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Various Tests of Gravity
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Various Tests of Gravity
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GWTC-4

Masses in the Stellar Graveyard

EM Neutron Stars
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[Parameswaran’s talk]
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GW150914 & GW250114

L
10 Years Later: LIGO Hears Loud and Clear
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GW241011 & GW241110

[LVK, arXiv:2510.26931]
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Tests of Gravity with Gravitational Waves

1-1. Parameterized tests 2-1. No-hair tests

1-2. No-hair tests (inspiral) (ringdown)
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3-1. Hawking’s

3-2. Inspiral-merger- consistency tests



Tests of Gravity with Gravitational Waves

1-1. Parameterized tests




parameterized post-Einsteinian (ppE) Formalism

[ Yunes & Pretorius (2009)]
[LVC, PRL 116, 221101 (2016)]
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Parameterized tests with GWI 5 0914
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Parameterized tests with GWTC-4

related to PPE (5 [LVK, arXiv:2509.08099]
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Tests of Gravity with Gravitational Waves

1-2. No-hair tests (inspiral)




Black Hole No-Hair Property
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No-hair Test with GW241011

= _My/(Ma?) FKKerr = 1 [LVK, arXiv:2510.26931]
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Tests of Gravity with Gravitational Waves

2-1.




Black Hole Spectroscopy
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" black hole no-hair property
ringdown frequency: femn (M, X

~ damping time: | Tgmn(M,.X)
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assumption: Kerr BH
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Black Hole Spectroscopy
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" black hole no-hair property
ringdown frequency: femn (M, X
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Overtone Detection with GW250114!

Overtone (2,2,1)

Fundamental tone (2,2,0)
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No-hair Test with GW250114

[LVK, arXiv:2509.08054]

— PYRING

— RINGDOWN fag1 = QKQ?{(Mf,Xf)}eXp((Sfﬂl)

\

from fundamental (2,2,0) mode

5f221 = 0.1 1_833

consistent with Kerr overtone
frequency to ~30%

—-0.5 0.0 0.5
0f221



Tests of Gravity with Gravitational Waves

3-1. Hawking’s



Hawking’s Area Law with GW250114

[LVK, arXiv: 2509.08054]
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Hawking’s Area Law with GW250114

[LVK, arXiv: 2509.08054]

i
Hawking I< r> :
. Area = 11 :
= Theorem = :
%) = 04
o= £ |
) g I
A Full signal “ ] :
>~, Hl(‘ilSllll'”(L“lll(‘,llt | : | 1
é 50 0 0 |
% t- tpeak [tM] :
"8 Energy i
g Conservation |
. |
............................................................. I
Hawkin . e 1!
g 0 1 2 3
was ri ght! Fractional Area Difference, (Ar—.A;)/A;

Kent Yagi



Tests of Gravity with Gravitational Waves

3-2. Inspiral-merger- consistency tests



Inspiral-Merger-Ringdown Consistency Tests
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Inspiral-Merger-Ringdown Consistency Tests
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Inspiral-Merger-Ringdown Consistency Tests

initial masses & spins final mass & spin
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Inspiral-Merger-Ringdown Consistency Tests
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Inspiral-Merger-Ringdown Consistency Tests

initial masses & spins final mass & spin
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IMR Consistency Tests with GW 150914

[LVC, PRL 116, 221101 (2016)]
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IMR Consistency Tests with GWTC-4
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consistency can be
checked to ~10% level for
both final mass & spin!



Other Tests of GR with GWs

v" residual signal-to-noise ratio

v non-GR polarization

v" propagation speed of GWs
dispersion relation of gravitons

v’ extra dimension

v

o
c
o
7
c
()
£
a




Future Improvement




Future Detector Sensitivities
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Tests of Gravity with Gravitational Waves

1-1. Parameterized tests

3-2. Inspiral-merger- consistency tests



Tests of Gravity with Gravitational Waves

1-1. Parameterized tests




Current PPE Bounds (GW150914)
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Future PPE Bounds (GW150914-like)

[Chamberlain &
Yunes (2017)]
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Future PPE Bounds (GW150914-like)

[Chamberlain &
Yunes (2017)]
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Other sources of LISA [Chamberlain & Yunes (2017)]

—_
-
[\)

- Space-based -

—
<
\}

&
8 10_6 extreme mass-
E ratio inspiral -
= 10 EMR] S
g IMRI [
3510 IMBH
o 10 -
SMBH
10718 GW150914 )
0T GW150914 (with aLIGO) ;
22 PSR JO737- 3039 ----- :
].O_ L 1 L l L ] 1 ] ] |
-4 -3 -2 -1 0 1 2

PN Order



Tests of Gravity with Gravitational Waves

3-2. Inspiral-merger- consistency tests



Future Improvement on IMR Consistency Tests
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Future Improvement on IMR Consistency Tests
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Future Improvement on IMR C0n51stency Tests
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Multiband GW Astronomy [Sesana (2016,2017)]
_18 [ | [ [ | [ I
19
20
21 GW150914 |~ i
\\
1 0—22_ \ |
23 7
10 1 B-DECIGO \ p
. 0—24_ /_
) ) [Lamberts’ talk] DECIGO CE
25 i
O I | I I | I |
10° 10° 107 10" 10° 10" 10° 10° 10

frequency [Hz]

Kent Yagi



Future Improvement on IMR C0n51stency Tests
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Something to keep 1n mind...




Systematic Biases

Data in Tension with GR

Non-Gaussia

Overlappi

Data Gaps,
Calibr.

[Gupta et al 2405.02197]
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Systematics?

Missing Physics

Eccentricity
Tides, Viscosity
Kicks
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Inaccurate Modellin’
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1-1. Parameterized tests

v’ stringent bounds from GW170817 (-1PN) & GW250114 (pos. PN)
v" orders of magnitude improvement with future detectors

1-2. No-hair tests (inspiral)

v" most stringent bound on deviation from Kerr quadrupole
moment with GW241011

2-1.
v' first overtone mode detected with GW250114
v’ frequency consistent with Kerr to ~30%

3-1. Hawking’s
v" confirmed with GW250114

3-2. Inspiral-merger- consistency tests

v' current accuracy of tests: ~10%
v' improves to a % level with future detectors



1-1. Parameterized tests
v’ stringent bounds from GW170817 (-1PN) & GW250114 (pos. PN)
v" orders of magnitude improvement with future detectors
1-2. No-hair tests (inspiral)
v most stringent bound on deviation from Kerr quadrupole
moment with GW241011
2-1. No-hair tests (ringdown)
v' first overtone mode detected with GW250114
v' frequency consistent with Kerr to ~30%
3-1. Hawking’s
v' confirmed with GW250114

3-2. Inspiral-merger- consistency tests

v' current accuracy of tests: ~10% Thank YOU,!
v' improves to a % level with future detectors



Back Up




nant QNM Overtone Detection with GW250114

Overtone

Fundamental tone

Strain [10721]

[LVK, arXiv:2509.08054]
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Systematics
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Cause

Non-Stationary Noise
Non-Gaussian Noise/Glitches
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 Misclassification
Astrophysical Population Assumptions
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