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Abstract:

Gravitational waves (GW) from compact binaries provide excellent opportunities for testing general relativity (GR) in the strong-
and dynamical-field regime. So far, inspiral-based tests have mostly assumed smooth deviations from GR within a
post-Newtonian description, thereby overlooking certain beyond-GR effects that can arise in well-motivated extensions including
quantum gravity, dark energy, and dark matter. In this talk, | will present an example of such an overlooked effect arising from
massive scalar fields nonminimally coupled to gravity, and discuss recent constraints on this scenario using GW observations. |
will then introduce a recently developed Al-based approach that incorporates both smooth and nonsmooth deviations within a
unified, theory-agnostic parametrization for inspiral tests of GR.
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Testing GR with GWs: Why?

Why testing GR?

GR has difficulties with...

® Singularities
Penrose, Phys. Rev. Lett. (1965)
Senovilla+, Class. Quant. Grav. (2015)

® Quantum description
Shomer, arxiv:0709.3555 (2007)

® [ ate-time acceleration
Riess+, Astron. J. (1999)
Perlmutter+, Astrophys. J. (2001)

® Rotation curves
Sofue+, Ann. Rev. Astron. Astrophys. (2001)
Bertone+, Rev. Mod. Phys. (2018)
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Why GWs? Why now?

GR has passed all tests with LIGO-Virgo-KAGRA (LVK) has
weak or slow gravity found 200+ GW events, and
Sias, ung Fev Fol odg  Moreontheway Lkt

GWs probe both strong and
dynamical gravity

Credit: LIGO/T. Pyle
Credit: E. Hall & S. Vitale
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Anatomy of the CBC Process
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Anatomy of the CBC Process
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Anatomy of the CBC Process
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Modeling Non-GR Inspiral with PPE

Parametrized post-Einsteinian (ppE) framework:

W(F) = hog(f) e D, SW(F) = Byt (adf)?" b: type of non-GR theory

pPE o
Yunes+, Phys. Rev. D (2009) f: strength of modification
Yunes+, Phys. Rev. D (2016)

PPE Phase Parameters

Theories T— g Generality of mapping
b ) - ®  _> theory-agnostic tests of GR
Scalar-Tensor [/, 1] _#";587}2/5(01 _ 0.2)2 _7
EdGB [ } —%Cﬁd(:u (m?,qgti::i;,(:?fllﬂ.l(;s)?! 5
. . y More sophisticated ppE dephasings
DCS (52, 9] :;;7103021% TT_WS(JCS [_2‘5"“3@9@ -+ (1 - %gé?) Xa (1 - %‘L) XE] -1 | i | d Sampson+, Phys. Rev. D (2013)
‘ — may aiSo INCliu 98
o 5 2/5 (sFA _4BA)2 o ampson+, Phys. Rev. D (2014)
Einstein-/Ether [11] — 57 [IsFA)1—sE A7 [ ST J -7

® Higher-PN corrections

Khronometric [1] —ﬁnw

5 (s3"—s5™)? s | Bun=1)(24 By +30,) 32 -7
[(1—sKM)(1—s5P)]4/3 kH (& —2) (Bun+Akn)

® Heaviside modulations

(for e.g. massive-field excitation)

Varying-G [17] — a2/ *Ge,o [11mo + 3(81,0 + 82,0 — ¢)mo — 41(my ,081,0 + M2,082,0)]| —13 Alsing+, Phys. Rev. D (2012)
Alexander+, Class. Quan. Grav. (2018)

Noncommutative [111] — 2 #5(2n — 1)A? -1

Tahura+, Phys. Rev. D (2018)

4 19.02.2026, Pl — Yiqgi Xie
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LVK’s Parametrized Inspiral Test of GR

LVK parametrization (a ppE variant): PN coeffin GR

AT - - 3 1, |
h(f) = hGR(f) e—zé‘P(f), 5\}(117(‘151;((‘}0) — Tpf 5pi (EMf)(‘_S)B

Li+, Phys. Rev. D (2012)
Agathos+, Phys. Rev. D (2014) Pros-

® Connects to many non-GR theories

To run the test: for each i, estimate p; inf i e
® |nformative posteriors

LVC, Phys. Rev. Lett (2016)
LVC, Phys. Rev. D (2019)

GW151226
0.3 - 2.0 20 i
1T s . ” Cons: |
Tk g0 , 10 ® Not truly theory-agnostic
ol ost | | - . st_4 | (overlooks e.g. nonsmooth modifications)
P — — A b N 1 . 3 . . Perkins+, Phys. Rev. D (2022)
<" NP9 ® Q|9 S e Computationally inefficient
o1} =R 5 | S (many parameter estimation runs)
—10¢ Sampson+, Phys. Rev. D (2012)
=02r 1 .15 y _al _15 Wolfe+, Phys. Rev. D (2023)
0.3 + -2.0 20
0PN 0.5PN IPN 15PN 2PN 25PN 3PN 3PN 3.5PN
Pi
LVC, Phys. Rev. X (2016) .
> 19.02.2026, Pl — Yiqi Xie
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Rest of This Talk...

An example nonsmooth modification to binary inspirals and its recent GW
constraint

A new theory-agnostic parametrization that works to identify both smooth and
nonsmooth modifications in the inspiral GW data

19.02.2026, Pl — Yiqi Xie
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Inspiral Constraint on Massive Scalar Fields



Theoretical Setup

scalar field

S=|d*x/—g i—l(v Vég + 2T2) + S.[8u 01 + S
— 8 16 7 a®? @ I'Is @ c gabl’ @ matter .
e grav. emission
scalar mass nonminimal
coupling
, 1 &S,

Scalar field EOM: (O —p?) ¢ = ——— >

V& ¢ scalar (dipole)

m m2 emission 1/1/1

Asymptotic ansatz: ¢(r) ~ ?TE_W + 0 (7(*‘5”) /V [ /]/l/l/

Barsanti+, Phys. Rev. Lett. (2023) /_ .

monopole charge
per unit mass

This has been used to constrain QCD axions and ST theories . ~ /

Zhang+ PRL (2021); Kuan+ PRD (2023) grav. binding

X " I b- d.
We aim for a generic search for the scalar charge Scalar binaing

8 19.02.2026, Pl — Yiqgi Xie
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Binary Inspiral with Massive Scalars

grav. emission

scalar (dipole)

T12, v, Q
mmy
=" o _
~ o~ ~ grav. binding
AQ=0,-0, ~ scalar binding
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Consider PN approximation
M

Q> ~ — ~ OO
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12
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32
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2

ty
[
()]

.1 .
E ~ = |AQ|* n M2 Q4 12, O(Q — )

leading-PN effect

~ O(W®) —
Krause+ PRD (1994)
Alexander+ Class.Quant.Grav (2018}

19.02.2026, Pl — Yiqgi Xie
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Gravitational Waveform

The ppE mapplng Yunes+ PRD (2009)

h(t) = 244(1) cos [20(7)]
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ik

GR O(v™?) o)
_T I T
E Egray (1 N E, dE,[dQ )
dEIdQ  dEg, /dQ Epay  @Egy/dQ

We focus on the leading-PN term for generality
Yamada+ Prog.Theor.Exp.Phys {(2019)

The other term was studied in, e.g.
Alexander+ Class.Quant.Grav (2018); Zhang+ PRL (2021); Kuan+ PRD (2023)

¥(f) =Y¥er(f) +8¥(f) ulz  0018/M
51A0f°
XD = = sy ampys e < <oy
10 19.02.2026, Pl — Yiqi Xie
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Example Theory: Scalar Gauss-Bonnet

coupl. const. [L?]

S, = Jd“x —g a(lB 9% € =R?>-4R,R*+R, R

C

GB invariant

.@, . 2 Z\/E"O‘GB 2V1_Zz

Berti+ Gen.Rel.Grav. (2018) | SH(F) ~ — S|AQ| fo<f<f
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a ~
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Yagi+ PRD (2016)
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Massive Scalar Constraints
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Massive Scalar Constraints

fact [HZ]
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Massive SGB Constraints

fact [HZ]
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Neural Post-Einsteinian Parametrization
for Theory-Agnostic Inspiral Tests of GR
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Going Beyond the LVK Paradlgm

(i—5)/3
SYR(f) = —lzgnplﬁpz (=Mf )"~

Agnostic Test Informative Posterior

inclusive description
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controlled degeneracy
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Neural Post-Einsteinian Parametrization

Goal: a continuous parameter space with extended coverage of non-GR theories

0PN
-0.5PN Y o ). 5PN

1.5PN

2PN o
' Variational
25PN | 2.5PN » X > Autoencoder
(VAE)
-3PN Y

3PN Kingmas+, arXiv:1312.6114

: ¥ | =] | decoder
-3.5PN \ - / 3.5PN

PR 4PN

S b (i) 2 6%en((f)
Xie+, Phys. Rev. D (2024)

19.02.2026, Pl — Yiqgi Xie

e o Credit N. Yunes
beyond-PN
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NPE Implementation

shape function
source params (VAE)

. I |
S¥ R E.Z) = |Z] lT(E, DSMF 3, Z=|Z|2

scale function
(a 2nd network)

Enforced (anti)symmetrization: T(-2) = T(), S(-2) = — S(3)
First train the shape function with a dataset of PN dephasings
Then train the scale function s.t. SIP;‘;SE(;E; 2,%) ~ Yor(f: B)

(currently sampling E from a BBH population)

Consequences:
® PN dephasings are mapped to lines in the (z;, z,) plane
e Unit circle |Z| = 1 marks an EFT prior boundary

17
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NPE Performance on Synthetic GW Data

npE :

0.61 — mE &

0.5 -
Injection:
e BBH signal v
® Assuming O5 detection 8 5
Recovery: 02{
o h(f) = hgp(f) e w2 e
o h(f) = hap(f) e u0D e
Map the latter to the npE param space for comparison T

O =2PN...

2 03 oa 05 0.6 0.7 08
21
Injection: OPN dephasing
18 19.02.2026, Pl — Yiqi Xie
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NPE Performance on Synthetic GW Data

Injection:
® BBH signal
® Assuming O5 detection

o

Recovery:

o h(f) = ho(f)e Pl

® h(f) = hop(f) e *mtP

Map the latter to the npE param space for comparison

18
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NPE Implementation

shape function
source params (VAE)
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First train the shape function with a dataset of PN dephasings
Then train the scale function s.t. SIP;‘;SE(;E; 2,%) ~ Yor(f: B)

(currently sampling E from a BBH population)

Consequences:
® PN dephasings are mapped to lines in the (z;, z,) plane
e Unit circle |Z| = 1 marks an EFT prior boundary
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Those Overlooked Deviations

Shiralilou+, Phys. Rev. D (2022)

Lyu+, Phys. Rev. D (2022) Alexander+, Class. Quan. Grav. (2018)
Injection: EAGB (-1PN + higher) Injection: dark photon (Heaviside)
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Summary

® The LVK parametrized inspiral tests overlook non-GR effects beyond a smooth PN description

® Example: modification from the dipole emission of a nonminimally-coupled massive scalar field
-> we placed a constraint on it using GW data

® \We developed the npE parametrization as a generic solution, capable of identifying both smooth
PN deviations and those beyond -> more robust conclusions drawn for GWTC-3

® Next steps: upgrade npE with applications to NS binaries (Loane+, in progress); O4 analysis

19.02.2026, Pl — Yiqi Xie
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