10 Years of Gravitational Wave Tests of GR
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Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern



You may wanna try to test GR with those

-Captain Obvious



GRAVITATIONAL WAVE DATA ANALYSIS

» ]) Direct problem (source modelling):

“Given a GW source of known properties

(e.g. BBH of known masses, spins, etc),
what s the emitted gravitational wave

sighal?”

» II) Inverse problem (data analysis):

https://www.ligo.caltech.edu/video/ligo20160211v10

“Given a stretch of noisy data and the
stochastic properties of noise, can you [ ——
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reconstruct a signal and estimate the

properties of the source?”
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[Abbott+ (LVC) PRL 116, 221101 (2016)]



Testing GR with Gravitational Waves

What are we testing?

Propagation Detection

Generation

+ waveform systematics

+ noise model & calibration



Consistency tests of GR model



- Subtract best-fit waveform from data

- “|s residual consistent with pure LIGO noise®?”

- Assuming entire residual is due to mismatch:

GW150914: Analysis on residuals

- Residual

- Residual

Bayes\Wave (unmodelled-burst) analysis says “YES”

SNRyes < 7.3

FE > 96% R R N A

between GR and true signal B— ———
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[LVK (2021) arXiv:2112.06861]



Inspiral - I\/Ierger—Ringdown consistency [LVK (2021) arXiv:2112.06861]

+  Posteriors show consistency with GR predictions
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Tests of binary dynamics



Arun+ [PRD 74, 024006 (2006)]
Yunes+ [PRD 80, 122003 (2009)]
Li, MA+ [PRD 85,082003 (2012)]

Generation of GWs in Compact Binaries MA*+ [PRD 89, 082001 (2014)]

Meidam, MA+ [PRD 97, 044033 (2018)

Dynamics are dictated by theory
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ILVK (2021) arXiv:2112.06861]
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Meidam, MA+ [PRD 97, 044033 (2018)
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Bounds on deviations of PN coefficients LVK (2021) [arXiv:2112.06861]
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Bounds on deviations of PN coefficients (+GW230529)
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Tests of GW propagation



GW propagation - Modified Dispersion Relation \AW\/\/\/\/\/\W—
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Massive graviton: E? = p?c? + m2c!

Generalization: E2 = p2c% 4 A pco

Phase modification: _
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Tests of Gravity with GW1 /70817
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GW170817: TEST OF EXTRA DIMENSIONS  Lvc 2018 farxiv:1811.003641

I

10°

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

In higher-dim gravity, GW's may “leak”
into extra dimensions (larger effective
distance)
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> screening out to “activation radius” Rc

> n: transition steepness

» Astrophysical length scales -> D=4

» Cosmological length scales (R. ~ Rp):
» slow transition (n~0.1): D=4

> steep transition: unconstrained



GW Polarizations
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Testing the nature of
compact objects




LVC PRD 103, 122002 (2021)
Black Hole Quad 19 pO\e LVK [arXiv:2112.06861]
' . . . | S
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LVC PRD 103, 122002 (2021)
Black Hole Quadru pO\e LVK [arXiv:2112.06861]
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Ringdown analysis

“Is there clear evidence of a quasi-normal ringdown"?”
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s there anything beyond ringdown

Searching for Exotic Compact Objects
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s there anything beyond ringdown

Searching for Exotic Compact Objects
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Towards theory-specific tests




Classical paths away from GR

Higher dimensions I WEP violations I

Extra fields /

Diff-invar. violations

Dynamical fields
(SEP violations)

Nondynamical fiel

Massive gravity I Lorentz-violationsI
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gravity n-DBI

Well posed  Scalars | Vectors  Tensors

: : ; Scalar-tensor, Metric f(R) Einstein-Aether TeVeS
NR SImU|at|OﬂS pOSSIb'G ‘/ Horndeski, galileons Horava-Lifshitz  Bimetric gravity
Quadratic gravity, n-DBI

Analytical corrections (LO+) [ Berti+ CQG 32, 243001 (2015)]
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Scalar SGWB Continuous Waves

Scalar SGWB f lation of CCSN
calar r‘om population 6 © - Target known SNe (Cas A)
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Scanario lll: Binary Boson Stars in GR

Action of scalar field minimally coupled to gravity
\/ _g R B - 0.4 - 10:;_ Al7-d14
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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
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How will tests of GR respond to an accurate IMR signal in this scenario (or other alternatives)?



Where we are
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Where we are headed
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Much higher event rates 100
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Sensitivity to non-compact-binary observations
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Inspiral dynamics

Ringdown

Einstein Telescope p

The Science of the Einstein Telescope [arXiv:2503.12263]
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The trouble with waveforms



Sources of systematics
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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
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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?

! Science needs ybu to find the differences
""" between this picture and this picture.

They're the same picture.



NR has errors

[Hinder+ (2014) CQG 31 025012]
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NR has errors

Initial data

Evolution

Grid resolution

Waveform extraction
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Waveform Accuracy Requirements
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Waveform Accuracy Requirements
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Propagation of Systematics

NR Simulations

Tuning parameters in
waveform model

Bayesian Inference with
NR-tuned model

Measurement of
fundamental parameter




Measuring QNM Amplitudes
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Fitting QNMs (+overtones)

Ny =1
excludes (3, 2,0)

includes n < N — 1 /

[Baibhav+ arXiv:2302.03050]



GW231123: a BBH with M ~ 190-265 M
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Control the uncertainties

e Similar problem to BNS wfm
systematics for tidal parameters
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e Quantifying systematic errors in
sampled waveform model
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Possible sources of false positives
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Conclusions

Probing the nature of gravity & compact objects with GWs is a very active
field

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 possibilities to consider before claiming a violation of
GR



