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Gravitational Waves are unique probes of Strong-gravity

e Relativistic collisions of compact binaries provide a
unique opportunity to test the validity of general
relativity (GR) in a strong-field, radiative regime.

e Signatures of Beyond-GR physics would show up as
modification to the dynamics of the binary, which can
be tested using observations.

e We search for such deviations from GR using different
methods, results of which are reported here.
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Types of GR tests KAGR,{?}]

We employ theory-agnostic tests, that do not rely on the predictions of any specific modified
gravity theories, instead we test for possible deviations away from GR (null tests).

These tests may be broadly classified as

1. Consistency Tests

a. Self-consistency of the signal

b.  Consistency of the signal with GR
2. Parameterized Tests

a. Parameterize deviations from GR at the level of waveform and use the data to bound or constrain these

additional parameters.

Through these tests, we probe the generation, propagation and polarization of GWs from various
stages of a compact binary merger using the data from the second half of the third observing run
(O3b).







Gravitational

Wave observations to date
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Event Selection

15 events with [FAR >
1000 yr are analysed from
O3b.

14 BBHs + 1 NSBH
(GW200115)

Separate criteria for each
analyses.

Combine with events from
GWTC-2, whenever
possible.

TABLE II. List of O3b events considered in this paper. The first block of columns gives the names of the events and lists the instruments (LIGO
Hanford, LIGO Livingston, Virgo) involved in each detection, as well as some relevant properties obtained assuming GR: luminosity distance
Dy, redshifted total mass (1 + z)M, redshifted chirp mass (1 + z) M, redshifted final mass (1 + z)Mr, dimensionless final spin yf = clffl/(GMfz),
and network signal-to-noise ratio SNR. Reported quantities correspond to the median and 90% symmetric credible intervals, as computed in
Table IV in GWTC-3 [81]. The final mass and final spin quantities are inferred from analysis of the entire signal and are for the remnant long
after the coalescence and ringdown are complete, as described in [99]. The last block of columns indicates which analyses are performed on a
given event according to the selection criteria in Sec. II: RT = residuals test (Sec. IV A); IMR = inspiral-merger-ringdown consistency test
(Sec. IV B); PAR = parametrized tests of GW generation (Sec. V A); SIM = spin-induced moments (Sec. V B); MDR = modified GW dispersion
relation (Sec. VI); POL = polarization content (Sec. VII); RD = ringdown (Sec. VIII A); ECH = echoes searches (Sec. VIII B).

Event T Properties SNR Tests performed

Dy (T+M (T+oM (T+2M; x¢ RT IMR PAR SIM MDR POL RD ECH

[Gpe]  [Mo] (Mo]  [Mo]
GW191109.010717  HL  1.29%313 140%3)  60.1%% 13542  o61%8 17379 v - - - - v/ / V
GW191129.134029 HL  0.797035 20.10*2% 8.49700% 19.197397 0.69%0%3 13.1*3 v - v v / - - /
GW191204_171526  HL  0.650)2 22.74*398 9707003 21.6073% 0.73%0%3 175%3 v - v v / / - /
GW191215223052 HLV ~ 1.93*%08 58438 24.9*13 558%% 068709 11273 v - oo/ - 7
GW191216213338  HV 034013 21177293 8.947003 20187355 0.70*0% 1863 v - v v / / - /
GW191222.033537 HL  3.017 11971  51.0772 11414 067790% 12572 v - - - / / V V
GW200115.042309 HLV 029013 7.8*12  2.58+001 77+ 042%0% 113493 v - v - - - - /
GW200129.065458 ~ HLV ~ 0.90703% 74.6*43 32.17}8 709%42 073%0% 26873 v v v Vv V / V /
GW200202_154313  HLV 0417013 19.0171) 8.157002 18.1272%2 0.6970% 10872 v - v - / - - /
GW200208_130117 ~ HLV 22379 91#)  38.8%32 87.5%% 0.6670% 10873 v v - - /v / - V/
GW200219.094415  HLV ~ 3.4*17 10373 4373 98+ 0667019 10773 v - - - /v / -V
GW200224.222234  HLV 171704 94983 409733 902%73 07349 20073 v v - - / / V /
GW200225.060421  HL 11573 412730 17.657993 39.4*22  0.6670%] 12573 v v/ / o/ - 7
GW200311_115853  HLV 117038 75.9*$2 32727 724*3% 069409 17873 v v v - / / V V
GW200316215756  HLV  1.12*047 25.5%%7 10.6801224.3*0%  070%0% 103%5 v - v v - - - /

[R.Abbott et al. 2021]
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Parameter Inference

e Different waveforms for different analyses, both with and without higher modes from the
Phenom and SEOB families
o SEOB : spinning effective-one-body, only aligned-spin models used in this work
o Phenom: phenomenological waveforms, precessing (constructed via ‘twisting-up’ method)
e Standard LVK Parameter Estimation tools:

o PE: LALInference, bilby, pyRing
o BayesWave PSDs matching O3b catalogue GwtcC-3

e Following O3aTGR, we present two types of combined bounds obtained assuming that:
o Deviations take a common value for all sources (Restricted)

o Deviations can vary across sources (Hierarchical)

"
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Consistency Tests
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Residuals Test

Are the residuals consistent with detector noise?

e Subtract off the best-fit (Max Likelihood) waveform from the data of each
event and test whether the residuals are consistency with detector noise.

e Compute the coherent power in the residual data using BayesWave.
e Background analysis to compute p-values.
e Uses IMRPhenomXPHM model for the analysis.

e Allthe 15 events are analysed.

13



Results: Residual Analysis

1.0
12 - == Null hypothesis
A O-%-1 we GWTC-3 Measurement //
=10 o | | p-value £
& 5 o g
e ® o B
2 @ 9 g
= 9] o | © g
=) (o) 6 ® £
S , " ;
[/} . & .-
Q 6- @ ! =
ot © 57 = =
o © g
4 !
T T I T T  } T I T | ) | T I T T T T I T 3 T ] } l T & T T | L} T L l 1 § T T T
10.0 12.5 15.0 17.5 200 225 25.0 27.5

1.0

SNRar

p-value

No evidence for violation of GR

[R.Abbott et al. 2021
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IMR Consistency test £5)

Are the inspiral and post-inspiral parts consistent with each other?

The binary’s final mass and spin
parameters are measured
separately from the low and
high-frequency parts we then
compare the two measurements
to check their agreement.

[A.Ghosh etal. CQG 35 (1), 014002, 2017]

Deviation Parameters

A Mf ) Mfinspiral . prostinspiral

Mf Minspiral + Mpostinspiral
f f
AXf Xifnspiral o X?ostinspiral
—_9
Y inspiral ostinspiral
Xt X D xgP

The parameter estimation is employed
using IMRPhenomXPHM waveform
model and the dynasty sampler available
in Bilby.

15


https://arxiv.org/abs/1704.06784

Results: IMR Consistency test £5)

Event fcIMR [Hz] pmr Pinsp  Ppostinsp Qé% [%] (14 2)M/M,
GW200129_065458 136 257 20:1 16.0 16> 2 70.0 115
GW200208_130117 98 9.9 7.2 6.8 10.5

GW200224 222234 107 194 143 13.1 20.7 0
GW200225_060421 213 129" 11.1 6.6 1.3

GW200311_115853 122 LhS 133 11.0 15.2 o8

I
\.
N
/ﬁ_ ---------- 0.0

Constraints on the final mass and spin parameters | s

from individual events. Combined results are
shown as grey histograms.

r—1.0

2 4 6 8
P(Axt/xr)

[R. Abbott et al. 2021]
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Results: IMR Consistency test <AeS
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Fractional deviation [R. Abbott et al. 2021]

Combined posteriors from hierarchical analysis. Results from previous catalogues are shown for
comparison. The results are consistent with GR prediction.
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Tests of GW generation
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Tests of GW generation

e \We perform two tests of GW generation:

o Generic modifications : Additional fields and/or higher-order curvature
corrections introduced in alternative theories of gravity will alter the
binary’s dynamics and hence the GW signal emitted.

o Tests of spin-induced quadrupole moments: Different compact objects will have
different spin-induced deformations based on their internal structure

| > Imprints on the GW phase

19



Tests of GW generation: Parameterized Tests of GR

Is the inspiral phase consistent with GR?

e Focus on the inspiral part of the waveform, which is well described by
post-Newtonian (PN) theory

e In this framework, the GW phase can be written as a power series in terms of the
frequency with each order being referred to as a PN order

e Introduce deviations at each PN order, one at a time, then compute their posterior
distribution

e Besides the PN orders in GR, a generic -1PN and 0.5PN deformation parameters
are introduced. The former would be non-zero in the presence of dipole radiation

e Joint bounds are computed, combining O3b events with the events analysed in
the previous observing runs.

20



Tests of GW generation: Parameterized Tests of GR

£<9)

KAGRA

e Introduce deviations in the phasing of SEOBNRv4 ROM, smoothly “turning them
off” after a certain frequency cutoff

e Reparametrize the results as deviations in the phasing coefficients of a 3.5PN
TaylorF2 phase:

7
74 3 =\ —5/3 x =\ /3
o) = 2nft = 0o =3+ oo (o) X o+ gulog(ap)] ()
i=0
Terms scaling like & <5793 at i/2-th PN order
Relative deviations if GR term is non- Lower (higher) order terms are predominant

zero, absolute deviation otherwise at low (high) frequencies

21
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Tests of GW generation: Parameterized Tests of GR K’*GRA)))

Is the inspiral phase consistent with GR? YES!

e \We combine the deviations from GR measured for each event and compute upper bounds on the
deviation coefficients, by combining individual likelihoods

e Assume the deviation coefficients are the same across events

e -1PN bound improves roughly by a factor of 2!

NSBH candidate tightens constraint on 6¢_,
(non zero in the presence of dipole radiation)

. 1PN 0PN 05PN 1PN 1.5})63N 2.5 PNO 3 PN 3 PNO® 3.5 PN
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22
90% credible upper bounds [R.Abbott et al. 2021]



https://arxiv.org/abs/2112.06861

Tests of GW generation: Parameterized Tests of GR ‘@g

Is the inspiral phase consistent with GR? YES!

Hierarchical analysis results: assume the deviation coefficient takes the same value for all events
(filled distributions)

Joint-likelihood approach: deviation is the same for all events (unfilled distributions)

—1PN 0 PN 0.5 PN 1PN 1.5 PN 2 PN 2.5 PN® 3PN 3 PN® 3.5 PN
_0005 1 1 1 1 1 1 1 1 1 1
0.4 3
2
0.2
1
S 0.000 0.0 *+ + 0 * <¢ *
—~1
—0.2
—2
—0.4 -3
0.005 T T T T T T T T T
P2 / %o P1 P \ P4 Psi s ol 1
median GR corresponds to 6@; = ( | [R-Asbottetal 2021]
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Tests of GW generation: Spin-induced quadrupole test

e Self spinning effects of compact objects lead to spin-induced deformations
e Direct imprints on the gravitational waveform as a leading order 2
post-Newtonian effect

2 2 The spin-induced quadrupole
Q — —K,X m moment scalar is written in terms
of the mass and spin parameters
of the compact object

k = ] for Kerr black holes

k =~ 2 — 14 for neutron stars

[William G. Laarakkers and Eric Poisson 1999 ApJ 512 282;

K =n~v 1 O _ 1 50 for boson stars Fintan D. Ryan: Phys. Rev. D 55, 6081.1997 Krishnendu et al.

Phys. Rev. Lett. 119, 091101 (2017)]
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Tests of GW generation: Spin-induced quadrupole test

Orbiting binary system characterized
by its mass and spin parameters

We introduce parametric deviations of the
form, k; =1+dkand k9 =1+ dko.

Measure the symmetric combination, 0K
assuming the antisymmetric
combination vanishes, 0k, = 0.

By introducing these parameters into the
waveform model as extra free coefficients
to be constrained by the data.

We analyse 6 new events passing our
selection criteria using IMRPhenomPv2
waveform model and LALInference.

25
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Results: Spin-induced quadrupole moment test AG
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with x, means

T : T positive values are
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0.008 , 0.04 1 i
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B GW191129_134029 7 : i
é 0.006 GW200316_215756 g 0.03 1 i
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= 0.004- GW200129.065458 5 .l i
E GW191216_213338 § : 1
. 1
o \ . o 1
£ 0.002- A £ 0014 ;
00004 : - th: : . i
T T 1 T T 0.00 T T } f
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0Ky Ok
[R.Abbott et al. 2021
anstraint§ from individual events and by combining log B(Is(,f:;éo = 0.9 (dks symmetric)
information from GWTC-2 and GWTC-3 events. Kerr .
loglo Béli',s#O = 29 (lf 5/‘65 > O)
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Tests of GW propagation
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Tests for modified dispersion

e Gravitational waves in GR propagate non-dispersively at the speed of light.
e There are modified theories (massive graviton theories, Lorentz-violating
theories), which predict dispersion of GWSs.

e |[f there is dispersion, the different frequency components of the wave travel at
different speeds and this affects the morphology of the signal

e This leads to an effective dephasing of the GW signal which can be measured

e Stronger effects for distant sources

28
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Testing for modified Dispersion KAGR
P terized di : lation: e BoundsonA are obtained for different values of
arameterize Ispersion relation. alpha, from 0 to 4 in steps of 0.5 (2 is excluded as it

would be equivalent to a global time-shift of the

signal)
B e+ g
| |

e Boundon A, (for A;> 0) maps onto a bound on the
mass of the graviton:

GR modification m = \/A_0/62
e We use IMRPhenomXP waveforms.

e \We compute combined bounds from all events.
Mirshekari et al. PRD 85, 024041, 2012, Clifford. M. Will PRD 57, 2061, 1998]
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. . &)
Results: Dispersion tests
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Gray: GWTC-2 90% credible upper bounds

Blue/Red: GWTC-3

e On average: improvement over GWTC-2 in the upper bounds on deviation coefficients
e Improved bound on graviton mass with respect to GWTC-2 analysis
m, < 1.27 x 10723 eV/c? (2.5 times better than Solar System bound)

[R.Abbott et al. 2021
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Tests of GW polarizations
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GW polarizations GR

Gravitational-Wave Polarization

A general metric theory of gravity admits up to 6 modes of IS | o Tensor

GW polarizations: 3 transverse + 3 longitudinal. [\ /ﬂ
: X Y x

(b)

The network of GW detector allows us to probe non-GR
polarization modes.

Scalar

Null stream: A linear combination of detector outputs
which contains no GW signal (null projection).
Waveform-agnostic

Residual should be consistent with noise, if the
assumed polarization hypothesis is correct

(d)

Vector

[Clifford M. Will, Living Rev. Relativity 17, 2014]
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Results
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e \We test the presence of pure and
mixed polarizations

e We perform the null projection with
respect to a subspace spanned by 1
or 2 “basis modes” (does not need
to coincide with the subspace of the
hypothesis being tested)

e Combine all eligible events from
01+02+03 to get stronger bounds
and compute Bayes factors to check
if the data support non-GR
polarizations

Events log,, B3 log,, BY log,, B  log,,BLY  log,,B5 log,, BI'S

01 —-0.04 £ 0.07 0.09 £0.07 0.04+0.07 0.09+0.07 0.09+0.07 0.07+0.07
02 -042+0.12 0.04+0.12 0.08+0.12 022+0.12 0.09+0.12 0.35+0.12
O3a -1.85+021 -1.04+0.20 025+0.20 0.07+0.20 —-1.05+0.20 —0.18 +£0.20
P 03h. =1.934+017.-079+017 -017+017.-007+017 -086+017 -032+017

Combined —4.24 +0.30 -1.70 £ 0.30 0.20+0.30 0.31+0.30 -1.73 +£0.30 —0.08 +0.30

No evidence in favour of alternative
polarization hypotheses

\

One basis-mode

Events  log,,BY  log, B  log,,BIY  log,(ByS log,,BLI'S

01 — - - - ~
02  005+003 0.01£003 -0.02+0.03 0.06+0.03 0.010.03
032  —0.37£0.12 —0.77 £0.12 —0.72 £0.12 —0.73 £ 0.12 —0.91 + 0.12

Q3h 0.00.£0.10.-0224.0.10. 035
{Combined -0.41£0.16 -0.98 £0.16 -1.09 £0.16 —1.05+£0.16 —1.29 £0.16 ;

Two basis-modes

[lsaac C. F. Wong et. al. 2021, R.Abbott et al. 2021] 33
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Black hole spectroscopy with the Remnant BH

Ringdown
20—
IMRPhenomPv2 waveform model
(equal mass non-spinning binary)
g J\[V\M
2
&
u |
0.00 0.02 0.04 0.06 0.08 0.10 0.2 0.14 olie

Time (Sec)

Schematic decomposmon of post merger signal

h (1) —ihy (1) = 7 7 7 Aemn €Xp [—

(=2 m=—¢ n=0

- 2mi ‘mn\t —
t— to ]ex [_ 7L fomn(t

fo)
= S 09 ’ s
(l 7 Z)Tfmn 1 +z } Z (mn( ¢ Xf)

R. Abbott et al. 2021
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Black hole spectroscopy with the Remnant BH KAGRi?])

High d
Igher modes Overtones

+00 400 /

I () = iy (1) = 7 7 7 P o) A ] exp [—z”if"’"”(’_t°)]_2sf,nn(9,¢,xf>,

Damping time of the mode Oscillation frequency

e For astrophysical black holes in GR, the frequency and damping time are
characterized by the mass and spin of the BH [final state conjecture]

e BH spectroscopy: GW observations of BH mergers allow us to probe the
properties of the remnant black hole and test the above conjecture.

[R. Penrose, Riv. Nuovo Cim. 1, 252 (1969), C. V. Vishveshwara Phys. Rev. D 1, 2870,R. Abbott et al. 2021, R. Abbott et al. 2020,Berti et al., 2019, Berti et al., 2005]
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Ringdown analysis using pyRing KAGR

e pyRing: GW data analysis toolkit designed to perform parameter estimation
and model selection of ringdown gravitational-wave signal in time domain.
e \We perform the ringdown analysis using the three templates:
m Kerr220:include £ =2,|m|=2,n=0
s Kerr221:include £=2,Im|=2,n=0,1
m KerrHM:include m = ¢, m = ¢ — 1 modes with ¢ < 4and n =0
e Parameter estimation using the three templates, parameterized ringdown

analysis by modifying Kerr221 template and the Bayesian model selection

[pyring, Isi et al. PRL 123, 111102, 2019, Carullo et al. PRD 99, 123029, 2019]
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Ringdown analysis using pyRing

odGR _

S fot 201 Fra1,0%221
(BGR + ‘Bg}R + B(E}R

W | =

Event Redshifted final mass Final spin Higher Overtones J
(1 +2)M; [My] Xt modes

IMR Kerry,y Kerryy,  Kerruym IMR Kerryy Kerry, Kerrgy logo By logio By 10810 Op®®
GW191109.010717 132.7ff§:§ 181.7‘_‘%3:2 179.03?:; 174.533:} 0.60’_'8:%3 O.81f8:;g 0.81fg:(1)§ 0.77‘_“8:; -0.11 1.03 -0.27
GW191222.033537 1142472 111.4*- 1103%52 1183370 067700 0:46%)31 052021 0.607)2 0.08 -0.83 -0.20
GW200129_065458 71.81’3:‘; 60.0‘_'};%7 70 219.1’_’}}18:3 0.75f8:82 0'31i8ﬁg 0.74f3:§; 0.54f8:gg -0.00 -0.47 -0.09
GW200224 222234 90.3jg:g 84.4*232 88.6'133 1194125 073120 0.61027.0.6070% 0.64f8:§; 0.20 0.95 -0.11
GW200311-115853 72.11’2:; 68.5’_'3:2 72.2ff2:§ 213.2“_'}23:? 0.68’_'8:82 O.30f8:3§ 0.58f8:29, 0.56‘_“8:23 0.02 -1.16 -0.15

e The remnant properties obtained from ringdown templates are consistent with their IMR counterparts.

e We find no evidence for higher modes. R. Abbott et al. 2021

e Among the events analysed, GW200224 222234 shows weak evidence for overtones.

38


https://arxiv.org/abs/2010.14529

Ringdown analysis using pyRing L)

e Parameter estimation analysis is

2.5 Hierarchically y ® GCWTC-3

combined results i performed on the modified

IS o : m GWTC-2

= 9 (4 for deformation in I , Kerr221 template

o QNM frequency A\ _ o

= 15 SEE N e Parametric deviations to

> 1.0 : .

fg \ GR.value frequency and damping time

= 1.0 Po\L

= FAY parameters and are analysed

= L .

s 05 \ along the GR parameters
"\~ e The deviation parameters are

0.0 . p :
—1.0 —0.5 0.0 0.5 1.0 expected to be centered around
R. Abbott et al. 2021 0 fa21 zero

The frequency deviation parameter is found to be consistent with the GR prediction
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Ringdown analysis using parameterized SEOB )

e Ringdown analysis based on parameterized EOB model, SEOBNRv4AHM (pSEOB)
e SEOBNRvV4HM model predicts the frequency and damping time given the initial

m g in:
asses and sp DR = f8(my, ma, x1,x2)

GR
Tomo = Tt’mO(ml’ m, X1,X2)

e Inthe pSEOB model, deviations in frequency and damping time are introduced as

fractional deviations
Jemo = fgmo 1+ 5f£’m0)

Tomo = Tony (1 + 6%4mo)

e Along with the GR parameters, stochastic sampling is performed over {5f220, 07220 }
for events with SNR>=8 in the inspiral and post-inspiral regimes using LALInference.

R. Abbott et al.. 2021, Klein et al.. 2018, R. Abbott et al 2020,Berti et al.. 2009, Berti et al., 2005]
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Ringdown analysis using parameterized SEOB @9))

. 90% bounds
1D posteriors on fractional
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j‘?i\, l / mass
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the deviation 220 = S
parameters [R. Abbott et al., 2021, Klein et al., 2018, R. Abbott et al 2020,Berti et al., 2009, Berti et al., 2005]
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Search for post-merger ‘Echoes’

If the merger remnant is not a
classical BH but an exotic compact
object without an event horizon but
a reflective surface, we expect GW
emission as repeating pulses,
known as

GW signal

GW signal

oA black hole
0.2 o ;
radiation fingdown
from
0.0 - photosphere
-0.2 -
exotic compact object
0.4 /
0.2 :
radiation ringdown
_| from
0.0 photosphere 3 _
-0.2 - GW echo
| I I |
-10 0 10 20 30

time (ms)

picture taken from cerncourier
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Morphology independent test for GW echoes

£)

We search for post-merger echoes in a
morphology independent way using the
BayesWave algorithm employing a
train of decaying sine Gaussians as
wavelets.

Signal Vs Noise Bayes Factors are
computed for each event and we
quantify the significance of them via
p-values for each event.

P-P plot is consistent with the null hypothesis,
indicating that we find no evidence for echoes.
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2
[0.¢]
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0.44

Cumulative fraction of events

<
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1
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= M easurement

. Abbott et al., 2021,Abedi et al.. 2015, Lo. RK L et.
al., 2018, Ka Wa Tsang et. al.. 2018]

0.0 0.2 0.4

0.6
p-value

0.8

1.0

43


https://arxiv.org/abs/2112.06861
https://arxiv.org/abs/1612.00266
https://arxiv.org/abs/1811.07431
https://arxiv.org/abs/1811.07431
https://arxiv.org/abs/1804.04877

Conclusions K"GR?‘&?]

/

e Tested for deviations from GR using nine different methods.

e Found no statistically significant evidence for any deviation from GR.

e Updated bounds on deformation parameters in the case of parameterized
models/tests.

e Computed joint bounds wherever possible.

This material is based upon work supported by NSF’s LIGO Laboratory which is a major facility fully funded by the National Science Foundation
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