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Masses In the Stellar Graveyard
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You may wanna try to test GR with those

-Captain Obvious



GRAVITATIONAL WAVE DATA ANALY SIS

1) Direct problem (source modelling):

OGiven a GW source of known properties
(e.g. BBH of known masses, spins, etc),
what Is the emitted gravitational wave
signal?0

”) Inverse prObIem (data anaIySIS) https://www.ligo.caltech.edu/video/ligo20160211v10
OGiven a stretch of noisy data and the B
stochastic properties of noise, can yoO | —r——""

e
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reconstruct a signal and estimate the i A )1, \
properties of the source?O PRV ATY
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Testing GR with Gravitational Waves

What are we testing?

==
==

Propagation Detection

Generation

+ waveform systematics

+ noise model & calibration



Consistency tests of GR model



GW150914: Analysis on residuals

" Subtract best-bt waveform from data

" Ols residual consistent with pure LIGO noise?0O
" BayesWave (unmodelled-burst) analysis says OYESO

SNRyes ! 7.3

" Assuming entire residual Is due to mismatch:
FF ! 96%

between GR and true signal



GWTC-3: Analysis on residuals



Inspiral - Merger-Ringdown consistency

Posteriors show consistency with GR predictions



Tests of binary dynamics



Generation of GWs In Compact Binaries

Dynamics are dictated by theory

Look for dephasing in the
Inspiral

L i(1+ "!6i)




Generation of GWs In Compact Binaries

Dynamics are dictated by theory

Look for dephasing in the
Inspiral

L i(1+ "!6i)




Bounds on deviations of PN coefbcients



Bounds on deviations of PN coefbcients (+GW?230529)



Tests of GW propagation



GW propagation - ModiPed Dispersion Relation

Massive graviton: E2 = p?c? + m2c*

Generalization: E2= p22+ Ap ¢

Phase modi!ication:
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Tests of Gravity with GW170817

" Coincident GWSs and! -ray detections = D% {Lightcurve from Fermi/GBM (10— 50 keV) - M MM
" Distance travelled ~40 Mpc f o :Mwﬁw | MMT w »‘mW“TMWMTMWUHMW’“WWWWWW I W‘NW 'Wﬁw"
" GW -> GRB time delay (+ reasonable astrophysical priors) i zz:mghme e
=> constraints on difference between vEM and vGW. ? 1500 - M
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[LVC ApJ Lett. 848, L13 (2017) ]



GW170817: TEST OF EXTRADAMEMNS] M

GW detection + EM identibcation of
host galaxy -> independent
measurements of distance to source

In higher-dim gravity, GWs may OleakO
Into extra dimensions (larger e ! ective

distance)

_ n_ 1 (Dll 4)/(2r])

1 1 =M

h! —=— |1+ —
a=v  dEM ( Re)

" screening out to Oactivation radiusO R

" n: transition steepness

" Astrophysical length scales -> D=4

" Cosmological length scales (R: ~ R n):
" slow transition (n~0.1): D=4

" steep transition: unconstrained



GW Polarizations

GR




Testing the nature of
compact objects



LVC PRD 103, 122002 (2021) #

Black Hole Quadrupole [VK [arXiv:2112.06861

All properties of a Kerr BH are uniquely determined by knowing
Its mass and spin

Simple formula for mass and current multipole

Spin-induced mass quadrupole:

Q=" I1"*M*, P

Introduces modibcation in the GW phase that enters @2}



Black Hole Quadrupole T IWK farivez112 06361)

All properties of a Kerr BH are uniquely determined by knowing
Its mass and spin

Simple formula for mass and current multipole

Spin-induced mass quadrupole:

Q:u !IIZMS, 'BH:
Introduces modibcation in the GW phase that enters @2}

Non-Kerr compact objects will in general havd # 1 | e
neutron-/boson-/grava- stars, etc.

We measure a combination of' to be consistent with the Keri
BH value



[LVC PRL 116, 221101 (2016)]

Ringdown analysis
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Ols there clear evidence of a quasi-normal ringdown?0O
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Is there anything beyond ringdown?

Searching for Exotic Compact Objects
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Is there anything beyond ringdown?

Searching for Exotic Compact Objects
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Towards theory-specibc tests



Classical paths away from GR
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Scenario I: Ringdown with extra Pelds

GR model: superposition of Kerr QNMs

IS a promising
alternative to GR (Horndeski, well posed etc) Gy =0,

¢t t#

S= = d'% TgR! H($#)2+ %#Raos + S [ (L+ ao#) gl 1 @1 @ =1 RE) #,




Scenario I: Ringdown with extra Pelds

GR model: superposition of Kerr QNMs

IS a promising

alternative to GR (Horndeski, well posed etc) Gy =0,
4 " " \ 4
S= = d' TG R! 3(E#)2+(%fRos + Sul',(1+ aot) gus 1 O1 @ =1 RY) #,

constrained by low-mass CBC inspiral (LO @ -1PN)



Scenario I: Ringdown with extra Pelds

GR model: superposition of Kerr QNMs

IS a promising

alternative to GR (Horndeski, well posed etc) Gy =0,
4w 4
S= == d' TgR! 1($#)?+ %#Rcs + Su [ (L+ aoH) s 1O @ =1 RO 4

Decoupling limit -> GR drives the dynamics:

Kerr BH background + dynamical scalar - BBH-12
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Scenario Il: SNe In Massive Scalar-Tensor

: : o

e mg FU) o, L

S = #g - R# 59“! ) # W() +Sy [$m, 0w ]

General Features
Dispersion ->inverse-chirp |
Long-lived, quasi-monochromatic
Scalar polarisation
Sourced even In sph. symmetry

Hyper-scalarisation during stellar collapse
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Scalar SGWB Continuous Waves

Scalar SGWB from population of CCSNe!

#
Low-freq cuto $: f. = #/$ =2.42 -y Hz| " Look for CW with slowly decreasing f !

Target known SNe (Cas A)!

Peak @ 60Hz up to O(109) " Search using scalar antenna response
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Scanario lll: Binary Boson Stars in GR

Action of scalar Peld minimally coupled to gravity
\/ g R N oy 4 0.4 102:% Al17-d14
S= | [g %0, 8% & + V(&)] d™x ool sl M
: 2 { 8$G } s 2900 2950 3000 MM
- . il
Solitonic boson star potential
v = #2| &|2(1 " o) &|2/| 2)2 500 1000 1500 2000 2500 3000
sol — . QL. : QL. 0 0.4- O'QSZV\/V\IW\/WVWW A147-d19
1] ~0251 | |
: S 7800 8000
" $ controls the physical scale; T oo
'q
o 2000 3000 4000 5000 6000 7000 8000
t/M

range of compactnesses close to NS;

non-zero tides.
Evstafyeva, Sperhake, Romero-Shaw, MA (2024) [arXiv:2406.02715]



Typical biases in PE [with/without spins]
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Recovery of a BBS signal

7.5 Data stream

504 Injection, M = 72.4M,, d; = 500Mpc
—— IMRPhenomXP

Whitened Strain
o
o

0.00 0.05 0.10 0.15 0.20 0.25 0.30
4-

Data stream
------ Injection, M = 4.97M,, d; = 31.25Mpc
—— IMRPhenomPv2 NRTidal
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-

How will tests of GR respond to an accurate IMR signal in this scenario (or other alternatives)?



Where we are

RESIDUALS
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https://observing.docs.ligo.org/plan/



Where we are headed

Much higher event rates'!

High-SNR measurements!

Both in inspiral and ringdown /postmerger!

Larger distances (propagation, cosmology, astro-pop) !
Expand frequency range to lower and higher fregs'!

Sensitivity to non-compact-binary observations!

ET Science Casel

CE Horizon Study



Inspiral dynamics

Ringdown
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The trouble with wavetorms



Sources of systematics

" Truncation of known physics (PN, HM, spin-order)

" Missing physics (tides, precession, eccentricity)



Sources of systematics

Truncation of known physics (PN, HM, spin-order)
Missing physics (tides, precession, eccentricity)

Mismatches in NR-tuned regime
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Sources of systematics

" Truncation of known physics (PN, HM, spin-order)

" Missing physics (tides, precession, eccentricity)

" Mismatches in NR-tuned regime

" Numerical Relativity Errors



NR has errors?

AL

Science

Test of GR



NR has errors

Initial data!

Evolution !

Grid resolution!

Waveform extraction

aligo

TEOBResumS v4.3.2
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NR has errors

Initial data!

Evolution !

Grid resolution!

Waveform extraction
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Waveform Accuracy Requirements




Waveform Accuracy Requirements




Propagation of Systematics




Measuring QNM Amplitudes
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Fitting ONMs (+overtones)
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GW231123: a BBH with M ~ 190-265 M.
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Control the uncertainties

" Similar problem to BNS wfm " Quantifying systematic errors in
systematics for tidal parameters sampled waveform model

Mirue (F) = Mmoder( )(1 + $A(F)) exp(i$#(f ))




ossible sources of false positives

Data in Tension with GR

Due to Noise
Artifacts?

Non-Stationarity

Non-Gaussianity, Glitches

Overlapping Signals

Data Gaps, Detector
Calibration

Caused by Waveform
Systematics?

Missing Physics

Eccentricity
Tides, Viscosity
Kicks
Ringdown Modes

Inaccurate Modelling

Due to Astrophysical
Causes?

Gravitational Lensing

Environments

Mistaken Source Class

Astrophysical Population

Cause

O4

A+

XG

Non-Stationary Noise
Non-Gaussian NoiséGlitches
Overlapping Signals

Data Gaps

Detector Calibration

Eccentricity

Tidal Effects

Kick-induced Effects

Ringdown Modes

Precession and Higher-order Modes
Memory

Sub-optimal Waveform Calibration
Lensing

Environmental Effects

Source Misclassibcation
Astrophysical Population Assumptions




Conclusions

Probing the nature of gravity & compact objects with GWs Is a very active
peld

We keep pushing the bounds and exploring new phenomenology !

Alternative theories are being explored analytically + numerically; still a lot of
work to be done!

Controlling waveform uncertainties all the way to NR level will be crucial for
XG network!

Plenty of false-positive possiblilities to consider before claiming a violation of
GR



