near 13 M causing black-holes to pile-up
at the first peak combined with the scenario in which lower mass black-holes hierarchically
merge to produce higher mass black-holes. The results are limited by statistics but have far
reaching implications if confirmed by future observation.

1

Introduction

The field of gravitational wave (GW) astronomy is flourishing. The current tally of the number
of confidently detected GW signals now stands at around 50 1 , the majority of which arise from
the merger of black hole binaries. From the first observation of GW159014 3 , which contained
black holes more massive than any previously known stellar mass black holes, to more recently,
observations have provided the first evidence for unequal mass binaries 4 , the most massive black
hole to date 5 which challenges stellar evolution models, and potentially also the least massive
black hole 6 . In addition to these exceptional events, the remaining population of observed
binaries is beginning to reveal the underlying mass and spin distribution of black holes in the
Universe.
Among the many topics of research in GW astronomy understanding the properties of binary
black-holes is an important topic. A recent LIGO/Virgo publication reported the reconstructed
population properties and presented evidence for i) mass-spectrum that is close to a broken
power-law but has additional features and now extends up-to 100 M ii) high mass cutoff that
is not sharp, ii) mass-ratio distribution with substantial support close to one (mass-ratio is
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defined as ratio of the mass of the lighter component and the mass of the heavier component
of the binary), and iii) spins that are small in magnitude and an-isotropically distributed. The
understanding on the lower mass-gap and red-shift evolution of the merger rate is still not
concrete. The report also communicates inconclusive evidence for hierarchical mergers. The
conclusion is based on the inability of the parametric methods in providing a better fit with the
data with phenomenological models employed to capture the physics of hierarchical mergers.
And also at the non-observation of binaries with high spins.
In this summary we present the reconstructed chirp mass distribution, using the flexible
mixture-model framework VAMANA7 . This framework is distinct in two critical ways. Firstly,
the mass distribution of the population is modelled based upon the observed chirp mass and
mass ratios of events. While astrophysical formation scenarios might provide predictions on the
primary mass distribution, its measurement is degenerate with the mass-ratio of the system. In
contract, the chirp mass
M=

(m1 m2 )(3/5)
(m1 + m2 )(1/5)

(1)

is best measured for the majority of observed systems as this determines the leading-order
gravitational wave emission during the inspiral of the two black holes. The second difference
is that we employ a flexible fitting based upon a mixture model of multiple Gaussians, rather
than a parametrised fit to the data. These choices allow us to extract additional structure from
the observed signals. Vamana imposes a broad-band smoothing by restricting reconstructed
population within a distance measure of a reference population. We choose the best-fit powerlaw as the reference population in the analysis.

2

Selected Data and Analysis

We analyse the binary black-hole observations made during the first two LIGO and Virgo observing runs (O1 and O2), and the first half of the third run (O3a). We select only observations
that passed the false alarm rate threshold of once in five years in any of the search pipelines
cWB, GstLAL, PyCBC and PyCBC-BBH 1 . The time during which these GW observations
were made is around one year thus our choice on the false alarm threshold ensures a very low
probability for the selected events to have been generated from instrumental noise. Furthermore, we restrict attention to black hole binaries, and therefore exclude the two observed binary
neutron star signals (GW170817, GW190425) from the analysis, as well as GW190814, whose
less massive component has a mass of 2.6M , which is thought to lie below the accepted black
hole mass distribution. Finally, we exclude the most massive observation to date GW190521,
as this may have a different formation mechanism from the other mergers we consider. The
number of chosen observations is 40 in total.
We model the population using the flexible population modeler VAMANA 7 that uses a
mixture-model to reconstructs the chirp mass, aligned-spin component and the mass-ratio distribution. Each component of the mixture model is composed of two Gaussian and a power-law
to model the chirp-mass, aligned spins and the mass-ratio distribution. The final density is written as weighted sum of n of these components. The likelihood is extended to include a Poisson
term for the estimation of the merger rate. We refer to section IIIB of 7 for detailed description
of the model. We choose prior on all the population hyper-parameters to be uniform except
the prior on the merger rate and location of Gaussians modeling the chirp mass distribution,
which follows a uniform-in-log distribution. We have verified that for a wide range the number
of components has only a small bearing on our results. For this analysis we have chosen n = 9.
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Figure 1 – The reconstructed one-dimensional chirp mass distribution. The solid line shows the posterior mean
and the shaded regions show the 50% and 90% confidence interval. The dotted black curve is the reference powerlaw model. The chirp mass distribution shows evidence for a number of peaks in the distribution. The dashed red
lines indicate locations of a set of hierarchical peaks, separated by an approximate factor of 1.9, with the position
of the first peak at 7.3M . The lack of mergers in the chirp mass range 10 − 12M is labeled as ’gap’.

3

Chirp Mass Distribution

Figure 1 shows the reconstructed chirp mass distribution. We identify four peaks in the posterior
mean of the mass spectrum. These peaks are located around 8.4 M , 15.9 M , 30.1 M and
57.3 M . Each of these peaks closely resembles a Gaussian with approximate scale of 2.3 M ,
5.1 M and 12.1 M for the second, third and fourth peak respectively. Starting at second
peak, each peak is centered at a mass that is approximately twice the center of the peak from
the previous generation. In addition to peaks there is a dearth of observations with the chirp
masses 10-12 M . If we assume that the systematic appearance of the peak is due to hierarchical
merger scenario, where due to a gap in the mass-spectrum a pile-up occurs followed by repeated
mergers that make heavier black holes, we should account for around 5% loss expected due to the
emission of gravitational waves. In this case, the peaks align very well. The first peak has been
arbitrarily chosen and seems slightly misplaced. This may be due to large statistical uncertainty
because of limited number of observations. Over-all, the mean posterior on the differential-rate
loosely follows a broken power-law with boundaries at [5.6, 21, 43, 80]M and exponents [1.7,
1.7, 6.7] along with the Gaussian peaks.
4

Challenges and Implications

The mass distribution of field binaries is expected to follow a power-law like distribution with
the maximum mass of the binaries sensitive to the metallicity and the initial mass function of
the progenitor stars. A gap is not expected in the mass-spectrum around the 10–12 M range.
However, the results presented here provide initial evidence of a lack of black hole binaries in this
chirp mass range. If supported by future observations, this will become an important piece of
information to constrain the stellar evolution physics employed in binary black-hole formation.
The mass spectrum can potentially inform about the dynamics in star clusters. The relative
amplitude and the width of the peaks could provide information about the host environment
and if the peaks after the mass gap are exclusively due to hierarchical mergers then the host
environment must enable retaining substantial fraction of merger remnants.
If the separation of peaks is hierarchical in nature, the relative locations will quantify the
percentage loss of mass in GW due to the merger of black-holes and will therefore provide an
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opportunity to test general relativity predictions of energy emission during merger. Although the
absolute location of the peaks depends on the assumed cosmology, the relative position should
remain unchanged within the framework of standard cosmology. Reconstructed features in the
mass spectrum do not provide any non-gravitational information and thus cannot be used to
estimate the Hubble’s constant. But, if a feature can be identified in the source mass-spectrum
it is conceivable to conduct a combined test of general relativity and cosmology.
We also note the challenges for a hierarchical model, specifically a) the existence of a mass
gap in the 13M region, b) observed low spins for higher generation mergers in contrast to
expectations, and c) preferential pairing for equal mass systems are features not expected in a
hierarchical merger scenario.
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We dedicate this work to Dr Omer Blaes, professor of physics at UCSB, on the occasion of his
sixtieth birthday. We have been collaborating now and then with Dr Blaes on problems involving oscillations, waves and stability1 . Happy birthday, Omer. Enjoy the analytic treatment of
damping of the gravitational waves trapped inside ultra compact stars and its possible connection to Quantum Gravity in the context of the LIGO-Virgo efforts in accurately measuring
ringdowns and echoes.

1

Quantum Gravity is coming to town.

There is a widespread hope that the recent advances in technology for observing the black hole
high energy phenomena — in particular the gravitational wave detections by LIGO-Virgo (LV)
and the close-up imaging of black holes in M87* and SgrA* by the Event Horizon Telescope
(EHT) — could provide means of a direct check on some Quantum Gravity (QG) ideas. Cardoso
and Pani in an excellent recent review3 elaborate on the consensus opinion that some of the
features anticipated in observations by LV (e.g. the echoes and/or the non-standard ringdown
shape) and by EHT (e.g. “the second ring”) may distinguish between the Kerr black hole and
some of its alternatives — e.g. strange stars, gravastars, wormholes, firewalls — by proving that
the objects observed are horizonless.
However, there is a minority opposition to this, most eloquently expressed by the late Freeman
Dyson4,5 , who points out that QG is meaningless if we have no apparatus able to detect a single
graviton. Dyson formally proved that LV, even when updated, cannot for a fundamental reason
detect a single graviton. In this paper we reply to this criticism by recalling an analogy with
electromagnetic radiation. Physicists long before being able to detect single photons, had at
hand proofs of the quantum nature of light, e.g. by observing the Fraunhofer lines. Here we
suggest, although we do not prove, that in the observed ringdown phenomenon there could be
detectable imprints of the fact that the energy of the gravitational radiation is carried in finite
portions — the gravitons.
a

Based on an unpublished paper by Horák, Klimovičová and Abramowicz 2 .
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2

The Teukolsky wave equation for the internal Schwarzschild metric in the optical
geometry representation.

Let us rewrite the well-known Schwarzschild solution describing the vacuum metric outside a
spherically symmetric, static body with mass M (and gravitational radius rG = GM/c2 ) in the
“optical geometry” form:




rG 
rG −2 2 
rG −1 2 2
ds2 =
1−
dt2 − 1 −
dr − 1 −
r (dθ + sin2 θdφ2 )
(1)
r
r
r




= e−2Φ dt2 − dr∗ 2 − r̃2 (dθ2 + sin2 θdφ2 ) = e−2Φ dt2 − dh2 .
(2)
The optical geometry appears in the square brackets — it is conformal to the original Schwarzschild
metric. The second line (2) represents optical geometry for any static, space-time geometry in
spherical coordinates. The 3-D “optical space” has the metric −dh2 = γik dxi dxk .
In the Minkowski metric, Φ = 0, and r∗ = r̃ = r, but in general, one has
Z r
r
grr
g
1
− dr, r̃ = − φφ .
(3)
Φ = − ln gtt , r∗ =
2
gtt
gtt
Along a null geodesic,
R i.e. along a light or gravitational wave-front trajectory ds = 0. From the
Fermat principle,R δ dt = 0 along light trajectories in static space-times. Thus, from (2) one
concludes that δ dh = 0 along light trajectories: they are geodesic lines also in the 3-D optical
space6 .
The optical geometry corresponding to the interior of a constant density Schwarzschild star
is spherical and isometric with spatial sections of the static Einstein Universe with the curvature
scalar R = 6/ã2 = const. The 3-D optical space corresponding to the internal Schwarzschild
solution has the metric,


dh2 = dr∗2 + r̃2 dθ2 + sin2 θ dφ2 , r̃ = ã sin(r∗ /ã).
(4)
The spherical geometry of the 2-D equatorial plane θ = π/2, dθ = 0 is shown as an embedding
diagram in Figure 4. The interior (indicated by the color) and the exterior Schwarzschild solution,
join at the radius of the star r = R < (3/2)rG . Note that the radius ã of the spherical bulge
equals (we use geometrical units with c = 1 = G),
  

R R 1/2
9 M −1/2
ã =
1−
(5)
2 M
4R
where R is the radius of the star and M is its mass. For compactness M/R = 4/9 the radius of
the bulge tends to infinity. This is the maximal compactness a non-singular Schwarzschild star
could have — the Buchdahl-Bondi limit7 .
Let the wave function be described in the Minkowski space-time by the standard formula,
Ψ(t, r, θ, φ) =

∞ X
`
n
X

o
W`m (r)P`m (cos θ) e−iωt e−imφ .

(6)

`=0 m=−`

P`m (cos θ) are the Legendre polynomials. After the standard separation of variables, the radial
part of the wave equation in the axially symmetric case ∂φ = 0, m = 0, takes the familiar form:


∂2
`(1 + `)
2
Minkowski:
W
=
ω
−
+
V
(r)
W = 0, where V (r) =
.
(7)
r
∂r2
r2
Using the optical geometry reasoning based on the spirit of equation (2), one may immediately
guess the correct form of the wave equation (“the Teukolsky equation”) in a general static spacetime, just by removing the Minkowski degeneracy r = r∗ = r̃.


∂2
`(1 + `)
2
General:
W
=
ω
−
+
V
(r)
W = 0, where V (r) =
+ δV (r).
(8)
r
∂r∗2
r̃2
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The frequency of the wave is a complex quantity, with Re(ω) = σ being the frequency of the
quasi-normal modes, and Im(ω) = 1/t0 being the inverse of a characteristic damping time of
these modes, i.e. of the “ringdown” in the LV language.
3

Formal solution of the Teukolsky equation.

It would be convenient to introduce new variables (see Figure 4), χ ≡ r∗ /ã, κ ≡ ãω, and write
the Teukolsky equation (8) in a dimensionless form,

d2 W  2
`(` + 1)
+ κ − ã2 (V` + δV ) W = 0, where V` ≡
 δV
r̃2
dχ2

(9)

We solve the Teukolsky equation separately for the exterior and interior Schwarzschild solutions,
adopting the regularity condition at the center and no ingoing wave at infinity,
 0

W 0 (0) = 0,
W − iκW χ→∞ = 0
(10)
The exterior solution is given by the WKBJ approximation,
Wext =

 1/4
Θ
[Ai(Θ) − iBi(Θ)] ,
γ

(11)

with Ai(Θ) and Bi(Θ) being the Airy functions, and
" Z
  #2/3
rt
p
3
dχ
Θ≡
γ(r)
dr
, γ(r) ≡ ã2 Vext (r) − κ2 .
2 r(χ)
dr

(12)

The interior solution is given in terms of the associated Legendre functions:
Wint (χ) = (sin χ)1/2 Qµν (cos χ),

µ = ` + 1/2, ν = κ − 1/2

(13)

Matching the interior and exterior solutions at the surface of the star r = R reveals the eigenvalue
nature of the problem. The matching is possible only for the eigenfrequencies κ characterized by
Re(κ) = n,

Im (κ) = −A`

n2λ (` + n)!
× exp
(n − ` − 1)!




32
πnx1/2 xλ+`+1/2 .
27

(14)

Here λ2 = `(` + 1), A2 = 1.165 × 10−2 and x = 1 − 9M/4R.
4

Optical geometry solution for Re(κ) and Im(κ).

r = 3M

circumference
= 2πã

r=R

χ

Figure 4: The Schwarzschild optical

χ is the rescaled proper distance
from the center of the star, and
ã is the circumferential radius of
great circles at the spherical bulge
of the stellar interior: the great circles are geodesic lines in the metric
(4), therefore they are light trajectories in the optical space. It was
noticed8 that a standing wave that
has n nodes along a great circle, obviously has frequency
κ=n

(a)

space (θ = π/2 cut). The interior

This agrees with the formally de-

solution is indicated by the color.

rived equation (14) for Re(κ).
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One may estimate the mode decay
time t0 by considering the black
body radiation with a uniform energy density ε enclosed in a container. The radiation flux that leaks
from a small hole in the container is
f = 4ε/c. Therefore, t0 = εV/f A,
where V(R) is the volume of the
container and A(R) is the surface
area of the hole. Using the explicit
form of these two functions that are
known in the Schwarzschild internal
solution, one arrives at (for ` = 2):
t0 = const x−3/2

(b)

5

Discussion
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and (a). Points: numerical .

radiation in the container

consists of individual photons and is
radiated away photon by photon. If
this makes any practical difference,

10−3

10−2

x = 1 − 9M/4R

x = 1 − 9M/4R

6

mula:

n=6
n=5
n=4
n=3

n=3

non-quantum,

quantum black body EM Planck for-

10−8

n=6
n=5

classical,

in the Figure is calculated from the

10−6

Im(M ω∗ )

Re(M ω∗ )

0.20

the

Teukolski equation, while the bb line
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the ringdown shape, observed sufficiently accurately, should therefore

Solid lines: (14). Dashed line bb:

be affected by the existence of gravi-

eq. (b). They do not coincide.

tons!

Conclusions and plans

Discrete orbital structures (i.e. ones described by natural numbers) are typical of many aspects of classical celestial
mechanics: well-known examples are Newton’s orbital resonances or Einstein’s holonomy invariance of parallel
transport10,11 , and the kilohertz quasi-periodic oscillations12−15 . In all of these situations the gravity has no
discrete aspects, only the orbits have them. All of these effects are observed.
In this paper we described the discrete features of the “ringdowns” i.e. damped gravitational wave-fronts:
(a) classically, by solving the Teukolsky equation and (b) quantum-mechanically, by employing a supposed
graviton-photon analogy, based on the black body formulae. These two descriptions give different results. We
argue that in a more sophisticated theoretical analysis of the ringdowns than presented here, the discrete nature
will mature into a kind of the “Planck formula for gravitational radiation”. Because the ringdowns are observed
by the LV interferometers, this will be a sure step towards experimental quantum gravity.
We are now working on a few follow-ups: (i) A “topology catalogue” of ringdowns, reflections and echoes for
“topology different” ultra-compact objects. (ii) A non-linear Teukolsky equation and possible GW gravitational
resonances. (iii) Application of the Rayleigh-Jeans law into wave turbulence: different wave modes exchange their
energy (like nonlinear harmonic oscillators) to reach equipartition. One may apply the same to GWs and perhaps
repeat the RJ derivation with a Planck-like ansatz.
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GW190521 formation via three-body encounters in young massive star clusters
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GW190521 is the most massive binary black hole (BBH) merger observed to date. Due to
its peculiar properties, the origin of this system is still a matter of debate: several hints may
favor a dense stellar environment as a birthplace. Here, we investigate the possible formation
of GW190521-like systems via three-body encounters in young massive star clusters (YSCs)
by means of direct N -body simulations.

1

Introduction

Intermediate mass black holes (IMBHs) bridge the gap between stellar-mass black holes (BHs)
and super-massive black holes in the range 100 − 105 M . On May 21, 2019, the Ligo and Virgo
facilities detected the collision of a binary black hole (BBH) massive enough to produce the first
IMBH candidate ever detected with gravitational waves (Abbott et al.1,2 ). This event, named
GW190521, originated from the merger of two BHs with mass m1 ' 85 M and m2 ' 66 M , and
produced a ∼ 140 M remnant that lies in the intermediate mass range. One of the distinctive
features of this system is that the primary BH has a 99% probability of lying inside the pairinstability (PI) mass gap (∼ 60 − 120 M , Abbott et al.1,2 ), i.e. the mass range in which no
BH is expected to be produced by the collapse of a single star, as a consequence of the unstable
oxygen-silicon burning phase experienced by the progenitor. Moreover, the observed precessing
+0.27
spin parameter χp ∼ 0.68+0.25
−0.37 , and an effective spin parameter χeff ∼ 0.08−0.36 (90% credible
interval) of this system favour a precessing binary model with in-plane spin components and
high spin magnitudes for both BHs. Finally, some authors also claim that the GW190521
waveform might be compatible with an eccentric binary at the time of the merger (Gayathri et
al.11 , Romero-Shaw et al.12 , Bustillo et al.5 , Abbott et al.2 ). All these properties might favor the
formation of GW190521 via dynamical interactions in a dense stellar environment rather than
via isolated binary evolution.
2

Three-body simulations in a nutshell

We simulated 105 three-body encounters between a BBH and a single massive BH using the direct
N -body code arwv (Chassonnery et al.6 ). arwv implements a post-Newtonian treatment of the
equation of motions up to the 2.5 order, and a relativistic kick prescription for merger remnants.
We set our three-body scattering experiments in the massive young star clusters (YSCs) of Di
Carlo et al.8,9 , and we generate the masses and the semi-major axis of our systems from their
single and binary BH population. In this way, our sample includes also BHs with mass inside and
above the PI gap produced by stellar collisions. Moreover, we specifically require the intruder
mass to be above the lower end of the PI mass gap. Finally, we sampled the dimensionless spin
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parameter of each BH from a Maxwell-Boltzmann distribution with σχ = 0.1 as already done in
Bouffanais et al.3 , while its orientation is drawn randomly over a isotropic sphere. A complete
description of these initial conditions is presented in Dall’Amico et al.7 .
3

GW190521-like BBH mergers

We categorize the results of our three-body simulations in three possible outcomes: flybys if the
original binary (m1 − m2 ) survived to the encounter, exchanges if the single BH replaced one
component in the original binary (m1 − m3 and m2 − m3 if the secondary or the primary BH
is kicked out) and ionizations. The left panel of figure 1 shows the primary and secondary BH
masses of the BBH mergers at the end of the simulation as function of the outcomes. One every
∼ 9 BBH mergers (11% of the total) have both the primary and secondary mass inside the the
+17
1,2
90% credible intervals of GW190521 (85+21
−14 and 66−18 M , Abbott et al. ), the vast majority
of which are exchanged BBHs (98.7%). Most of these mergers are between m1 and m3 (97.2%),
while mergers between m2 and m3 are only the 1.5% of the GW190521-like systems. Flybys and
second-generation binaries contribute to the 0.5% and the 0.8% of the GW190521-like systems.
Specifically, three over the all nine second-generation BBHs lie inside the Abbott et al.1 90%
credible regions for the component masses of GW190521. In these three-body simulations, the
original binary experiences a strong encounter with the intruder BH, during which m3 extracts
enough internal energy from the binary to induce it to merge. Despite the relativistic kick, the
merger remnant resulting from this first coalescence forms a second-generation BBH with the
intruder BH. These systems merge again in less than a Hubble time. The coalescence time of the
inner binary m1 − m2 computed at the beginning of the simulation is longer than the duration of
the simulation (i.e., 105 yr) for all of these three mergers, meaning that the coalescence between
m1 and m2 is sped up by the three-body interaction. Finally, two other second-generation
binaries graze the 90% contours, but lie outside of the GW190521-like region (red and brown
stars).
The right-hand panel of figure 1 shows the effective spin parameter χeff as function of the
precessing spin parameter χp for all the BBH mergers. These quantities are computed with the
following expressions:
χeff =

(mi χ
~ i + mj χ
~j)
mi + mj

·

~
L
,
L

χp =

c
max (Bi Si⊥ , Bj Sj ⊥ ),
Bi G m2i

(1)

~ is the orbital angular momentum vector
where G is the gravity constant, c the speed of light, L
of the system, Si⊥ and Sj⊥ are the spin angular momentum components in the orbital plane
of the primary and secondary bodies of the binary, Bi ≡ 2 + 3 q/2 and Bj ≡ 2 + 3/(2 q) with
q = mj /mi (mi ≥ mj ). Since dynamics randomly re-distributes the initial BH spins’ orientation
during a three-body interaction, we compute the final spin parameters χp − χeff re-drawing the
direction of each BH spin isotropically over a sphere but conserving their initial magnitude.
For the BH remnants that pair up in second-generation BBHs we do not derive a single value
but rather generate a full set of direction angles still sampled from an isotropic distribution.
This implies that second-generation BBHs are represented in the plot as contour regions, with
the exception of one system (green bar) in which the first-generation component has a higher
spin magnitude than the second-generation companion, and thus dominates the χp term in
equation 1 resulting in one single χp value for a set of χeff values. The plot highlights two
distinct populations of mergers. First-generation BBHs, which underwent exchanges and flybys,
cover the parameter space at low values of the precessing spin, while second-generation BBHs are
located at high χp . One third of all second-generation BBH mergers (three out of nine BBHs)
match both the component masses and the spin parameters of GW190521 inside the 90% credible
intervals reported by Abbott et al.1 , while only 0.08% of the first-generation BBH mergers have
both component masses and spin parameters inside the 90% credible intervals of GW190521
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Figure 1 – Left-hand panel: Primary and secondary masses of the simulated BBH mergers. Yellow circles are
flyby BBHs, while orange (red) circles are exchanged BBHs where the intruder replaced the secondary (primary)
BH. The black contour levels are the 25, 50, 75, 90% credible regions of GW190521 reported by Abbott et al.1 .
Coloured stars are second-generation BBHs. The salmon, cyan and lime-green stars are inside the 90% credible
regions from Abbott et al.1 . The vertical dashed grey lines mark the lower-end of the PI mass gap, at 60 M ,
and the lower end of the IMBH mass range, at 100 M . Right-hand panel: Effective spin parameter χeff versus
precessing spin parameter χp for all the BBH mergers. The colours are the same as the previous panel. The blue,
salmon, lime-green, cyan, purple, brown, grey and pink contours are the 50 and 90% credible regions for 8 out of
the 9 second-generation BBHs. The green bar shows the last second-generation BBH for which χp depends only
on the spin of the first-generation component (see the main text for details). The black contours are the 25, 50,
75, 90% credible regions for the GW190521 spin parameters posterior reported by Abbott et al.1 and Abbott et
al.2 .

according to Abbott et al.1 . This is an effect of our assumption that all first-generation BH’s
spin magnitudes are distributed according to a Maxwellian distribution with σ χ = 0.1. Had
we assumed a larger value for σ χ , we would have obtained a correspondingly higher fraction of
first-generation BBHs matching GW190521’s component masses and spin parameters.
The intersection of the two BBH samples that lie inside the posterior regions for the component masses (left panel, Figure 1) and spin parameters (right panel, Figure 1) of GW190521
contains six systems. These are three second-generation BBHs (marked by the salmon, cyan
and lime-green systems in the plots) and three exchanged binaries where m3 replaced m2 in
the original system. The merger product of all these systems is an IMBH with a mass and a
dimensionless spin magnitude inside the 90% credible intervals of GW190521 (Mrem = 142+28
−16
1,2
−4
M and χrem = 0.72+0.09
−0.12 , Abbott et al. ). Finally, all these systems have eccentricity < 10
in the LIGO–Virgo range at 10 Hz, even if post-Newtonian corrections are accounted for.
4

Merger rate density

We compute the approximate merger rate density of GW190521-like systems from our simulations as
RGW190521 ∼ 0.03 Gpc−3 yr−1



N190521
6

 

NBBH
3606

−1 

RBBH (z = 0.8)
170 Gpc−3 yr−1



fYSC
0.7



fcorr
,
0.14


where N190521 is the number of simulated BBH mergers with the mass of the components and the
effective and precessing spin parameters inside the 90% credible intervals reported by Abbott et
al.1 and Abbott et al.2 , NBBH is the number of BBH mergers in our simulations, RBBH (z = 0.8)
is the BBH merger rate density at z ' 0.8 (i.e., the median redshift value of GW190521;
Abbott et al.1,2 ). We calculated RBBH for the YSCs simulated by Di Carlo et al.10 following
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the method described in Santoliquido et al.13 . Finally, fYSC is the fraction of BBH mergers
that originate in YSCs, according to the fiducial model of Bouffanais et al.4 , and fcorr is a
correction factor to compensate for the bias we introduced when we simulated only intruders
with m3 ≥ 60 M . The number of BBH mergers matching the effective and precessing spin
parameters of GW190521 is strongly affected by our choice of the spin magnitude of firstgeneration BHs, which is drawn from a Maxwellian distribution with σχ = 0.1. A choice of
σχ = 0.2 would have produced 109 first-generation BBH mergers with the same properties as
GW190521, rather than just three binaries as derived with σχ = 0.1. Hence, the merger rate
density of GW190521-like systems is very sensitive to the spin distribution of first-generation
BBHs: we obtain RGW190521 ∼ 0.01 Gpc−3 yr−1 if σχ = 0.01 (no first-generation BBH mergers
matching GW190521) and RGW190521 ∼ 0.6 Gpc−3 yr−1 if σχ = 0.2.
Conclusions
In this work we report the results of the three-body simulations performed by Dall’Amico et al.7 .
Out of a total of 105 simulated binary-single encounters, only in 6 cases the interaction produced
a BBH merger that match the main properties of GW190521 (m1 , m2 , χeff , χp , Mrem , χrem )
within the 90% credible interval reported by Abbott et al.1 . Our results imply that, if GW190521
was born in a massive YSC, it is either a BBH resulting from an exchange with a massive intruder
(≥ 60 M ) or a second-generation BBH merger triggered by a resonant three-body encounter.
We find a merger rate density of RGW190521 ∼ 0.03 Gpc−3 yr−1 for GW190521-like BBHs formed
via three-body encounters in YSCs. This value lies within the 90% credible interval derived by
Abbott et al.1 , but it strongly depends on the prescription adopted for the initial BH spin
distribution.
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Improved Gravitational Radiation Timescales
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Institute of Computational Science, University of Zrich, Switzerland
*zwicklo@ics.uzh.ch

We propose a revised version of Peters’ formula for the coalescence time-scale of binaries due
to the emission of gravitational waves. The new formula is simple, but correctly models the
eccentricity evolution and strong gravity effects such as spin. We show several examples where
a more accurate time-scale leads to significantly different results.

1

Introduction

Peters’ formula is an analytical estimate of the time-scale of gravitational wave (GW)-induced
coalescence of binary systems. It is used in countless applications, where the convenience of a
simple formula outweighs the need for precision. However, many promising sources of the Laser
Interferometer Space Antenna (LISA), such as supermassive black hole binaries and extreme
mass-ratio inspirals (EMRIs), are expected to enter the LISA band with highly eccentric (e >
0.9) and highly relativistic orbits. These are exactly the two limits in which Peters’ estimate
performs the worst. In this text, we summarise the results of two papers in which we present
an improved version of the GW inspiral timescale. The improved versions accounts for the
eccentricity evolution and the Post Newtonian corrections of up to 1.5 order with respect to
Peters’ estimate. We discuss several cases that demand a more accurate GW time-scale, and
show how this can have a major influence on quantities that are relevant for LISA. We then use
the PN accurate timescale to discuss the importance of several environmental effects such as gas
drag and gravitational three body effects.
2

The Improved Vacuum Timescale

In vacuum, a compact object binary slowly looses its energy due to the radiation of gravitational waves. From an initial orbital separation and eccentricity, a binary will decay in a
definite timescale first found by Peters & Mathews in 19631 . This estimate is often called
“Peters’ formula” after the first author. It serves as a first approximation of the GW induced
merger timescale in countless event-rate estimates, populations synthesis codes and other sourcemodelling applications.
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Figure 1 – In the left panel we show the magnitude of the PN corrections for a wide range of binary parameters.
In the right panel we show the differences in the EMRI critical semimajor axis for the corrected and uncorrected
GW timescales for eccentric and circular orbits around an SMBH with spin S1 (Milky Way analogue).

Peters’ formula is thought to be sufficiently accurate for astrophysical applications, especially
because it is often used in conjunction with other dynamical time-scales that are themselves only
order-of-magnitude estimates. However, several factors that influence the duration of a binary
inspiral are not properly modelled by it. These are:
• The Newtonian eccentricity evolution
• Post Newtonian GW fluxes and orbital parametrisation
• GR effects such as BH spin
In two recent papers 2,3 , we sought to fix these issues, in service of reducing the unnecessary
errors that might arise from using Peters’ formula in its common form. We produced an updated
formula that takes into account the eccentricity evolution and the lowest-order PN corrections,
while still being algebraically very simple.
To improve upon the accuracy of Peters’ formula tP , one multiplies it with several correction
factors:
tP (a0 , e0 ) → tP (a0 , e0 )R(e0 )Qh (a0 , e0 )Qs (a0 , e0 , s1 )

(1)

For low eccentricity orbits, the correction factors reduce to:
R = 1; Qh Qs → exp

5.0rS
+ s1
p0



3.7rS
p0

3/2

3/2

+ |s1 |



4.3rS
p0

3 !
(2)

While for highly eccentric orbits the correction factors reduce to:
R = 81−

√

1−e0

; Qh Qs → exp

2.8rS
+ s1
p0



0.3rS
p0



+ |s1 |3/2



1.1rS
p0

5/2 !
(3)

Where e0 and p0 denote the initial eccentricity and periapsis of the orbit, while rS and s1 denote
the Schwarzschild radius and the spin of the primary BH.
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3

Applications

We propose the corrected formula as a simple yet accurate model of the GW induced decay
timescale, in any application where eccentric and/or highly relativistic orbits are expected. In
this section we show how a PN accurate timescale affects results that are relevant in but a few
of the many such scenarios.
3.1

EMRI event rates

The critical semimajor axis acrit separates the GW emission dominated phase of EMRIs from the
dynamical regime. Changes in the GW inspiral timescale have a significant effect on acrit . The
event rates per galaxy of EMRIs are integrated over the volume a3crit , and can change by up to a
factor ∼ 30 (Vázquez-Aceves et al. in prep.) when adopting the corrected timescale rather than
Peters’ formula. Some EMRI event rate estimates adopt a version of the Newtonian timescale
that is specialised for high eccentricities. In that case, the PN correction factors account for a
factor 3 difference in the final predicted event rates. In Figure I we show the differences in the
critical semimajor axis for a Milky Way analogue, for eccentric and circular orbits around an
SMBH with spin S1
25

m3 = 101 M
m3 = 103 M
m3 = 106 M

6

Munna (2020)

Required PN order

Required PN order

20

7

15
Fujita (2015)

10

5
4
3
2

5

Sago & Fujita (2015)

0
10

5

10

4

10

3

10
R [pc]
2

10

1

100

BHL drag
Type I torque
Type II torque

1
10

101

13

10

12

10

11

MCND = 108 M
MCND = 109 M
MCND = 1010 M
10 10 10
[g/cm3]

9

10

8

10

7

Figure 2 – We show the equivalent PN order of several environmental effects of a binary that is within the LISA
band. The details are explained in the text below.

3.2

Assessing the Importance of Environmental Effects

If an inspiral occurs in a noisy environment, such as a gaseous disk or a dense globular cluster,
the inspiral timescale will deviate from the vacuum prediction. A PN accurate timescale for the
inspiral is a very useful tool, as it can be used to compare the strength of such environmental
effects against the effect of PN order corrections. In the left plot above, we take a look at the
gravitational perturbations caused by a third massive body at a certain distance R from a binary
entering the LISA band. Depending on the distance and mass of the perturber, the disturbance
caused by the third body can be equivalent in strength to the effect of a particular PN order.
The horizontal lines denote the state of the art waveform templates for circular and eccentric
orbits. In the right plot above we compare the strength of gas effects such as drag and global
torques on a binary entering the LISA band against PN corrections. Depending on the local
gas density and the type of gas effect, the disturbance is equivalent in strength to the effect of
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a particular PN order. The vertical lines denote some probable values of the local density in
gaseous disks for different total circum-nuclear disk masses.
4

Conclusion

We propose the improved timescale as a simple prescription to quantify decay time-scales more
accurately. As touched upon previously, we believe that a PN accurate timescale can be useful
in several different cases, which include:
• Its use in event rate estimates and population synthesis models, as it can lead to significantly different results.
• Its use as a computationally efficient alternative to numerical integration, in applications
that include the modelling of radiation reaction for eccentric and/or relativistic sources.
• Its use as an order of magnitude estimate of the importance of environmental effects, such
as gravitational perturbations or gas forces, on the inspiral of a GW source.
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Search for r-mode gravitational waves from PSR J0537-6910
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In this poster, I have presented the methods used to perform the search for continuous
gravitational-wave emission due to r-mode activity from the pulsar PSR J0537-6910 using
data from the LIGO-Virgo Collaboration observing run O3. PSR J0537-6910 is the most frequently glitching known pulsar and its inter-glitch braking index suggests that gravitationalwave emission due to r-mode oscillations may be present. In order to explore this scenario,
we search for r-mode emission in the epochs between glitches by using a contemporaneous
timing ephemeris obtained from NICER data. Unfortunately, the results of this search were
not published at the time of 2021 Rencontres Moriond, but they have been later reported in
the related LVK r-modes collaboration paper 1 .

1

Introduction

PSR J0537-6910 is a young (1-5 kyrs) energetic X-ray pulsar located in the Large Magellanic
Cloud at a distance of 49.6 kpc. From an astrophysical point of view, this pulsar is intriguing
for several reasons 1 :
• It is the fastest spinning young pulsar currently known.
• It exhibits large glitches, i.e., sudden increases in spin frequency (∆ν/ν ≈ 10−7 )
• PSR J0537-6910 glitches roughly every 100 days, while, in most pulsars, glitches do not
happen regularly.
• This pulsar is unique, as it is the only glitching pulsar that shows a strong correlation
between the size of a glitch and the waiting time to the next glitch, which suggests that a
threshold level of some sort has to be reached to trigger the glitch mechanism.
The recents observations 2 NICER telescope evaluated the rotational frequency of the pulsar
and its derivatives to be ν ≈ 61.91Hz, ν̇ ≈ −1.997 · 10−10 Hz/s and ν̈ ≈ 1 · 10−20 Hz/s2 . Another
interesting result is that the the inter-glitch braking index n = ν ν̈/ν̇ 2 tends to an asymptotic
value of n ≈ 7.4 for timespans of the order of some weeks. Such a value may indicate that the
spin evolution of PSR J0537-6910 might not be driven by electromagnetic wave emission, but
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by gravitational waves emission due to r-mode oscillation, for which n ≈ 7 3 .
The r-mode is a toroidal mode of fluid oscillation for which the restoring force is the Coriolis
force 4 , and it is generically unstable to emission, which can drive the mode to large amplitudes.
In fact, it has been suggested that this is the mechanism that spins down young neutron stars.
From these considerations, the relevance of this search becomes evident: gravitational waves
emission coupled to r-mode activity represent an interesting candidate for the production of
continuous gravitational waves (which have never been detected so far). Electromagnetic observations of PSR J0537-6910 overlapping the LIGO-Virgo O3 run from NICER telescope allowed
to track all the glitches that occurred during the data-taking timespan of the interferometers.
The timing model of the glitches of PSR J0537-6910 is reported in Figure 1. These results allowed us to perform the first electromagnetically-triggered search for this kind of emission from
this pulsar.
LIGO-VIRGO O3
1 Apr.
2019

1st Glitch
3 June 2019
Epoch 1

2nd Glitch
20 Nov. 2019
Epoch 2

3rd Glitch
20 Jan. 2019

Epoch 3

27 Mar.
2020

Epoch 4

Figure 1 – Occurence of glitches for PSR J0537-6910 during the LIGO-Virgo O3 run. Three glitches were detected
during the searched timespan.

2

R-Mode Emission Model

The model for r-mode GWs emission 5 presents a bigger uncertainty with respect to CWs due to
ellipticity. In this case, the ratio between the gravitational frequency f and the pulsar rotational
frequency ν at first order is provided by the parameter A, which ranges between 1.39 and 1.57
(A = 2 for CWs due to ellipticity). Second order contributions are accounted for through another
parameter: B. Thus, one obtains the following set of relations:
ν 2
ν
νk
 2
ν
f˙ = Aν̇ − 3B
ν̇,
νk


f = Aν − B



(1)
(2)

with 1.39 ≤ A ≤ 1.57 and 0 ≤ B ≤ 0.195. The parameters A and B depend on the pulsar
Equation of State, on its mass and radius. Note that the second relation is just the timederivative of the first.
2.1

Parameters Space

Since the relations between the couples of values (f , f˙) and (A, B) are linear, and given the
theoretical bounds on A and B, we expect that the interesting region to search in the parameters
space (f , f˙) will be parallelogram-shaped. The explored region in the parameters space is
reported in Figure 2.
It is important to mention that also the second derivative of the frequency f¨ should be considered.
However, it was studied that, considering sufficiently short timespans, one can fix f¨ = Āν̈ =
1.48 · 10−20 Hz/s2 , where Ā is the average value of A on the aforementioned range (Ā = 1.48).
3

Search Procedure

Targeted searches for continuous gravitational waves (CWs) are usually performed using coherent
matched filtering techniques, which are particularly sensitive, but require the knowledge of the
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Figure 2 – Representation of the explored region in the parameters space of f and f˙. It is necessary to explore
a wide range of frequencies due to the uncertainty on the parameter A, which represents the first-order ratio
between the gravitational frequency f and the rotational frequency of the pulsar ν.

exact signal embedded in data. Unfortunately, in the case for r-modes CWs, it is not possible to
model the signal when glitches occur, due to the complex mechanisms stepping in in this phase.
Thus, it is not possible to define the phase relation of the signal along the whole timespan. For
this reason, the idea is to split the search into two pieces:
1. Coherent Procedure: It is possible to perform independent coherent searches for CWs
in different inter-glitch periods. This search has been carried out using the tried-andtested Narrowband 5-Vectors Pipeline, already applied to multiple searches for CWs due
to ellipticity.
2. Incoherent Procedure: Results obtained on different periods have should be incoherently combined. However, it is not possible to directly pair signals with the same gravitational parameters. For example, the change in the rotational frequency ν of the pulsar will
result in a change in the gravitational frequency f in different inter-glitch periods. Thus,
the combination has to be performed keeping into account the change in the rotational
frequency of PSR J0537-6910.
3.1

Coherent Procedure: The Narrow-Band 5-Vectors Pipeline

The 5-vectors procedure for narrowband searches 6 has been implemented in 2014 and later
extended 7 . A complete discussion on the implementation is reported in the references mentioned
in the bibliography. Here, only a brief description of the most important steps is reported:
1. Extraction of selected frequency band from interferometers data.
2. Application of Doppler corrections (due to Earth’s revolution motion) and Einstein Delay
corrections.
3. Application of spin-down corrections: the rotational frequency ν of the pulsar decreases
over time due to the emission of electromagnetic and (possibly) gravitational energy.
4. Computation of Matched Filtering Using the 5-Vectors technique.
5. Combination of Results from different interferometers.
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3.2

Incoherent Procedure: The Combination Algorithm

The goal of the Combination Algorithm is to incoherently link the couples of parameters (f ,
f˙) in different inter-glitch periods corresponding to the same physical signal. This combination
procedure is performed using Equations 1 and 2:
1. Given a physical signal represented by the gravitational parameters (f1 , f˙1 ) in the interglitch period 1, one can recover the value of A and B for the selected signal by inverting
Equations 1 and 2 with ν = ν1 (νi is the rotational frequency in the period i).
2. It is now possible to recover the evolved parameters (f2 , f˙2 ) using Equations 1 and 2 with
the previously found A and B and ν = ν2 .
3. Combine the detection statistic of the studied signal with the closest parameters to the
evolved ones.
A sketch outlining the incoherent combination procedure is reported in Figure 3. In this way, it
is possible to reconstruct the signal along the whole run.

Figure 3 – Sketch representing the combination of the detection statistic between different inter-glitch periods.
The combination of the gravitational parameters in the different periods is performed assuming that the physical
parameters A and B are constant. The change in f and f˙ is due to the variation in ν after the glitch.

4

Conclusions

The procedures developed for this search might be easily generalized to different r-modes GWs
searches and possibly to searches for similar GWs emissions with uncertain parameters. An
interesting consideration to keep in mind when performing this kind of searches is that the focus
has to be shifted on the physical parameters of the signal (A and B in this case) rather than
on f and f˙. This shift helps to properly understand the evolution of the signal when the pulsar
rotational frequency undergoes some variations.
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Universitat de les Illes Balears, and Institut d’Estudis Espacials de Catalunya (IEEC), Carretera de
Valldemossa km 7.5, E-07122 Palma, Spain
We present a search for continuous gravitational waves emitted by neutron stars in binary
systems conducted on data from the early third observing run of the Advanced LIGO and Advanced Virgo detectors using the semicoherent, GPU-accelerated, BinarySkyHough pipeline.
The search analyzes the most sensitive frequency band of the LIGO detectors, 50 – 300 Hz.
Binary orbital parameters are split into four regions, comprising orbital periods of 3 – 45
days and projected semimajor axes of 2 – 40 light-seconds. No detections are reported. We
estimate the sensitivity of the search using simulated continuous wave signals, achieving the
most sensitive results to date across the analyzed parameter space.

1

Continuous gravitational waves

Continuous gravitational waves (CWs) are persistent forms of gravitational radiation. Possible
sources include rapidly-spinning neutron stars (NS) presenting crustal deformations, r-mode
instabilities or free precession. They are orders of magnitude weaker than compact binary
coalescense transient signals 1 , requiring long integration times to be detected. Fully-coherent
matched filtering searches are unfeasible for wide parameter space surveys due to the strong
scaling of the number of phase templates to consider with respect to the observing time. Instead,
semicoherent methods, which allow the use of coarser grids, yield a better sensitivity at a fixed
computational cost.
We search for CWs from unknown NSs located in circular binary systems. These are quasimonochromatic signals modulated due to the daily and yearly movement of the Earth around
the solar system barycenter, on top of which there is an extra frequency modulation due to the
binary motion of the source. Population studies suggest frequency evolution due to the spindown
of the source can be neglected 2, 3 . For a NS in a circular binary orbit, the CW frequency as it
arrives to an Earth-based detector can be described as


~v (t)
f (t) = f0 · 1 +
· n̂ − ap Ω cos [Ω(t − tasc )] ,
(1)
c
where f0 is the CW frequency from the source frame at a fiducial reference time, n̂ represents
the sky position of the source, and ap , Ω, tasc are the binary orbital parameters: projected
semimajor axis, orbital frequency and time of passage through the ascending node, respectively.
~v is the detector’s velocity with respect to the Solar System Barycenter.
Here we summarize the all-sky search for continuous gravitational-wave signals from unknown neutron stars in binary systems conducted on early O3 Advanced LIGO data using the
BinarySkyHough pipeline 4 . The search and its results were also described in detail in a previous
publication 5 .
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2

Early O3 LIGO-Virgo data

The early third observing run of the Advanced LIGO 6 and Advanced Virgo 7 detectors spans
6 months of data, from 1st April 2019 to 1st October 2019. We used 1024s-long Short Fourier
Transforms of Advanced LIGO data, on which a time-domain cleaning procedure was applied
to prevent background degradation due to loud, frequent transient noise artifacts 8 .
3

Search setup

We analyzed two main frequency bands, namely low frequency [50, 100] Hz and high frequency
[100, 300] Hz, enclosing the most sensitive frequency band of the Advanced LIGO detectors.
Fig. 1 shows the binary parameter space regions surveyed by this search. Regions A, C, D were
analyzed at low frequency, while region B was analyzed at high frequency as well.
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Figure 1 – Parameter space of binary circular orbital parameters covered by the search. Time of passage through
the ascending node templates were placed along the interval [tmid − P/2, tmid + P/2] for each orbital parameter
P . The low-frequency search covered regions A, B, C and D, while the high-frequency search was entirely focused
on region B. Blue dots represent orbital parameters from pulsars in the ATNF catalog 3 . Figure reproduced from 5 .

The main stage of the search consists of the application of BinarySkyHough 4 , a semicoherent GPU-accelerated pipeline able to analyze wide parameter-space regions using the Hough
transform algorithm. The search is partitioned into 0.125 Hz sub-bands. The most significant
outliers of each band are clustered according to their frequency evolution 9 , reducing the effective
number of outliers to follow up.
We collect the loudest outlier from each of the top 5 clusters of each sub-band. A first veto
discards those outliers whose frequency evolution crosses an identified narrow spectral artifact.
The surviving outliers are analyzed using an MCMC-based F–statistic sampler 10 implemented
in the PyFstat Python package 11 . This sampler re-analyzes the outliers using a longer coherence
time, imposing a further constraint on its phase evolution. None of the re-analyzed outliers is
consistent with an astrophysical source and we proceed to assess the sensitivity of the search.
4

Results

Search sensitivity is estimated via Monte Carlo studies on a population of simulated signals
added to the data. The amplitude sensitivity, shown in Fig. 2, attains a minimum value of
h95%
= (2.4 ± 0.1) × 10−25 at 149.5 Hz, improving the results from a search on O2 Advanced
0
LIGO data 2 by a factor of ∼ 1.6.
Amplitude sensitivity estimations can be translated into information about the maximum
allowed ellipticity of any probed source  and the distance d at which we would be able to detect
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Figure 2 – Estimation of the sensitivity achieved by the search in each of the frequency bands. These amplitudes
correspond to an average 95% detection efficiency assuming a population of isotropically oriented NS. For the
sake of simplicity, low frequency results are only shown for region B; the other sections are within a consistent
level of sensitivity. Figure reproduced from 5 .

it if we assume the emission mechanism to be that of a non-axisymmetric NS
h0 =

4πG Iz  2
f ,
c d 0

(2)

where G is the gravitational constant, c is the speed of light in vacuum and Iz = 1038 km · m2
is the canonical moment of inertia of a NS around its rotation axis. As shown in Fig. 3,
we constrain NS ellipticities below  = 10−5 for sources at 1 kpc emitting at 150–300 Hz.
Constraints below  = 10−4 can be set for sources at 2 kpc emitting at 75–150 Hz. These
sensitivities approach the expected ellipticities of relativistic stars (10−7 − 10−5 depending on
the assumed equation of state). Neglecting the spindown of the source sets an upper limit on
the maximum detectable ellipticity (shaded region in Fig. 3), although external influences such
as accretion from a companion could allow us to probe within said region.
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Figure 3 – Maximum detectable ellipticity corresponding to the estimated sensitivity at different astrophysical
ranges. Shaded regions are excluded due to the maximum spindown value probed by the search. Figure reproduced
from 5 .
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1

Long-lived, gravitational-wave (GW) transients have received interest in the last decade as the
sensitivity of LIGO and Virgo has increased. Such signals, lasting between ∼ 101 − 103 s, can
be emitted by a variety of sources, including accretion disk instabilities around black holes,
binary neutron stars post-merger, core-collapse supernovae, non-axisymmetric deformations
in isolated neutron stars, and magnetar giant flares. Given the large parameter space and the
lack of precisely modeled waveforms, searches must rely on robust detection algorithms, which
make few or no assumptions on the nature of the signal. Here, we present a new data analysis
pipeline to search for long-lived, transient GW signals, based on an excess cross-power statistic
computed over a network of detectors. It uses a hierarchical strategy that allows to estimate
the background quickly and implements several features to increase detection sensitivity by
∼ 30% for a wide range of signal morphologies compared to a previous implementation. We
also report upper limits on the emitted GW energy from a search conducted with the pipeline
in LIGO data for GW emission around a sample of nearby magnetar giant flares, and discuss
detection potential of such sources with second and third generation detectors.

1

Presentation of an unmodeled GW search pipeline

When the GW signal searched for is precisely known, e.g for compact binary mergers or cosmic
strings, searches usually rely on matched filter techniques, which have optimal sensitivity. However, detection of GW transients which are poorly modelled, often referred as GW “bursts,”
require a more agnostic approach. Most of the searches rely on finding regions of excess power
in time-frequency representation of the data. This is the case of the Stochastic Transient Analysis Multi-detector Pipeline, STAMP pipeline1 , for which we propose here an enhanced version
writen in python, PySTAMPAS, designed to perform all-sky / all-time GW searches at a reduced
computational cost and increased detection efficiency2 .
1.1

Coherent detection statistic

We consider a pair (I, J) of GW detectors, and their strain time-series sI (t) and sJ (t). A simple
time-frequency representation of the data can be obtained by taking the Fourier transform of
short segments of duration ∆T . We define s̃I (t; f ) as such a representation, where t denotes the
start time of each segment. Following 1 , an estimator for the coherent GW power signal-to-noise
ratio (SNR) of a time-frequency pixel (t, f ) is




2 s̃? (t; f )s̃J (t; f )
SN R(t; f, Ω̂) = Re  q I
e2πif Ω̂·∆~xIJ /c  ,
1
P
(t;
f
)P
(t;
f
)
J
2 I

(1)

where PI (t; f ) is the power spectral density of the detector’s noise and ∆~xIJ the distance between
the two detectors. The GW signal is assumed to originate from a point-like source whose
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Figure 1 – Left : multi-resolution time-frequency map of a long-duration GW signal injected in Gaussian data.
Right : cluster extracted from this tf -map by the clustering algorithm.

direction is given by the unit vector Ω̂. The phase term comes from the delay between the two
detectors of the arrival of the GW signal.
When doing an all-sky search, the direction of the source is not known a priori. This
introduces a degeneracy in the computation of SN R(t; f, Ω̂). However, a long-lived GW can
spread over several pixels, forming a cluster Γ. This breaks the degeneracy as Ω̂ remains identical
for each pixel. By testing a sufficient number of sky positions, we maximize the summed SNR
of the cluster
X
SNRΓ (Ω̂) ≡
SNR(t; f, Ω̂).
(2)
(t;f )∈Γ

Noise fluctuations in detectors can form clusters that mimic the shape of a GW signal. To
better discriminate signal from noise, we assign each cluster a ranking statistic pΛ that reflects
its significance, based on the coherent and incoherent components of the SNR of the pixels2 .
1.2

Implementation of the detection algorithm

Because of the large parameter space and the amount of data to process, unmodeled searches
are computationally expensive, and compromises have to be made between detection efficiency
and computational cost, leading to sub-optimal sensitivity. PySTAMPAS implements a hierarchical method 3 to address computational cost issues while preserving detection sensitivity. The
different steps of these methods are described below.
Time-frequency maps The data stream from each detector is split into windows of ∼ 500 s
duration, and for each window, auto-power time-frequency maps (tf -maps) of the detectors’
strain data are built using short segments of duration ∆T . The segments are Hann-windowed
and overlap by 50%. In order to better reconstruct fast frequency evolving signals, different
values of ∆T are used and the resulting maps are combined to form a multi-resolution
tf p
map. The maps are whitened by the one-sided amplitude spectral density PI (t; f ), which is
estimated by taking the median of |s̃I (t; f )|2 over frequency neighbouring pixels.
Clustering A statistically significant GW signal will generate a track of excess power pixels
in a tf -map. To identify and extract those tracks, a clustering algorithm is run over the maps.
Several types of clustering algorithms have been implemented for un-modelled GW searches,
which are adapted for different classes of signals. To remain as agnostic as possible to the
signal morphology, we opt for a seed-based clustering algorithm. The burstegard algorithm4
identifies pixels of single detector tf -maps with auto-power above a given threshold and groups
the neighbouring pixels together to form clusters (see Fig. 1.2). Cluster which contain a sufficient
number of pixels are kept to be analyzed coherently at the next step of the analysis.

240

Coincident analysis Clusters extracted from one detector are matched with corresponding
pixels from the other detector’s tf -map. Assuming a sky direction Ω̂, the coherent SNR of
each pixel is computed following Eq. (1). Because cross-correlation is only computed over a
reduced number of pixels, it is possible to test many sky positions (up to several hundreds), and
therefore maximize the summed quantity SNRΓ while keeping computational cost affordable.
The coincident triggers extracted are ranked by significance following their coherent statistic
pΛ .
Background estimation To assess a false-alarm probability to triggers found in coincidence,
one has to estimate the distribution of pΛ for triggers generated by detectors’ noise (background
noise). Like a lot of unmodeled searches, PySTAMPAS uses the time-slide method to estimate
the background noise distribution. The idea is to shift the data stream from one detector with
respect to the other in order to remove any coherent GW signal from the data, while preserving
any non Gaussian or non-stationary feature that can be present in real GW detector data.
By repeating the process for multiple time-shifts, it is possible to simulate a large amount of
background noise and therefore assess precisely the significance of coincident triggers. With the
hierarchical method implemented, PySTAMPAS is able to estimate the significance of triggers up
to 5 σ for a year-long observing run.
1.3

Performances

We estimate the performance of the pipeline by injecting simulated GW signals in the data at
different amplitudes and try to recover them. To simulate a realistic all-sky search, detectors’
response to each signal is computed assuming a random sky localization and source’s plane inclination. We considered a set of a dozen waveforms that span the parameter space, with duration
and frequency between 8 − 240 s and 10 − 1800 Hz respectively, and diverse spectral morphology.
Results on Gaussian simulated data and real data from Advanced LIGO’s second observing run
show an increased detection sensitivity by ∼ 30% on average for the set of waveforms tested, as
compared to the previous all-sky implementation of the STAMP pipeline.
2

Search for long-duration GW emission around Magnetar Giant Flares

2.1

Motivation

Magnetar Giant Flares (MGF) are highly energetic events that occur in magnetars, young neutron stars with very large magnetic field (up to 1014 G). They usually consist of a bright millisecond flare of gamma-rays with energies spanning 1044−47 erg followed by pulsating tails at
∼ 1044 erg that can last several hundred of seconds.
The recent observation of GRB 200415a, a short gamma-ray burst (GRB) in NGC 253
and its possible magnetar giant flare origin 5 , along with 3 other short GRBs from nearby
galaxies, has motivated us to perform a search for a GW counterparts around those events with
PySTAMPAS. Indeed, the large energy emission at relatively close distance (< 5 Mpc) could make
them observable with GWs, and the lack of knowledge about the coupling between oscillation
modes and GW emission require an un-modelled search algorithm.
2.2

Data sample and search methodology

We considered 3 short GRBs associated with MGFs that happened between 2005 and 2007
for which data from initial LIGO detectors at Hanford (H1, H2) and Livingston (L1) were
available a . Since a host galaxy has been identified for each of these events, the PySTAMPAS
pipeline was used in a targeted configuration, with only one sky position tested per search.
a

LIGO and Virgo detectors were off at the time of GRB 200415a
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Figure 2 – Estimated sensitivity of PySTAMPAS to GW energy emitted vs distance to the source for Advanced
LIGO at design sensitivity (grey band) and Einstein Telescope (yellow band). The yellow band shows the typical
electromagnetic energy emitted by MGFs for comparison.

Searches were conducted over [−500 s, +500 s] around each event to account for the potential
delay between EM and possibly long-duration GW emission.
2.3

Results and future prospects

No significant GW candidates were found for any of the three events searched. To place upper
limits on the GW energy emitted, we injected sinusoidal waveforms damped with an exponential
envelope with decay times between 0.2 − 10 s and central frequencies between 50 − 500 Hz. For
two of the events, GRB 051103 and GRB 070222, we derive upper limits at 100 Hz of 6 × 1051
erg and 3 × 1050 erg respectively. These are within the same order of magnitude as upper limits
previously published in 6 , with a factor 2 improvement. We also place an upper limit of 1052
erg for GRB 070222, which had only been recently associated with a potential MGF. Detailed
results can be found in 7 .
We also studied the prospect for future detections using simulated data of Advanced LIGO
at design sensitivity (expected during O5) and of Einstein Telescope. We report the results in
Fig. 2.3, showing in particular that galactic MGFs should be observable with Advanced LIGO
if they emit up to 1% of their EM energy in GW. Finally, third generation detectors could push
these boundaries further and make even less energetic MGFs (potentially associated with SGRs
or FRBs) targets for detection.
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Detector characterization and data quality – in short “DetChar” – activities are key to optimize the performance of data-taking periods (“runs”) and to turn gravitational-wave (GW)
candidates into confirmed events. The LIGO and Virgo DetChar groups are active from the
detector to the final analysis and cover various latencies: online first, to tag the data that
search pipelines can analyze in real-time; then, the quick vetting (few tens of minutes at most)
of the open public alerts targeting the broad astronomer community for follow-up observations; finally, offline work to define the final datasets and the final lists of GW events to be
published and released publicly.
These proceedings summarize the LIGO-Virgo DetChar performance during the O3 run (April
2019 - March 2020) and describe the main improvements and upgrades that are foreseen for
the O4 run that should start during Summer 2022 and include a fourth detector: KAGRA.

1

Introduction

In the last few years – and following decades of design, construction, upgrade, data-taking
and data-exploitation phases –. 50 gravitational-wave (GW) events have been detected1,2 by
the global network of terrestrial detectors made up of LIGO-Hanford, LIGO-Livingston, Virgo
and more recently KAGRA. All these discoveries rely on several pillars that range from the
instruments to the joint analysis of the data. These include detector characterization and data
quality studies – globally referred to as “DetChar” in the following.
Fig. 1 shows in broad outline the main DetChar activities and how they are connected to
all the other relevant areas. In addition to supporting detector commissioning phases, DetChar
and calibration are strongly coupled to assess and monitor the quality of the reconstructed GW
strain streams. Moreover, an accurate knowledge of the environment around a given instrument
is required to investigate features in its data and to assign them a terrestrial origin. Then, an
important part of the DetChar activities is dedicated to the vetting of GW candidate signals,
regardless of whether they have been identified in low latency by algorithms scanning the live
data streams, or found out much later during a re-analyis of the final dataset. The latter requires
beforehand to define such dataset, by identifying and removing bad data quality periods or
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Figure 1 – Diagram summarizing how DetChar interacts with the main areas of the LIGO-Virgo collaborations.
The left side depicts the instruments while the right one gathers the components that are more connected to data
analysis. The top middle box highlights a key aspect for each individual DetChar group: the cross-collaboration
activities that are mandatory to produce joint results and that are very useful to share experience and develop
common frameworks to tackle common problems.

flagging peculiar data that require special care to be used. While the validation or the retraction
of a public alert demands robust and efficient diagnosis, able to provide key information with
a latency as low as possible. Finally, DetChar also interacts a lot with computing, both to
develop analysis software and to store DetChar products that are made available to the whole
collaborations.
With such a rich variety of tasks, it is difficult to review all of them in detail in these
proceedings. More information can be found in 3,4,5 and references therein.
2

Detector characterization

GW strain data are usually non-stationary: this is what makes their analysis so complex as one
has to continuously estimate the noise level, so as to be able to detect a real GW signal on top
of noise fluctuations. On short timescales, transient bursts of noise, called glitches, are the main
concern. The basic characteristics of a glitch are the following: the frequency range in which it
impacts the data, its duration (or damping time) and its strengh, quantified by its signal-to-noise
ratio. During data taking, their rates can vary a lot, depending on the accuracy with which
the detector working point is controlled and on the environment status. For instance, a higher
seismic activity induced by bad weather conditions could stimulate some mechanical resonances
that would make a detector component move more; and if that surface is hit by a parasitic laser
beam, that could induce scattered light that would be seen as glitches in the data.
Therefore, there are many ongoing efforts to classify these glitches into families, using for
instance time-frequency representations called spectrograms. The idea behind that is that similar
glitches should have a common origin. Auxiliary data – that is all the channels that are recorded
in real time and are expected not to be impacted by the passing of a real GW through the
detector – are used to try to find the source of a family of glitches. When a match is found, one
can either mitigate the effect of these glitches by knowing when they occur and rejecting the
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Figure 2 – Data flow from the detectors – “IFOs” (on the left) – to the final set of GW detections (on the
right). The bottom part of the diagram shows a timeline with the corresponding latencies: GW candidate events
are generated online with a few seconds latency, vet in real-time on the timescale of a few minutes and finally
confirmed by offline analysis that can take months to be completed and include the inference of the GW source
properties. Each of these steps requires proper inputs from DetChar.

related GW candidates if there is any, or even make these glitches vanish by fixing their root
cause at the instrument level. Each time a detector gets upgraded, its glitches content changes
and analysis must be redone to explore this new configuration. Strong glitches for which the
auxiliary data do not provide information about their origin are hidden by multiplying the data
by a window function (called a “gate”) whose weight is one far from the gate, goes smoothly
down to zero as the glitch approaches and is exactly zero when the glitch is active. Such gating
preserves the ability to estimate accurately the noise level, at the price of throwing away some
(small) fraction of the data. Although glitches are the main concern for the search for transient
GW signals (like the coalescence of compact binary systems) they also impact the search for
continuous signals (from pulsars, stochastic backgrounds, etc.): those analysis use similar gating
procedures to clean the data they analyze.
Glitches can also overlap with real GW signals or be close enough to spoil the estimation
of the source parameters. In that case, sophisticated methods have been developed to excise
the glitch without impacting the remainder of the data. This intervention has been crucial to
achieve an accurate sky localization of GW170817 and has become a regular step of the event
validation process during the O3 run.
Search for continuous GW signal is also impacted by spectral lines, that is frequencies at
which the noise is (much) larger than in the neighboring frequency range. These lines can be
permanent (like the harmonics of the mains) or intermittent and their characteristics (peak
frequency, frequency range, amplitude) can also vary in time. Like for glitch studies, auxiliary
data are very useful to pinpoint the origin of a spectral line. Hundreds of these lines are worth
investigating in the spectrum of GW detectors: many of them are strong enough to be directly
visible in the data while others only get discovered during offline analysis looking for continuous
GWs.
3

Data quality

The third LIGO-Virgo observing run –“O3” – started on April 1st, 2019 and was expected to
last 13 months, with a 1-month commissioning break in the middle. Its first half, “O3a”, ended
on October 1st, 2019 while the second half, “O3b”, started on November 1st, 2019. Due to
the covid-19 pandemic developing worldwide, O3b was ended prematurely on March 27th, 2020,
about a month earlier than expected. O3 is the longest period so far during which three GW
detectors have been observing the cosmos simultaneously.
Figure 2 shows a simplified timeline of the data flow, from the detectors to the validation of
the final GW events detected. DetChar is present in the three timescales that are highlighted.
• Instantaneous data quality information is provided to the algorithms that are scanning
the data online, searching for GW candidate signals. This input is twofold: first a veto
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mode, tagging the bad data chunks that are not to be analyzed live; and secondly more
fine-grained information to help eliminating or down-ranking triggers that are likely of
terrestrial origin according to auxiliary data processed parallel to the GW strain data
streams.
• Then, the public alert candidates identified online need to be vet in real time, that is with a
latency of a few tens of minutes at most. To meet this requirement, DetChar has developed
a dedicated framework, called data quality reports – in short “DQRs”. A DQR is a set
of data quality checks that are triggered automatically when a GW candidate significantenough is found in the data. These checks run in parallel and each time one completes,
its results are made available immediately on a webpage browsed by the members of the
LIGO-Virgo “rapid response team” who met without warning during O3 to decide whether
a public alert is confirmed or needs to be retracted. All in all, there were 80 public alerts
during the O3 run, out of which 24 were retracted (8 during O3a and 16 during O3b).
• Finally, for offline analysis, Detchar defines the final dataset by extending the data quality
analysis that could be run online with low latency. In addition, it also provides a set of
additional recommendations that analysis can choose to use or not, depending on whether
they are sensitive to the particular backgrounds characterized by DetChar.
4

Outlook

While there are still strong uncertainties linked to the covid-19 pandemic, the fourth LIGOVirgo-KAGRA observing run – “O4” – should start not earlier than July 2022 and last at least
a year. The O3-O4 shutdown is exploited by all collaborations to upgrade their instruments
(in order to achieve better sensitivities and higher duty cycles) and improve the data analysis
methods. DetChar is involved in both fronts and a key player of the global effort that is ongoing
to coordinate as widely as possible the preparation of the O4 run. This future data-taking
period is expected to provide a few times more events than the O3 run: therefore, in addition to
reinforcing the procedures and software tools already in use, DetChar is focusing on automating
its different frameworks and to reduce their latencies wherever possible.
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In these proceedings we discuss our recent work on the design and operation of a High Frequency Gravitational Wave (HFGW) instrument based upon a quartz crystal Bulk Acoustic
Wave resonator (BAW). The device was operational for 153 days of data collection, in which
two significant events were detected. This resonant-mass style Gravitational Wave (GW)
√ antenna is capable of achieving strain sensitivities on the order of hdet ≈ 10−21 per Hz in
narrow bands across the 5 MHz - 1GHz range. With active sensitivity to HFGWs this experiment represents a significant step towards reviving the resonant-mass GW detector, pushing
the technology into the challenging area of MHz GW detection.

1

Bulk Acoustic Wave Resonators as Gravitational Wave Antennas

High quality BAW resonators based on piezoelectric crystals have substantial applications in microwave systems, including filters and oscillators, due to their small form factor and extremely
low loss mechanisms.1 Typically, these devices consist of a piezoelectric crystal substrate sandwiched between conducting electrodes on the outer surface. Connecting these electrodes to an
external circuit then generates an electric field across the thickness of the crystal, exciting acoustic resonances in the crystal bulk due to piezoelectric coupling. Utilising this description; these
devices can be thought of as the acoustic analogue to the optical fabry-perot resonator.
Advancements in this technology such as more effective phonon trapping2 within the crystal
bulk have lead to the demonstration of acoustic resonances with extremely high quality factors
(Q factors). Quartz crystal BAWs in particular display Q factors of 106 to 1010 under cryogenic
temperatures,3 with a large mode density across the 5 MHz - 1 GHz frequency range. This
makes quartz BAWs ideal candidates for precision timing and sensing applications due to their
accurate frequency stability,4–6 which stems from extremely low loss.
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Figure 1 – Diagram of the experimental setup for the quartz BAW HFGW detector. The red trace shows the
phonon mode displacement distribution for the fundamental case.

In a recent proposal7 it was suggested that these inherent qualities of quartz BAWs which
has made them popular in the precision metrology community, would also make the device
an ideal candidate from which to construct an acoustic HFGW antenna. In particular it was
found that a HFGW detector based on a quartz BAW architecture coupled to a Superconducting
QUantum Interference
Device (SQUID) would be capable of achieving strain sensitivities as good
√
as 10−22 per Hz for some modes. As opposed to the pioneering resonant mass GW detectors,8, 9
as well as the more recently established interferometric detectors;10, 11 the quartz BAW GW
detector is a narrowband multi-mode instrument, that effectively samples GW radiation at
many different ‘points’ (extremely narrow bands) across frequency space, corresponding to the
quartz crystal’s acoustic modes.
2

Operation of a Quartz BAW HFGW Detector

The physical realisation of a HFGW detector as described above was achieved by inductively
coupling a ≈ 30mm diameter quartz BAW resonant cavity (with Copper enclosure inside which
the crystal is held in a dedicated vacuum) to a SQUID magnometer through a pickup coil.
The SQUID consists of a superconducting niobium ring terminated by two jospheon junctions.
When it is properly biased with an external current source it provides extremely low noise
flux-to-voltage transduction with some linear gain. Thus any charge fluctuations on the BAW
electrodes will be picked up as in input flux through the SQUID loop due to the inductively
coupled pick-up coil, and then read out as a voltage across the SQUID device. The whole setup
is surrounded by a superconducting niobium shield to protect from stray magnetic fields, and
held at 3.4 Kelvin whilst placed in a dilution refrigerator with further vacuum, 4K and 50K
shields. The footprint of the device is largely set by the niobium shielding enclosure and results
in an ≈ 80mm tall cylinder, ≈ 60mm in diameter allowing it to easily fit in most cryogenic
systems.
With this set-up any strain fields and mechanical displacements experienced by the quartz
(such as those induced by an impinging gravitational wave) will manifest as voltages across the
SQUID. This voltage signal output by the SQUID can then be further amplified at room temperature and down-converted using Lock-In amplifiers with reference signals supplied by waveform
generators. By using two identical Lock-Ins with independent external reference signals; two
different modes of the quartz crystal can be monitored simultaneously by demodulating the
SQUID output signal around each mode. The resulting voltage signal output by each Lock-In
is then sampled over time. The set-up was successfully demonstrated in a previous work12 and
achieved thermal Nyquist limited readout of multiple un-driven quartz crystal modes.
We have since reported13 successful operation of the device with sensitivity to GWs for 153
days of data collection between August 2019 and February 2020, located in the basement of the
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physics building at the University of Western Australia. In this period multiple different observational runs occurred, being separated by planned interruptions so various hardware changes
could be made. By measuring the spectral voltage output by the detector and following the
relevant transfer equations;
the device’s on resonance sensitivity to strains was inferred to be
√
hdet ≈ 2 × 10−21 per Hz over the course of the observational period. With the two Lock-In
amplifiers available to us only two modes could be monitored at any given time. In an initial
observation period spanning 1616 hours, modes at 8.392 MHz (So called 5C mode a ) and 5.505
MHz (3B mode) were monitored. In the following second run a mode at 4.993 MHz (3C mode)
and the same 5.505 MHz mode (3B) were then monitored for 4055 hours.
3

Detection of Rare Events

Transient analysis of the data over the entire observational period revealed that two significantly
rare and strong signal events had been observed.13 In both cases a rapid increase in voltage
amplitude was found, followed by a ring-down with decay time corresponding to the intrinsic
Q factor of the quartz (order of 1-2 seconds), suggesting that these events are due to internal
process in the quartz and not some other part of the detection chain. The events are well
described by a transient impulse energy deposit into the quartz crystal at the corresponding
mode frequency.
Event 1 was observed in the 3B mode at 5.505 MHz but not the much higher frequency
5C mode, while event 2 was observed in both 3B and 3C modes simultaneously. This could
suggest that the signal is distributed across a broadband frequency range at least ≈ 500 kHz
wide. However; the 5C is of a different overtone number to the other two monitored modes (3B
and 3C) so this could also suggest that the detector displays some kind of mode order sensitivity
to the signal source.
While we make no claims as to the source of the signal event, we do note that a strong
transient impulse of energy into the quartz mode could be explained by a various number
phenomena such as cosmic particle collisions / showers, internal crystal stress relaxation, local
irradiative processes and lastly potential high frequency GW radiation. We also note that there
is a large amount of sufficient shielding that should rule out many acoustical disturbance events
such as meteor showers, and earthquakes. For a more expansive discussion on potential sources,
as well as the signal events themselves; please see our recent work.13
4

The Future of Quartz BAW HFGW detectors

The next generation of the Quartz BAW HFGW detector will feature a second identical quartz
detector with dedicated SQUID and digitizer system as well as a muon detection system so
that coincidence analysis between two identical detectors can be achieved with cosmic particle
a
The notation here is mode overtone number n = 1, 2, 3... etc followed by the mode polarisation A, B or C for
the longitudinal and two shear polarisations respectively.
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veto capability. Further upgrades to the data acquisition chain will allow for custom FPGA
integration so that a larger number of Lock-Ins can be used, allowing for a larger number of modes
to be simultaneously monitored. Currently mode selection is limited by a finite operational
bandwidth of the SQUID electronics, this is a minor technical obstacle that will be overcome
in future iterations to allow for the monitoring of overtone modes at 200 MHz and above. Such
high frequency overtone modes display better quality factors and thus lead to improved strain
sensitivity.
Looking further to the future these detectors have the potential of mass scalability due to
their small footprint and relatively cheap production cost. An array of such detectors would
allow for scaled increase in sensitivity as well as the potential for a global network detection
system. The quartz BAW technology allows for an exciting expansion of the resonant mass
gravitational wave detector into the difficult area of MHz gravitational wave detection, which
is becoming a well motivated and active field.14–16 However, if such steps are to be taken; the
nature of these observed significant energy depositing events must be further understood. This
is critical to the development of the quartz BAW HFGW detector and will be the focus of the
next iteration of the experiment.
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In its observation band, the Laser Interferometer Space Antenna (LISA) will simultaneously
observe stochastic gravitational-wave background (SGWB) signals of different origins; orbitally modulated waveforms from galactic white dwarf binaries, a binary black hole produced
background, and possibly a cosmologically produced SGWB. We simulate the emission of
gravitational waves from galactic white dwarf binaries based on the Lamberts 5 distributions
and determine a complex waveform from the galactic foreground. We generate the modulated galactic signal detected by LISA due to its orbital motion, and present a data analysis
strategy to address it. The Fisher Information and Markov Chain Monte Carlo methods give
an estimate of the LISA noise and parameters for the different signal sources. We simultaneously estimate the galactic foreground, the astrophysical and cosmological backgrounds,
and estimate detection limits for the future LISA observation of the SGWB in the spectral
domain with the 3 LISA channels A, E and T . In the context of the expected astrophysical
background and a galactic foreground, a cosmological background energy density of about
ΩGW,Cosmo ≈ 8 × 10−13 could be detected by LISA with our spectral separation strategy. 3

1

Introduction

The Laser Interferometer Space Antenna, LISA, will simultaneously observe orbital modulated waveforms from galactic white dwarf binaries, a compact binary coalescence produced
gravitational-wave background, and potentially a cosmologically created stochastic gravitationalwave background (SGWB). We simulate galactic white dwarf binary gravitational-wave emission
based on distributions from various catalogs. We generate the modulated detected galactic white
dwarf signal observed by LISA in its orbital motion 1 , and present a data analysis strategy to
address it. The Fisher Information and Markov Chain Monte Carlo methods give an estimation
of the LISA noise and the parameters for the different signal classes. We simulate a complex
waveform from the galactic foreground with 3.5×107 binaries. The estimation of the parameters
is done with the 3 LISA channels A, E, and T . We simultaneously estimate the noise using a
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LISA noise model. Assuming the expected astrophysical background, a cosmological background
energy density of around ΩGW,Cosmo ≈ 1 × 10−12 to 1 × 10−13 can be detected by LISA.
2

Context

The SGWB is a superposition of a large number of independent sources. In the LISA frequency
band [10−5 , 1] Hz, we can distinguish different independent sources. The galactic foreground,
from double white dwarfs binaries (DWD) in our galaxy 5 , will be observed as a modulated waveform (as described with resolved sources to provide the modulation curve for the foreground 1 ).
The astrophysical background is the SGWB produce by binary black holes (BBH) and binary neutron stars (BNS), and can be predicted from the observations of LIGO/Virgo. For
the moment, the amplitude of the astrophysical SGWB is still debated, in fact, the estimation
from the LIGO/Virgo observations (O2) give a value 4 , ΩGW (25 Hz) ' 1.8 × 10−9 − 2.5 × 10−9 ,
or via simulations from the understanding of BBH and BNS populations 6 , ΩGW (25 Hz) '
4.97 × 10−9 − 2.58 × 10−8 . The last component, and also our goal, cosmological sources this
is an emission from the early universe, or from cosmic strings. We can summarize the energy
spectral density of the SGWB in the LISA band, as a sum of all the SGWBs:
 α 1
 αAstro
 αCosmo
A1 ff∗
f
f
 α2 + ΩAstro
ΩGW (f ) =
+ ΩCosmo
(1)
f
f
f
∗
∗
1+A
2

f∗

with α ∼ 0 for the cosmological component, α ∼ 2/3 for the astrophysical component, and the
 α1 −α2
f
1
low-frequency DWD (ΩDW D,LF (f ) ∼ A
). The DWD foreground is a broken power
A 2 f∗
law because at high-frequencies (' 0.1 Hz) the number of DWDs decreases.
3

Calculation

The galactic DWD foreground is generated with a DWD catalog; we use the population from
Lamberts et al 5 , and generate the time-series (see Eq. 2) as a sum of the gravitational waves
received by LISA. We assume that the waveform for each binary can be modeled as a pseudomonochromatic signal:
s(t) =

N
X
X

hA,i (forb,i , M1i , M2i , Xi , Yi , Zi , t) × FP (θ, φ, t)D(θ, φ, f )P : eP

(2)

i=1 P =+,×

with i for the binaries; the masses of the two stars being M1i for the biggest object and M2i
for the smaller; the orbital frequency of the binary is forbi ; the Cartesian position in the Galaxy
Xi , Yi , Zi and the position in the sky θ, φ; FA is the beam pattern function for the polarizations
A = +, ×, hA,i = hA,i eA the tensor of the amplitude of the gravitational wave; D the onearm detector tensor; and hA,i the dimensionless GW amplitude. The sky seen by the LISA
constellation changes during a year; sometimes LISA observes well the center of the galaxy, and
sometimes not as well. We need to calculate the modulation of the amplitude of the energy
spectral density of the Galactic foreground over time (Eq. 3 and Fig. 1):

ΩM od (t) = ΩuDW D,LF F+2 (t) + F×2 (t)
(3)
We use the uncorrelated T TDI channel (see Eq. 5) to compute the LISA noise 7 . The
LISA noise spectrum is characterized by two parameters: acceleration noise, Nacc = 1.44 ×
−1 8
10−48 s−4 Hz−1 ; and optical metrology system noise, Npos = 3.6×10−41
p Hz ) . We use a Fisher
−1
Information calculation Fab (see Eq. 7) to estimate the uncertainty Faa = σa of the spectral
separation (line plots in Fig. 2 are given for different observation durations), and independently
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Figure 1 – Measurement of the orbital modulation of the DWD foreground. In grey: 1500 estimations of
2 2
4π 2
c
the amplitude ΩM od,i = 3H
Ai (Ai amplitude of the characteristic strain). In red: 50 MCMC of 8
2πL
0
parameters (BBH + WD + LISA noise) for small sections of the year. In green, fit on the 50 runs to estimate
the modulation from the LISA antenna pattern ’real’ LF DWD amplitude at 3 mHz. Modulation model :
2
2
ΩM od,i = ΩuDW D,LF F+,i
+ F×,i
.

an Adaptive-MCMC (black scatter in Fig. 2). This is a Metropolis-Hastings MCMC with a
sampler distribution target proposal (Σn current empirical estimate of the covariance matrix,
β = 0.25, d the number of parameters, N the multi-normal distribution).
Qn (x) = (1 − β)N (x, (2.28)2 Σn /d) + βN (x, (0.1)2 Id /d)

(4)




SA + NA
0
0
0
SE + NE 0 
C(θ, f ) = 
0
0
NT

(5)
3H 2
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Ω

with NI (Nacc , Npos ) 2 the LISA noise of the channel I = [A, E, T ] and SI (f ) = 4π20 i f 3GW,i the
SGWB.
The likelihood function (d = data, θ = parameter) is given by Eq. 6, and is used to estimate
the posterior distribution p(θ|d)Q
∝ p(θ)L(d|θ); we use log uniform priors for magnitude parameters, and uniform priors p(θ) = i U (θi , ai , bi ) to estimate SGWBs and LISA noise parameters.
"
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N
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(7)

Result

In Fig. 2 we display the uncertainty of the estimation of the parameter Ω0 (the spectral energy
−1
2 (displayed
density of the cosmological SGWB) from the Fisher Information study Fab
= σab
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with lines), and the parametric estimation from the A-MCMC (with the scatter points) for the
channel A and E, with the noise channel T for 10 parameters θ = [Nacc , Npos , Ωastro , αastro ,
Ωcosmo , αcosmo , A1 , α1 , A2 , α2 ]. We conduct the study with different SGWBs, astrophysical
ΩGW,astro and galactic ΩGW,galactic . The error bar is given for 1 standard deviation of a Gaussian
posterior distribution. The horizontal dashed line represents the error level of 50%; abover this
limit we cannot separate the cosmological SGWB. We use the LISA Model from 7 and the LISA
parameters values from the proposal 8 .

Figure 2 – Cosmological amplitude uncertainty estimation, Fisher Information study in line and MCMC in scatters.
The upper horizontal dash line represent the error level 50%. In fact, above the line, the error is greater than
50%.

5

Conclusion

We have studied the prediction of the measurement limit of a cosmological SGWB by LISA in
the presence of an isotropic astrophysical background, a galactic foreground, and LISA noise for
4 years of mission data measurement. The detection limit for DWD + BBH/BNS + Cosmo +
LISA noise is ΩCosmo,lim = 8 × 10−13 3 . In future work, we will study the spectral separation
for more complex LISA noise, other DWD populations, and other cosmological models (broken
power law, peaks in frequency).
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Sources of geophysical noise, such as wind, sea waves and earthquakes, can have an impact
on gravitational wave interferometers causing sensitivity worsening and gaps in data taking.
During the 1-year long O3 run (April 1st 2019 to March 27 2020), the Virgo Collaboration
collected a statistically significant dataset to study the response of the detector to a variety
of environmental conditions. We used these data to correlate environmental parameters to
global detector performance, such as observation range, duty cycle and control losses. Where
possible, we identified weaknesses in the detector and we elaborated strategies to improve Virgo
robustness against external disturbances for the next run O4, planned to start in summer 2022.
In this article we present preliminary results of this study.

1

Introduction

Advanced Virgo 1 is a second generation laser interferometer (ITF) for detecting gravitational
waves (GW) located in Italy near Pisa. Each of the two 3 km long arms is a resonant Fabry-Perot
cavity. The differential arm motion (DARM) produced by a GW changes the interference pattern
of the laser beams onto the output photodiode. In the nominal working condition, or controlled
state, a force is applied through coil-magnet actuators to the seismic isolation systems 2 of input
and end mirror test masses in order to keep accurately at zero the differential arm length. The
GW signal is extracted from the output photodiode.
On 27 March 2020 the two LIGO, Virgo and GEO600 interferometers concluded 361 days of
joined data taking, named the third observing run, O3. During O3, Virgo achieved a BNS range ∗
of 45 − 55 Mpc, operated in observing mode † for 75% of time, and lost the controlled state about
600 times. Periods of bad weather, corresponding to increased sea-wave activity and wind speed,
∗
The binary neutron stars (BNS) range is a figure of merit of GW detectors sensitivity. BNS range is quoted
as the average distance to which the signal generated by the coalescence of a system of two neutron stars with
mass of 1.4M could be detected with SNR of 8.
†
The observing mode (or science mode) condition occurs when the interferometer is set in the nominal controlled state and no voluntary disturbing action (such as occasional tuning operations, periodic detector calibrations, weekly detector maintenance) is performed. Only data acquired in observing mode are used for GW signals
searches.
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were generally associated with increased noise in the GW signal below 100 Hz and some difficulty
in maintaining the interferometer in the controlled state, resulting in reduced duty cycle ‡ . We
analyzed the large statistical sample collected during O3 to identify correlations between ITF
figures of merit (BNS range, duty cycle and control losses) and environmental parameters (wind
speed and ground seismicity) with the aim of understanding the Virgo interferometer behavior
in different external environmental conditions and propose strategies to improve the detector
robustness for the future O4 run, currently foreseen to begin in summer 2022. We present preliminary results of this study. A comprehensive dissertation will be the subject of a forthcoming
publication.
2

Characteristics of Virgo site ground seismicity and wind

An extended network of sensors monitors the Virgo physical environment 3 . The seismic wavefield in the frequency range from 0.03 Hz to 50 Hz is monitored by three velocimeters Guralp
40T-60s, one for each experimental building located at the ITF vertexes. Velocimeters are
deployed at the deep basement on which the seismic suspensions of the input and end mirror test
masses rest. Virgo seismic wave-field is the sum of several sources whose contribution dominates
in a specific frequency band. In the absence of earthquakes, the next largest ground velocity
noise is due to sea waves interaction with the shore. This occurs in the range between 0.1 and
1 Hz. The prominent frequency peak typically lays between 0.3 Hz and 0.4 Hz 4,5 . During O3,
the 128s-averaged root mean square (RMS) value of vertical ground velocity in the 0.1 Hz to
1 Hz band ranged from 10−7 m/s to 10−5 m/s, while 10% of the time it exceeded 4 · 10−6 m/s.
Ground seism motion between 1 Hz and 10 Hz has a marked daily cycle with drops during nights
and holidays. The dominant sources are intermittent wave bursts from vehicle traffic on 1 km
distant elevated motorways 4,5 . We measure a reduction of about 20% of RMS noise in this band
during the Covid-19 pandemic lockdown in spring 2020.
A meteorological station (Davis Vantage-Pro-2) is located on the roof of a building close
to the Virgo central experimental area, at about 10 m height from ground. It monitors wind
speed and direction and other weather parameters at the rate of 0.4 Hz. Most of the time wind
follows a 24-hour cycle, with minimum speed around mid-nights and maximum speed in early
afternoons. During O3 the average wind speed was 10 km/h, while it was larger than 20 km/h
for 10% of the time. Wind gusts exceeding 60 km/h occurred for 0.01% of the time. Prevailing
winds blew from east during 35% of O3. Wind activity is associated with an increase of tilt noise
of experimental buildings floor. The same effect was measured at LIGO and interpreted as due
to the action of wind on experimental buildings walls 6 .
3

Wind influences

A benchmark of interferometer sensitivity performance is the BNS range. It is a weighted average
of the detector sensitivity curve, to which low frequency bins in the range from 30 Hz to 150 Hz
contribute the most. Thorough O3, BNS range varied following an overall improving trend. Most
variations occurred because of known reasons: occasional tuning of ITF global alignment 8 , noise
mitigations 3 , technical improvements 7 . A better figure to reveal residual unknown influences
affecting ITF low frequency sensitivity is the BNS range deviation from the weekly median. In
Figure 1(left), this quantity is plotted as a function of wind speed. We observe a degradation of
detector sensitivity performance for wind speeds of 25 km/h and above.
Wind also had an impact on the robustness and average duration of the ITF controlled
state. Our study evidences the correlation between wind speed and correction force applied to
the suspension coil-magnet actuators to keep the arm optical cavities on resonance. The larger
the wind speed the larger the correction signal C(t), up to the point that the maximum allowed
‡

The duty cycle is the fraction of the time the detector is taking data in observing mode.
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correction signal (|C(t)| = 10 V) is reached and the controlled state is lost. Figure 1(right)
illustrates this study. We found out that 14% of O3 control losses were due to saturation of
these actuators. A figure of merit we computed is the average remaining duration of the ITF
controlled state after a given wind speed velocity is measured. As shown in Figure 2(left), this
quantity rapidly decreases for maximum wind speeds above 20 km/h. A mitigation strategy was
available, consisting in moving the control force from the end to the input marionette suspension
stage actuators. Those actuators were driven by a different electronic board, providing 4 times
more force. However, being these actuators more noisy and their calibration less accurate, it
was decided to use them only in extreme environmental conditions, but out of the observing
mode. For O4, it is foreseen to have a low
√ noise actuation in use both for the input and the end
suspension marionettes, having a factor 2 more force with the same total noise.

4

Sea influences

Because of the wind action on sea surface, high winds and sea induced microseism often occur
together or with just a few hours delay, and it is difficult to select long time laps in which just one
of the two dominates. To disentangle effects of wind and sea on Virgo we followed a statistical
approach. We divided the O3 dataset in two subsets according to wind speed (v): a low-wind
subset (v < 25 km/h) and high-wind subset (v ≥ 25 km/h). For both samples we computed the
detector duty cycle as a function of RMS ground seismicity in the frequency range 0.1 Hz to
1 Hz. The result is shown in Figure 2(right). In the high-wind sample the duty cycle reduces
with increasing ground seismicity, while in the low-wind sample it is essentially independent on
it. In other words, the control state is not affected by microseismic activity as long as wind speed
is low. Our analysis shows that the ITF control scheme adopted during O3 8,9 is quite robust
against microseismic activity.
On the other hand, Virgo sensitivity was typically bad when sea microseism was high. The
main cause of sensitivity degradation was low frequency noise up to ∼100 Hz associated to
scattered light effects inside the interferometer 10,3 . Tiny stray light beams may re-couple to the
interferometer main laser mode adding the phase noise they acquired along the path. In Virgo,
one source of scattered light is the suspended auxiliary optics, placed for example in transmission
of the two arms. The Suspended West End Bench (SWEB) was identified as the major culprit,
also by means of adaptive search algorithms 11 . Despite a force is exerted on the bench suspension
top stage to minimize the relative velocity between the bench and the end mirror, the SWEB
was moving too much at the frequency of the microseismic peak. This occurred due to a defect
in the suspension inertial damping control, which was identified and cured in preparation for O4.

Figure 1 – (left) Virgo BNS range deviation from weekly median is plotted as a function of wind speed, throughout
O3 observing time. White dots are the average value computed in each wind speed bin. (right) Cumulative
distribution of maximum control correction signal applied to the marionette stage of end mirror suspensions,
Cmax , in 4 different wind speed ranges between 30 and 50 km/h. Wind speed is averaged over 30-second long
segments, and Cmax is the maximum correction within the same 30-second segment. The red dashed line marks
9.5V: when |Cmax | reaches this value actuators saturate and the controlled state is always lost in a few seconds.
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Figure 2 – (left) Estimated remaining duration of Virgo controlled operation (Tlock ) after a given 30-second
averaged wind speed is measured. This quantity is computed as: Tlock = 30s/P (Cmax > 9.5V). Where, P is the
probability that the correction exceeds 9.5 V. (right) Virgo duty cycle is computed as a function of RMS ground
seismicity in the 0.1 Hz to 1 Hz frequency band, for two complementary data samples: low wind speed time
periods (blue) and high wind speed time periods (red).

5

Earthquakes

Another issue we started investigating is noise induced by earthquakes (EQ). During O3, 54
earthquakes were either strong enough or close enough to cause control losses. EQ alerts were
provided by the Seismon 12 software tool developed by LIGO and adapted to Virgo. If the
warning was significant enough (based on a rough magnitude-distance cut) and it was received
early enough (i.e. before the seismic waves) the ITF control system was manually switched to
a more robust configuration. Seismon relies on the Earthquake Early Warning (EEW) data
streaming provided by the United States Geological Survey and a seismic model to predict
waves arrival time and amplitude at the Virgo site. At this preliminary stage we have identified
strategies to improve the effectiveness of the warning system. One way is to improve the coverage
to European and Mediterranean events, which are most significant for Virgo. To this end, we plan
to integrate in Seismon the EEW data stream from EarlyEst 13 , a lightweight software package
for rapid global scale earthquake monitoring which reads data also from seismic networks in the
Mediterranean region. The new system performance can be estimated a priori using O3 Virgo
data. In case of close earthquakes (few hundreds km from Virgo) the warning might not arrive
fast enough to be received and processed. The solution explored by the project ASPIS 14 is to
implement a dedicated network of seismometers located at 100 km from Virgo to intercept seismic
waves and adopting a fast EQ identification algorithm. A complementary approach is to improve
the robustness of the Virgo controls. The plan is using close seismic shakes collected during O3
to study the response of Virgo and identify sensible degrees of freedom of the interferometer.
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Common techniques in Gravitational Wave data analysis assume, to some extent, the stationarity and Gaussianity of the detector noise. These assumptions are not always satisfied because
of the presence of short duration transients, namely glitches, and other slower variations in
the statistical properties of the noise, which might be related to malfunctioning subsystems.
We present here a new technique to test the stationarity hypothesis with minimal assumptions
on the data, exploiting the band-limited root mean square and the two-samples KolmogorovSmirnov test. The outcome is a time-frequency map showing where the hypothesis is to be
rejected. This technique was used as part of the event validation procedure for assessing the
quality of the LIGO and Virgo data during O3. We also report on the applications of the test to
both simulated and real data, highlighting its sensitivity to various kinds of non-stationarities.

1

Introduction

Gravitational Waves (GWs) are propagating “ripples” in the fabric of space-time, produced by
the coalescence of compact binary stars (CBCs) or other violent phenomena in the Universe 1 .
Interferometric GW detectors, like Advanced LIGO 2 and Advanced Virgo 3 , measure their
transit from the differential strain induced on the detector arms. Many sources of noise, either
of environmental or instrumental origin, can produce a similar effect. This noise is conveniently
described as a stochastic (or random) process, and our ability to extract the information on the
astrophysical signal is determined by how good we know the statistical properties of the noise 4 .
Common GW data analysis techniques assume that the noise process can be modeled as
a stationary and Gaussian one 5 . Stationarity implies that its statistical properties do not
vary over time, and can then be estimated from a single, sufficiently long, realization of the
process. Gaussianity ensures that the second order distribution moments are sufficient to fully
characterize it. In particular, the power spectral density (PSD) of the Gaussian process is the
sole quantity needed to fully represent its statistical properties.
When these assumptions cease to be valid, the noise characterization gets complicated, the
techniques used within the stationary and Gaussian assumption are no more optimal 6 , and
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the corresponding estimates of the GW source properties are altered 7 . Moreover, noise nonstationarities are often the manifestation of some subsystem malfunction in the detector 8 . For
these reasons, it is important to identify them, both for the assessment of the data quality in
correspondence of a candidate event and from the point of view of the characterization and
improvement of the detector.
2

A Stationarity Test Based on the Signal Band-Limited RMS

We present here a new test of stationarity based on the signal Band-Limited RMS (BLRMS)
that we have called BRiSTOL: Band-RMS Stationarity Test toOL 9 .
2.1

Estimation of the Signal BLRMS

The BLRMS is the average power of a signal in a limited frequency band [f min , f max ]:
s

BLRMS (t; [f min , f max ]) =

f max

1
− f min

Z f max
f min

Ŝ(f ; t)df

(1)

where Ŝ(f ; t) is an estimate of the signal PSD referred to the time t.
Using this quantity provides two advantages with respect to standard analyses based on the
PSD variability. Firstly, the highly correlated GW detector noise has regions of its spectrum
characterized by very diverse behaviors. There are parts of it with characteristic features, like
spectral lines, bumps and other structures where one would need a better frequency resolution,
and regions where the spectrum is flatter, described for example by some characteristic power
law. Averaging over the latter frequency regions has a variance reduction effect similar to that
obtained with the Welch method 10 in the time domain.
Secondly, many noise sources affect specific frequency bands only. If one knows a band
division of the spectrum able to bound them, these bands can be used for the BLRMS estimation. Then, once a non-stationary noise component stands out in a specific band, this can be
immediately associated to a known possible source.
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Figure 1 – Left: effect of spectral line removal on the Amplitude Spectral Density (ASD) of Virgo. Right: glitch
removal from a Virgo BLRMS time series, where a glitch at about 200 seconds from the start is removed by the
thresholding MAD (orange band). These plots have been created with O3a open data of April 5, 2019 13 .

2.2

Modified BLRMS Algorithm

The algorithm to compute the BLRMS from Eq. 1 can be improved with two additions to make
it more effective for the purpose of GW detector noise studies. Firstly, if a spectral line is
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contained in the band where we are estimating the BLRMS, this is going to dominate the result.
This is sometimes undesirable, especially if one is mostly interested in the non-stationarities of
the noise floor. For this reason, we have included in the method for computing the BLRMS the
possibility to automatically identify spectral lines and remove them with a technique similar to
the one described in 11 .
Secondly, GW data often presents glitches. These are rapid excess of noise, with typical
duration shorter than one second. This feature makes them similar to burst GW signals. The
best algorithms to identify them are the so called Event Trigger Generators (ETGs) 12 . Then, to
focus on slower non-stationarities, usually not targeted by these ETGs, we may want to exclude
the glitches from our stationarity test. For this reason, we added the possibility to identify and
remove them with an algorithm that computes the moving median of the BLRMS’ time series
and applies a threshold based on their Median Absolute Deviation (MAD).
Examples of spectral line and glitch removal on Virgo O3a data are shown in Fig. 1.
2.3

BLRMS-based Stationarity Test

We have based our stationarity test on the modified BLRMS computation described above.
Firstly, for every frequency band, we divide the BLRMS time series in consecutive chunks
containing a statistically significant number of points. Then, we make use of specific metrics to
test the stationarity hypothesis comparing the BLRMS estimates in consecutive chunks.
A particularly balanced metric, useful for having an algorithm sensitive to a large variety of
non-stationarities, is the one provided by the two-samples Kolmogorov-Smirnov test 14 , based on
the maximum absolute difference between the BLRMS empirical c.d.f.s in neighboring chunks,
respectively with n and n0 data points, {xi }i=1,...,n(0) :
F̂n (x) =

n
1X
I(xi ≤ x)
n i=1

(2)

where I(. . .) is the indicator or characteristic function, equals to 1 if its argument is true, zero
otherwise. The previous quantity counts the proportion of the sample points below level x. The
test statistic is therefore:
s

KS nn0 =

nn0
sup F̂n (x) − F̂n0 (x) .
n + n0 x

(3)

With this normalization, the test statistic asymptotically approaches a Kolmogorov distribution,
which is independent on the distribution of the data (Kolmogorov Theorem). Also, p-values,
the probabilities of obtaining more extreme values from the same distribution, are available
for this statistic and can be reported in a time-frequency map where to verify the stationarity
hypothesis. An example of this representation for the test outcome is shown in Fig. 2.
3

Applications and Conclusions

In Fig. 2 we reported two examples of application of BRiSTOL. The time-frequency maps show
the p-values for the stationarity hypothesis in various time chunks and frequency bands. Red
regions are where stationarity should be rejected at a significance level α = 1%, that is, the
p-value there is smaller than this threshold. On the left, we reported the application to real O3a
Virgo data, while on the right we generated a (stationary) colored Gaussian noise from the ASD
in Fig. 1, to which we added some noise features: a sinusoid at frequency 90 Hz from time 500
to 1000 sec,a a moving line with exponentially varying frequencies between 10 and 1000 Hz from
a
Notice that a sinusoidal signal is stationary. The only features highlighted by the colormap in Fig. 2 are
indeed its onset and offset, respectively at time 500 and 1000 seconds from the start.
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Figure 2 – Time-frequency map of the p-values for the null hypothesis of stationarity obtained with BRiSTOL. Red
regions are times and frequency bands where this hypothesis should be rejected at a significance level α = 1%.
Left: application to real Virgo O3a open data of April 5, 2019. Right: simulated colored Gaussian Virgo data,
randomly generated from the ASD in Fig. 1 with the addition of some noise non-stationarities.

1500 to 2000 sec, a “ramp” of white noise with increasing amplitude from 2500 and 3000 sec,
and lastly a 5 seconds “burst” (covering all frequency bands) at time 3250 sec. All these features
have amplitude (the maximum one for the ramp and the burst) equals to 10−22 in strain units.
BRiSTOL has been used for the validation of candidate events during O3 and for detector
characterization studies. Thanks to the minimal assumptions on the data, namely that the
possible non-stationarities can show up in the second order moments,b this test can be used as a
first step for assessing data quality. If non-stationary regions are identified, further analyses are
triggered to investigate the possible origin of them or, in the case of candidate event validation,
to check whether they can be detrimental for the estimations on the GW source properties.
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A subsequent Gaussianity test can also reveal if this is sufficient to exclude non-stationarities at higher order.

262

Interactive Glitch Web Catalogue :
an on-line application for glitch characterization in the Virgo interferometer
N. Sorrentino1,2 a , F. DI Renzo1,2 , F. Fidecaro1,2 , G. Hemming3 , M. Razzano1,2
1
University of Pisa, Dipartimento di Fisica, I-56127 Pisa, Italy
2
Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, I-56127 Pisa, Italy
3
European Gravitational Observatory (EGO), I-56021 Cascina, Pisa, Italy

The Interactive Glitch Web Catalogue (IGWC) is a web application developed for the rapid
and efficient analysis of the transient noises presented in the advanced gravitational wave interferometers. IGWC contains quick-look tools for searching glitches in current and past observation runs, makes a first visualization of their distribution and shows their time-frequency
morphology. The software will be included in the next LIGO, Virgo and KAGRA event validation pipeline and will store the results of a massive classification activity of the transient
noises presented in the Virgo detector.

1

Introduction

In 2016 the LIGO 1 and Virgo 2 collaborations announced the first detection of a gravitational
wave 3 . The interferometers used for detection are commonly affected by many transient nongaussian noise components, due to instrumental and environmental reasons, which occur every
∼ 1 min 5 . These are called glitches and their origin can be analysed by monitoring the glitches
that are coincident between the gravitational wave strain channel, i.e. hrec, and the auxiliary
instrument channels. On the other hand, the glitches have a time-frequency morphology, given
by the Q-transformation 7 application, which allows the classification in different recurring patterns. With the increase in detection rate, due to the growing sensitivity of LIGO and Virgo
interferometers 5 , we need a faster and more efficient analysis of the glitches occurring during
gravitational wave candidates events.
In this context, the idea of an Interactive Glitch Web Catalogue (IGWC) was developed
to provide some interactive tools for glitch investigation in current and past gravitational wave
observational runs. IGWC can accommodate various pipelines, including Omicron 6 , a pipeline
commonly used during the LIGO, Virgo and KAGRA 4 observational run (O1, O2, O3 and
next ones). This software performs a multi-resolution time-frequency analysis of data from
gravitational wave detectors and identifies the glitches metadata based on Q-transformation
a
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Figure 1 – IGWC overview. Orange blocks are the input data of the software. Blue blocks are the algorithms
presented, which return the output described in black blocks.

results, e.g. Signal to Noise Ratio (SNR), duration, frequency bandwidth. The approach of a
web tool to the detector characterization would explore the opportunity to have a rapid and
user-friendly monitoring system of the glitching detector status. The IGWC is connected to a
database system that will host the glitches labels produced by classification pipelines, e.g. the
GravitySpy citizen science project results 8 . Other activities are planned, e.g. the REINFORCE
b European project, which aims to make a massive classification of the Virgo glitches, whose
results IGWC is going to collect.
2

Software description

The basic architecture of the IGWC application is shown in Fig. 1. The user starts with the
request to the databases. These contain Omicron triggers divided per observing run, with the
last one (O4) that will be loaded periodically with low latency for the real time analysis of
detector noise. Here the user can specify:
1. The GPS time interval;
2. The frequency range;
3. Minumum and maximum values of the SNRs;
It is also possible to select the data channel name(s), the generation pipeline and the classification labels archived in the system. Here the selected glitch information can be downloaded
in CSV format.
Once in the Interactive Plot Window (IPW), the user has the possibility to make a real
time exploration of the glitching status of the interferometers in the GPS time interval selected.
In particular the IPW provides some interactive plots, where it is possible to switch between
various channels, point out and compare the desired glitches attributes, and then save the result
on the local computer.
After that, there is the Single Glitch Analysis Window (SGAW), accessible by clicking on the
desired glitch among the IPW scatter points. This window first shows a summary of the available
information about that single glitch, then if it is already classified, providing its label. Here the
b

REINFORNCE - gravitational wave noise hunting https://www.reinforceeu.eu/ (2021)
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Figure 2 – Virgo glitches from O2 classified by GravitySpy 8 . There are Koi Fish glitches, which have the typical
pattern shown in Fig. 3, and Scattered Light glitches, more frequent at low frequencies and caused by the laser
scattered light in the interferometer subsystems. On the left, the circles radii and colors encode the triggers SNRs,
giving a general idea of the detector noise status. On the right, the SNR-time distribution shows which glitches
are classified in the dataset and how.

single glitch low latency analysis can be made with the list of coincident glitches through all
detectors channels (origin investigation) and tools for making the Q-transformation around the
glitch peak time (time-frequency characterization). Below there are some software application
examples.
3

Application

In Fig. 2 is shown an example of IPW usage. The glitches are distributed around the center of
the GPS time request. These are the axis values available for plotting:
1. GPS peak time;
2. Peak frequency;
3. SNR;
4. Duration;
5. Frequency bandwidth;
The right color bar emphasizes both the SNR and the class that the glitches belong to. The
user can look at the selected channels and pipelines by choosing one of them in the above widget.
All figures provided by IGWC can be saved locally. Moreover, the web interface provides three
double-click tools in the SGAW page, which lead to a deeper analysis of the single glitch making
use of the gwdama methods c :
1. View coincident glitches in other channels;
2. Download hrec data around the glitch, for independent analysis;
3. Make the Q-transformation of the glitch (Fig. 3);
Here the user can choose the Q-factor and the frequency range of the transformation, regulating the resolution of the image. Moreover, the time window around the trigger can be set for
zooming the glitch component. Then there is a tool bar that allows to manipulate the image
and save it. The possibility of reaching a real time Q-transform of the hrec and auxiliary data,
together with the glitch metadata stored in the database, provides an investigation strategy for
giving a low-latency and efficient response to gravitational wave noise issues. Then the comparison between the different channels trigger patterns make this application a useful resource for
having a quick idea of glitches possible origin.
c

Gravitational Wave DAta MAnager: https://reinforceeu.gitlab.io/wp3/gwdama/ (2021)

265

Figure 3 – The Q-transform of a glitch present in Virgo O2 run, provided by the SGAW tool. It was classified as
Koi Fish by the GravitySpy project 8 . Below the figure there is a tool bar for manipulating and saving the result.

4

Conclusions

The IGWC is available for test to the Virgo collaboration. The interactive noise investigation
flow leads from the glitches metadata selection, passing through their distribution visualization
and finally to the deeper analysis of the data around the trigger, everything with the same click
on the web page. The application is ready to be interfaced with classification results and is
expected to be ready for O4 run, that should start in Summer 2022. The software is thought
to improve low latency analysis of the glitches and integrate their identification with the new
classification labels. This is the first step of a gradual improvement of current gravitational
waves research analysis chains.
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Ultra-high-frequency gravitational waves: challenges and opportunities
F. Muia
Department of Applied Mathematics and Theoretical Physics (DAMTP)
Stephen Hawking Centre for Theoretical Cosmology
Cambridge CB3 0WA
United Kingdom
The first direct detections of gravitational waves (GWs) by the LIGO and VIRGO collaborations have opened up new avenues to explore the Universe. Currently operating and planned
GW detectors mostly focus on the range below 10 kHz, where signatures from known astrophysical sources are expected to be discovered. However, based on what happens with the
electromagnetic spectrum, there should be interesting physics to be discovered at every scale of
GW frequencies. In particular, any discovery of GW signatures at frequencies higher than 10
kHz would correspond either to exotic astrophysical objects (such as primordial black holes or
boson stars) or to cosmological events in the early Universe, such as phase transitions, preheating after inflation, oscillons, cosmic defects, etc. Hence, the search for ultra-high-frequency
GW is a promising and challenging search for new physics and it provides a unique opportunity to test many theories beyond the Standard Model that could not be tested otherwise.
In this talk, I will briefly review the state of the art about high-frequency GW physics, both
from the theoretical point of view - summarising the most promising known sources and their
features - and from the experimental point of view - presenting the state of the art in terms
of experimental proposals in this frequency range and what are the possible ways forward.

1

Motivation

It is a well-known fact that for any self-gravitating system with average density ρ, it is possible
to define a characteristic frequency 1
r
Gρ
f0 '
,
(1)
4π
where G is the gravitational constant. This expression gives a good estimate for the GW frequency that can be emitted by astrophysical objects. As the Schwarzschild radius gives a lower
bound on the size of any object of mass M , R ≥ 2GM , using Eq. (1) it is possible to put an
upper bound on the frequency of GWs emitted by astrophysical objects
f0 . 10 kHz

M
,
M

(2)

where M ' 2 × 1033 g is the solar mass. This bound is expected to be saturated by small and
dense objects such as neutron stars, whose mass is around the Chandrasekar value M ' 1.2×M .
Hence, known astrophysical objects can emit GWs below the benchmark frequency 10 kHz. So
we are left with the interesting observation that, above 10 kHz, any GW signature would signal
the existence of unknown astrophysical objects or would point to some cosmological GW source.
Both scenarios would imply the existence of beyond the Standard Model (BSM) physics. In this
talk, we will refer to frequencies above the LIGO range as Ultra-High-Frequency (UHF).
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2

Ultra-High-Frequency Gravitational Wave Sources

It is convenient to classify UHF-GW production sources into two categories, according to the
production time: late and early Universe sources. The main difference is that early Universe
sources can only give rise to a stochastic background of GWs, while for late Universe sources
coherent signals are possible. Fig. 1, that is taken from 2 , collects most of the currently known
sources of UHF-GWs. On the one hand, the category of late-time sources contains i) neutron
star remnants after a mergera , ii) mergers of primordial black holes and exotic compact objects,
such as boson stars and gravitino stars, iii) GWs from superradiance around a black hole. On the
other hand, the category of cosmological sources contains various mechanisms operating during
and after inflation, including i) GW production from extra-species during inflation, ii) spacereparametrization symmetry breaking during inflation, iii) second-order GW production from
primordial scalar perturbations, iv) preheating, v) oscillon production, vi) high-energy phase
transitions, vii) topological defects, viii) cosmic GW background. The reader can find references
for these sources and many more that require slightly more exotic physics in 2 . Please note
that, while some of the sources listed above might give a signature also at low-frequency (see
for instance the ‘extra-species during inflation’ and ‘topological defects’), others are specific to
the UHF band (e.g. ‘preheating’ and the ‘cosmic GW background’, that peaks in the GHz region).
More in general, it is interesting to note that sources operating in the early Universe produce
GWs whose frequency naturally falls in the UHF category. In fact, causality enforces the GW
wavelength to be smaller than the horizon size at the time of production, which then translates
into a lower bound in the frequency. Assuming the standard hot big bang cosmology, the bound
on the current frequency of GW produced in the early Universe goes as 1


T
g∗ 1/6
f0 &
kHz ,
(3)
10
10 GeV
100
where T is the temperature of the Universe and g∗ is the number of relativistic degrees of freedom at the time of production. Due to the weakness of the gravitational interaction, GWs travel
freely since their production time, retaining their spectra. From Eq. (3) it is then clear that an
early Universe stochastic background of GWs would deliver us information about physics taking
place at temperatures that are inaccessible with current particle physics experiments.
However, detecting UHF-GWs is quite hard in practice: in the case of a stochastic background, the dimensionless characteristic amplitude hc is defined through the relation 1
Ωgw =

4π 2 2 2
f hc (f ) ,
3H02

(4)

where H0 is the Hubble parameter today and by definition Ωgw =

1 ∂ρgw
ρc ρ ln f

is the energy density

3H02
8πG ).

in GWs (ρgw ) per logarithmic frequency interval (and ρc =
Given the relation in Eq. (4),
the dimensionless characteristic amplitude hc scales as 1/f :

q
kHz
hc ' 1.3 × 10−21
h20 Ωgw ,
(5)
f
where h0 is defined through H0 = h0 × 100 Km sec−1 Mpc−1 . Eq. (5) makes it evident that
the larger the frequency, the more challenging is to detect GWs from the early Universe. To
make things even more challenging, we should recall that GWs in the early Universe contribute
to the radiation content and could modify the background evolution of the Universe. Both
Cosmic Microwave Background (CMB) and Big Bang Nucleosynthesis (BBN) measurements
a

Note that this non-BSM source would give rise to a signal in the few kHz region, still above the LIGO range.
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Figure 1 – Examples of late Universe (left) and early Universe (right) sources. The green bands correspond to
the frequency ranges probed by levitated sensors, bulk acoustic wave devices and magnetic conversion detectors
respectively (see Sec. 3), while the cyan band corresponds to interferometers. See 2 for details.

place bounds on the amount of ‘extra’ radiation present in the early Universe, that can be
translated into constraints on the energy density in GWs: h0 Ωgw . 10−6 , or


1kHz
hc . 3 × 10−24
,
(6)
f
as reported in Fig. 1 (right). In conclusion, in order to get to the interesting region for detection
of cosmological GWs, experiments should reach a sensitivity of hc ∼ 10−32 at f ∼ 1 GHz. Note
that the bound in Eq. (6) does not apply to late Universe sources, as it is clear from Fig. 1 (left).
3

Detection of Ultra-High-Frequency Gravitational Waves

Currently operating and devised detectors, such as LIGO, Virgo, KAGRA, LISA, DECIGO,
Einstein telescope operate or will operate at frequencies at or below f ∼ 1 kHz. Even if there are
several concepts for GW detection at frequencies above 1 kHz, many of them are only proposed as
theoretical papers and lack a serious study of the potential noise that might limit their efficiency.
In this section, we will briefly review the main concepts for UHF-GW detection. Note that
the sensitivities are expressed either in terms of the dimensionless strain hc,n,sto for stochastic
backgrounds
(assuming an integration time of one year) or in terms of the noise spectral density
√
Sn that has units Hz−1/2 . For a detailed explanation of these quantities see 1,2 .
Interferometry Despite the amazing success of interferometers, it seems clear that this concept is not the most promising one for UHF-GW detection due to shot noise, which grows at high
frequency. However, there are a few attempts to make this concept work at UHF, such as the
proposal of Akutsu et al. that led to the bound hc . 7 × 10−14 at 100 MHz and the Holometer
experiment that reaches a sensitivity of 10−21 Hz−1/2 in the range (1 − 13) MHz. NEMO will
explore the range (1 − 2.5) kHz, interesting for the ringdown signal of neutron star mergers.
Spherical resonant masses The resonant mass concept is one of the first ones explored back
in the ’70 by R. Forward. The idea is very simple: a GW excites the vibrational eigenmodes
of an antenna. The oscillations are converted into electrical signals and eventually amplified by
electrical amplifiers. The two most modern implementations of this √
idea are the Mario Schenberg
antenna and the Mini-GRAIL detector, that place bounds around Sn . 10−20 at ∼ 3 kHz.
Optically levitated sensors Optically levitated sensors make use of an optical trap to suspend a dielectric nano-particle in a cavity, leading to a very low friction system. A GW passing
through causes a time-varying physical length of the cavity. If the frequency of the GW is
close to the frequency of the optical trap, a resonance occurs, making GW detection possible.
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A
is under construction at Northwestern University, with a target sensitivity of
√ 1-m prototype
Sn ∼ 10−21 Hz−1/2 . A one-to-two order of magnitude improvement is possible with 10-m and
100-m experiments. These detectors might be able to probe GWs from superradiance soon.
Inverse Gertsenshtein effect The inverse Gertsenshtein effect is simply the conversion of a
GW into an electromagnetic wave in an external magnetic field. The idea is similar to the one
used in ‘light shining through a wall’ axion experiments: data coming from axion experiments
such as OSQAR and CAST have been used to place upper bound on the stochastic background of
GWs at very high frequency: hc,n,sto . 8×10−26 in the range (200−800) THz and hc . 7×10−28
in the range (0.5 − 1.5) 106 THz. The same technology can be used in the GHz region, reaching a
strain amplitude of hc,n,sto ∼ 10−26 , roughly six orders of magnitude away from the BBN bound.
Bulk acoustic wave devices Bulk acoustic wave devices make use of the same concept of
resonant masses, except that the vibrational modes excited by the passing GW are those of a
bulk acoustic wave cavity, cooled to very low temperature to enhance its acoustic properties.
Recently, the authors of 3 have reported the observation of rare events during 153 days of operation, even though there is no certain claim about the origin of these signals.
The reader can find in 2 the references for all the detectors listed above, along with several
additional proposed concepts, including i) superconducting rings, ii) deformation of microwave
cavities, iii) heterodyne enhancement of magnetic conversion, iv) graviton-magnon resonance.
In particular, according to the original papers, the heterodyne enhancement technique and the
superconducting rings concept are very promising. However, an actual implementation of these
concepts is not yet available. The construction of prototypes to test these concepts is one of the
first steps to be taken to get to the detection of cosmological UHF-GWs in the future.
4

Conclusions

In conclusion, the topic of UHF-GW is potentially very rewarding in terms of the physics that
might be learned. From the experimental point of view, not much effort has been devoted to the
development of detectors in the frequency range above the LIGO peak frequency. We wish that
more effort will be directed towards this quest in the next few years. The UHF-GW initiative
(see this webpage) supports the creation of a network of researchers who are interested in UHFGWs both from the theoretical and experimental points of view and are willing to push research
in this direction. One of the goals of the initiative is to support the testing phase of currently
existing detector proposals and stimulate the technological developments necessary to come up
with new schemes for GW detectors at frequencies above the LIGO range.
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Silica Fibers for large mass upgrade on Advanced Virgo Plus
M. Montani
Università degli Studi di Urbino “Carlo Bo”, I-61029 Urbino, Italy,
INFN, Sezione di Firenze, I-50019 Sesto Fiorentino, Firenze, Italy
The observation of gravitational waves is highly influenced by the detectors sensitivity, that is
limited at low frequencies (10 -100 Hz) by the thermal noise. For this reason, the monolithic
suspensions are one of the most important upgrades of the interferometric detectors The
Advanced Virgo Plus (AdV+) project, in order to get the target sensitivity, is planning to use
larger reference masses, and this choice requires, among other things, a re-design of the silica
fibers, and a new capability to produce and test them, in order to minimize the thermal noise
in the band of interest and to fit the load constrains. This work will present the mechanical
design of the silica fibers for large mass and the desired features. Moreover, some preliminary
measures of the fibers profile and the breaking stress will be shown and compared with the
design constrains. Finally, the impact of the new silica fibers on the thermal noise will be
discuss with respect the AdV configuration.

1

Introduction

Gravitational wave interferometers are subject to wide variety of noises that limit their sensitivity, in particular, to reduce thermal noise, both Advanced Ligo (aLIGO) and AdV share
the choice of having a multi-stage pendulums system ending with the monolithic suspension,
a final pendulum stage made entirely by fused silica. The use of silica fibers is essential in
noise reduction and to increase the sensitivity of the instrument, especially at low frequencies
(under 30 Hz).1 Improving interferometer sensitivity for future scientific runs relies on several
improvements, among others, the strategy adopted by Virgo involves increasing the mass of the
end-mirrors; they will pass from 42 kg to 105 kg. This configuration is called large mass (LM).
The new configuration implies an huge impact on all the payload design, and therefore on the
silica fibers.
2

Design and Requirments

To keep the same stress as for AdV (≈ 800 MPa) the diameter of the silica fibers for LM
must increase, in particular the Table 1 summarizes the features that are request for the new
monolithic suspension.
The shape of a fiber for LM is summarized in Figure 1(a), where the well-known dumb-bell
profile 5 is reported; this particular shape guarantees the cancellation of the thermoelastic noise
when the bending points 3 are in the thicker region 4 and, at the same time, the bouncing and
violin frequencies are determined by the thinner part. In addition, the control of the bending
points position is crucial for the mechanical decoupling between the marionette (the last stage of
the suspension over the mirror) and the mirror itself: the two bending points must be positioned
at the same height as the center of mass of marionette and mirror.
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Table 1: Mechanical features of the monolithic suspension for AdV+ LM compared to the AdV version.

Test mass weight
Fiber working load
Fiber working length
Fiber breaking load
Fiber nominal maximum stress

AdV Configuration
42 kg
10.5 kg
700 mm
> 35 kg
0.80 GPa

(a) Silica Fiber design thickness.

AdV+ Large mass Configuration
105 kg
26.25 kg
700 mm
> 80 kg
0.80 GPa

(b) Anchor design: the design for LM is the same used
for AdV.

Figure 1 – Design of the mechanical part of the Anchor - Fiber - Anchor (AFA) system.

The anchors are the terminal parts of the fibers; they are silica box machined with great
attention to guarantee the surface quality and consequently the mechanical resistance. The
technical design of these parts are shown in the Figure 1(b). It has been measured, through
repeated testing, that they can withstand peak loads up to 100 kg.
In the production process the anchors are welded to the silica rod before the fiber pulling
procedure starts. 2 The thickness of the welding region is the same as that used in the AdV
version, but for LM, that part has to resist to a higher load. For that reason the welding
represents a crucial point for the repeatability of the process, and it could be a possible cause
of failure.
3

Results

The fibers are subjected to a series of characterizations in order to determine their mechanical
features and their behavior in terms of thermal noise. The fibers are undoubtedly the most delicate component of the suspension and therefore it’s required that their characteristics perfectly
respect the constrains.
3.1

Breaking stress

The measurement of the breaking load is essential to verify the goodness of the entire production
process, and to ensure safety margins. The breaking test is a disruptive one, and so a statistical
approach is need in order to validate the production process.
For safety reasons we want to keep the breaking load of the fibers higher than 3 times the
working load; the breaking load of the first 4 fibers produced was tested, and the preliminary re-
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sults show an encouraging margin of safety. The Figure 2(a) shows the breaking stress measured
with respect the working stress (red line).
During a breaking test with tens of kilograms of load, it is difficult to understand which
component (anchors, welds or fiber) of the system caused the rupture. For this reason, a high
frame rate camera is used to monitor the breaking instant, in order to understand the exact
point of failure. 2 In the preliminary tests we could record only the breaking test of fiber 2. In
the Figure 2(b) the failure is shown; it is possible to see that the rupture was started from a
point of the fiber. In this case the breaking load (109 kg) was more then 3 times the working
load.

(a) Breaking stress of the first 4 fibers produced.
The red line represents the working stress.

(b) Breaking of fiber 2 during breaking test (frame-rate
15300 fps, resolution 1024 x 128).

Figure 2 – Breaking test results.

3.2

Profile and bending points

After the production all the fibers will be profiled with an optical system based on a camera
that moves over the whole length of the fiber 2 .
During the preliminary tests just the fiber n.2 was profiled and the results are shown in
Figure 3 where di diameter of the fibers is plotted with respects its length. In the central part
the average diameter measured is φ = 580um, that is lower then the one expected, with a
σφ = 28um.
Profiling can be used as a check of the goodness of production, but it also gives us the
opportunity to make indirect measurements of fiber characteristics. One of the information we
are able to extract from profiling is the position of the bending points. Through a FEM analysis
that takes into account the diameter information, the elastic characteristics of the silica and the
applied working load, it is possible to derive the geometry of the fiber when it is bended. 3
3.3

Thermal noise

The Figure 3 shows that the bending points are placed in the region with diameter of 1.3 mm; the
consequence of this is that most of the bending energy is located in the thickest region, and this
drops the thermoelastic contribution 4 . The Figure 4(a) shows exactly the linear energy density
contained in the fiber around the upper bending point. Related to that also the mechanical
dissipation linear density is plotted. This result was obtained by a FEM simulation. 3
Finally the whole contribution of the thermal noise of the fiber 2 is calculated and plotted in
Figure 4(b) with respect the AdV design fiber. The resonant frequencies (bouncing, pendulum
and violin) are virtually the same, and the over few Hz we obtain a reduction of the thermal
noise.
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(a) The diameter of the fiber n.2 along the entire length
of the fiber.

(b) The picture shows the edge at the
beginning and the end of the fiber (near
the 2 anchors): the red dots are the positions of the bending points estimated by
a numerical simulation.

Figure 3 – The profile results of the fiber 2.

(a) Bendign Energy linear density in the region of
the upper bending point.

(b) Thermal noise of a silica fiber for AdV+ LM in
working condition respect the AdV configuration.

Figure 4 – Simulations of dissipation and thermal noise for the AdV+ LM fiber.

4

Conclusion

In conlusion, the silica fibers for the large mass suspension of the AdV+ project represent a
fundamental and extremely delicate challenge for the Virgo interferometer upgrade. The new
workloads, coupled with maintaining resonant frequencies, dictates the construction of thicker
fibers. Preliminary results on tensile strengths are encouraging although the statistics need
to be increased. The suppression of thermoelastic noise, due to the placement of the bending
points are in line with the design specifications, as are the thermal noise trends and resonant
frequencies of the system.
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