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ABSTRACT4

In this second of three papers on tests of general relativity (GR) applied to the compact binary coalescence5

signals in the fourth Gravitational-Wave Transient Catalog (GWTC-4.0), we present the results of the parameter-6

ized tests of GR and constraints on line-of-sight acceleration. We include events up to and including the first7

part of the fourth observing run (O4a) of the LIGO–Virgo–KAGRA detectors. As in the other two papers in this8

series, we restrict our analysis to the 42 confident signals, measured by at least two detectors, that have false9

alarm rates ≤ 10−3 yr−1 from O4a, in addition to the 49 such events from previous observing runs. This paper10

focuses on the eight tests that constrain parameterized deviations from the expected GR (or unaccelerated) values.11

These include modifications of post-Newtonian (PN) parameters, spin-induced quadrupole moments different12

from those of a binary black hole, and possible dispersive or birefringent propagation effects. Overall, we find no13

evidence for physics beyond GR, for spin-induced quadrupole moments different from those of a Kerr black hole14

in GR, or for line of sight acceleration, with more than 90% of the events including the null result (no deviation)15

within their 90% credible intervals. We discuss possible systematics affecting the other events and tests, even16

though they are statistically not surprising, given noise. The increased number of events analyzed allow us to17

improve the constraints on deviations from GR. For instance, for the PN coefficients, we improve the constraints18

by factors of 1.2–5.5, though some of this improvement is due to allowing the PN coefficient deviations to affect19

more of the waveform. We also provide illustrative translations to some modified theories. Additionally, we20

update the bound on the mass of the graviton, at 90% credibility, to mg ≤ 1.92 × 10−23 eV/c2. Many of the21

bounds on possible deviations derived from our events are the best to date.22

1. OVERVIEW23

This paper is the second of three papers examining the24

nature of gravity through tests of general relativity (GR)—25

and more generally of physics beyond the usual assump-26

tion of quasi-circular, isolated binaries composed of black27

holes (BHs) and/or neutron stars (NSs)—performed on28

the gravitational wave (GW) signals as reported by the29

LIGO–Virgo–KAGRA Collaboration (LVK) in the fourth30

Gravitational-Wave Transient Catalog (GWTC-4.0; Abac et al.31

2025a, 2026a). Paper I (Abac et al. 2026b) gives an intro-32

duction and overview of our suite of events, tests, and shared33

methods, and also presents the results of the consistency tests.34

Paper III (Abac et al. 2026c) focuses on tests of the remnants,35

considering the ringdown and possible echoes. This paper36

describes the various parameterized tests performed to place37

quantitative bounds on possible deformations of the GWs38

observed from compact binary coalescence (CBC) sources,39

relative to those calculated in GR. Specifically, we apply40

these tests to binary BH (BBH), NS–BH binary (NSBH), and41

binary NS (BNS) systems. Where applicable, we describe42
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the improved bounds relative to previous GW catalogs and to43

existing bounds in the literature.44

Specifically, we first examine deviations in post-Newtonian45

(PN) coefficients. The PN approximation (e.g., Einstein et al.46

1938; Chandrasekhar 1965; Maggiore 2007; Poisson & Will47

2014) is the standard framework for computing and testing48

corrections to Newtonian gravity. Tests of gravity in the PN49

framework have commonly been carried out in the weak field50

(e.g., Solar System tests; Will 2014, 2018). However, for51

CBCs, the PN approximation has been iterated to an impres-52

sively high order in perturbation theory (Blanchet 2024), so53

one can even use it to test highly relativistic effects during the54

end of inspiral (e.g., Blanchet & Sathyaprakash 1994, 1995;55

Arun et al. 2006a,b). For a binary system, the PN approxi-56

mation describes corrections to the binary’s dynamics as a57

series in powers of v/c, where v is the binary’s orbital ve-58

locity. The coefficients we test appear in the GW phase, and59

thus describe a combination of the binary’s conservative and60

dissipative dynamics.61

The lowest few PN parameters can be constrained with62

binary-pulsar observations (e.g., Taylor & Weisberg 1982,63

1989; Kramer et al. 2021), while higher PN orders can only be64

constrained meaningfully with GW observations, since these65

allow one to probe the strong-field, dynamical portion of the66

binary’s evolution close to merger. We use two frameworks67
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Table 1. Event selection table for the analyses in this paper, from first part of the fourth observing run (O4a) and the previous observing runs O1–O3

Parameterized SIM PRP

Run Event Name SNR (1+z)M/M⊙ χeff q TIGER FTI PCA Phenom EOB LOSA MDR SSB

O1 GW150914 26.0+0.1
−0.2 30.7+1.8

−1.6 −0.04+0.12
−0.14 0.88+0.11

−0.22 ✓ ++ · · · · · · · · · · · · ✓ +

GW151012* 9.3+0.3
−0.5 18.8+3.4

−1.5 0.13+0.30
−0.22 0.57+0.36

−0.34 ++ · · · · · · · · · · · · · · · ++ +

GW151226 12.7+0.3
−0.3 9.71+0.08

−0.06 0.20+0.23
−0.08 0.53+0.41

−0.34 ✓I ++ · · · ✓ · · · · · · ✓ +

O2 GW170104 13.8+0.2
−0.3 25.7+1.7

−1.7 −0.04+0.15
−0.19 0.73+0.24

−0.26 ✓ ++ · · · · · · · · · · · · ✓ +

GW170608 15.3+0.2
−0.3 8.50+0.05

−0.05 0.05+0.13
−0.05 0.74+0.23

−0.33 ✓I ++ · · · · · · · · · · · · ✓ +

GW170729* 10.7+0.4
−0.5 52.5+9.2

−12.0 0.33+0.23
−0.32 0.58+0.35

−0.23 ++ · · · · · · · · · · · · · · · ++ +

GW170809 12.8+0.2
−0.3 29.9+2.4

−2.0 0.07+0.17
−0.17 0.71+0.25

−0.25 ✓PI · · · · · · · · · · · · · · · ✓ +

GW170814 17.7+0.2
−0.3 27.0+1.5

−1.3 0.08+0.13
−0.13 0.81+0.16

−0.23 ✓ ++ · · · · · · · · · · · · ✓ +

GW170817 32.7+0.1
−0.1 1.1976+0.0004

−0.0002 0.02+0.06
−0.02 0.72+0.24

−0.21 ++ ++ + · · · · · · ✓ ++ · · ·

GW170818 12.0+0.3
−0.4 32.7+2.8

−2.5 −0.05+0.19
−0.22 0.80+0.18

−0.24 ✓PI · · · · · · · · · · · · · · · ✓ +

GW170823 12.2+0.2
−0.3 39.1+5.4

−4.7 0.07+0.21
−0.22 0.78+0.20

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ +

O3a GW190408 181802 14.6+0.2
−0.3 23.8+1.2

−1.5 −0.03+0.13
−0.17 0.75+0.21

−0.26 ✓ ++ · · · · · · · · · · · · ✓ +

GW190412 19.8+0.2
−0.3 15.24+0.37

−0.23 0.21+0.12
−0.13 0.325+0.172

−0.097 ✓ ++ ✓ ✓ · · · · · · ✓ +

GW190421 213856 10.7+0.2
−0.4 45.9+5.7

−6.3 −0.10+0.21
−0.27 0.78+0.20

−0.32 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190425 12.4+0.3
−0.4 1.4873+0.0008

−0.0006 0.06+0.11
−0.05 0.67+0.29

−0.25 · · · · · · · · · · · · · · · ✓ · · · · · ·

GW190503 185404 12.1+0.2
−0.4 37.8+6.1

−6.7 −0.05+0.23
−0.30 0.69+0.27

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190512 180714 12.7+0.3
−0.4 18.58+0.69

−0.66 0.02+0.13
−0.14 0.54+0.36

−0.18 ✓ ++ · · · · · · · · · · · · ✓ +

GW190513 205428 12.5+0.3
−0.4 30.7+6.1

−3.4 0.18+0.29
−0.22 0.52+0.41

−0.20 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190517 055101 10.8+0.5
−0.6 36.2+4.2

−4.9 0.52+0.20
−0.26 0.64+0.30

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190519 153544 15.9+0.2
−0.3 65.1+8.7

−10.9 0.33+0.20
−0.24 0.63+0.26

−0.22 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190521 14.3+0.4
−0.3 101+29

−34 −0.14+0.50
−0.45 0.59+0.33

−0.38 ✓PI · · · · · · · · · · · · · · · · · · · · ·

GW190521 074359 25.9+0.1
−0.2 39.8+3.2

−2.7 0.10+0.13
−0.13 0.77+0.19

−0.21 ✓ ++ · · · · · · · · · · · · ✓ +

GW190602 175927 13.2+0.2
−0.3 73+12

−18 0.12+0.25
−0.28 0.63+0.32

−0.34 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190630 185205 16.4+0.2
−0.3 29.5+2.1

−1.7 0.10+0.14
−0.13 0.68+0.28

−0.22 ✓ ++ · · · · · · · · · · · · ✓ +

GW190706 222641 13.4+0.2
−0.4 77+12

−18 0.32+0.24
−0.30 0.56+0.34

−0.25 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190707 093326 13.1+0.2
−0.4 9.90+0.11

−0.10 −0.04+0.10
−0.09 0.66+0.28

−0.20 ✓I ++ · · · · · · · · · · · · ✓ +

GW190708 232457 13.4+0.2
−0.3 15.48+0.25

−0.24 0.05+0.11
−0.10 0.58+0.36

−0.18 ✓ ++ · · · · · · · · · · · · ✓ +

GW190720 000836 10.9+0.3
−0.8 10.37+0.11

−0.11 0.19+0.14
−0.11 0.53+0.35

−0.24 ✓I ++ · · · ✓ · · · · · · ✓ +

GW190727 060333 11.7+0.2
−0.5 45.2+5.8

−5.5 0.11+0.26
−0.26 0.79+0.18

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190728 064510 13.1+0.3
−0.4 10.14+0.11

−0.08 0.13+0.20
−0.07 0.64+0.30

−0.36 ✓I ++ · · · ✓ · · · · · · ✓ +

GW190814 25.3+0.1
−0.2 6.42+0.02

−0.02 0.00+0.07
−0.07 0.111+0.012

−0.011 ✓ ++ ✓ · · · · · · · · · ✓ +

GW190828 063405 16.5+0.2
−0.3 34.6+3.5

−2.9 0.19+0.16
−0.17 0.82+0.15

−0.26 ✓ ++ · · · ✓ · · · · · · ✓ +

GW190828 065509 10.2+0.4
−0.5 17.33+0.61

−0.71 0.05+0.16
−0.17 0.44+0.38

−0.16 ✓I ++ · · · · · · · · · · · · ✓ +

GW190910 112807 14.5+0.2
−0.3 43.6+4.4

−4.0 0.00+0.17
−0.19 0.80+0.18

−0.23 ✓PI · · · · · · · · · · · · · · · ✓ +

GW190915 235702 13.1+0.2
−0.3 32.5+3.1

−3.1 −0.02+0.19
−0.23 0.76+0.21

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ +

Table 1 continued
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Table 1 (continued)

Parameterized SIM PRP

Run Event Name SNR (1+z)M/M⊙ χeff q TIGER FTI PCA Phenom EOB LOSA MDR SSB

GW190924 021846 12.0+0.3
−0.4 6.44+0.03

−0.02 0.03+0.20
−0.08 0.58+0.32

−0.30 ✓I ++ · · · · · · · · · · · · ✓ +

O3b GW191109 010717 17.2+0.5
−0.5 60.1+9.8

−9.3 −0.29+0.42
−0.31 0.73+0.21

−0.24 ✓PI · · · · · · · · · · · · · · · ✓ · · ·

GW191129 134029 13.1+0.2
−0.3 8.49+0.06

−0.05 0.06+0.16
−0.08 0.63+0.31

−0.29 ✓I ++ · · · · · · · · · · · · ✓ +

GW191204 171526 17.5+0.2
−0.2 9.69+0.05

−0.05 0.16+0.08
−0.05 0.69+0.25

−0.26 ✓I ++ ✓ ✓ · · · · · · ✓ +

GW191215 223052 11.2+0.3
−0.4 24.9+1.5

−1.4 −0.03+0.17
−0.21 0.73+0.24

−0.27 ✓ · · · · · · · · · · · · · · · ✓ +

GW191216 213338 18.6+0.2
−0.2 8.94+0.05

−0.05 0.11+0.13
−0.06 0.63+0.31

−0.29 ✓ ++ ✓ ✓ · · · · · · ✓ +

GW191222 033537 12.5+0.2
−0.3 51.0+7.2

−6.5 −0.04+0.20
−0.25 0.79+0.18

−0.32 ✓PI · · · · · · · · · · · · · · · ✓ +

GW200115 042309 11.3+0.3
−0.5 2.58+0.01

−0.01 −0.15+0.24
−0.41 0.243+0.432

−0.097 ✓I ++ · · · · · · · · · ✓ · · · · · ·

GW200129 065458 26.8+0.2
−0.2 32.1+1.8

−2.6 0.11+0.11
−0.16 0.85+0.12

−0.41 ✓ ++ · · · ++ · · · · · · ✓ +

GW200202 154313 10.8+0.2
−0.4 8.15+0.05

−0.05 0.04+0.13
−0.06 0.72+0.24

−0.31 ✓I ++ · · · · · · · · · · · · ✓ +

GW200208 130117 10.8+0.3
−0.5 38.8+5.2

−4.8 −0.07+0.22
−0.27 0.73+0.23

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ +

GW200219 094415 10.7+0.3
−0.5 43.7+6.3

−6.2 −0.08+0.23
−0.29 0.77+0.21

−0.32 ✓PI · · · · · · · · · · · · · · · ✓ +

GW200224 222234 20.0+0.2
−0.2 41.1+3.6

−3.8 0.11+0.15
−0.15 0.82+0.16

−0.26 ✓PI · · · · · · · · · · · · · · · ✓ +

GW200225 060421 12.5+0.3
−0.4 17.65+0.98

−1.97 −0.12+0.17
−0.28 0.73+0.23

−0.28 ✓ ++ · · · · · · · · · · · · ✓ +

GW200311 115853 17.8+0.2
−0.2 32.7+2.7

−2.8 −0.02+0.16
−0.20 0.82+0.16

−0.27 ✓ ++ · · · · · · · · · · · · ✓ +

GW200316 215756 10.3+0.4
−0.7 10.68+0.12

−0.12 0.13+0.27
−0.10 0.59+0.34

−0.38 ✓I ++ · · · ✓ · · · · · · ✓ · · ·

O4a GW230518 125908 14.2+0.2
−0.4 2.943+0.004

−0.004 −0.01+0.09
−0.11 0.18+0.04

−0.03 ✓I ✓ · · · · · · · · · · · · · · · · · ·

GW230601 224134 12.3+0.2
−0.3 73.0+8.3

−11.8 −0.03+0.27
−0.32 0.69+0.26

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230605 065343 10.5+0.3
−0.4 14.44+0.28

−0.24 0.06+0.16
−0.10 0.65+0.31

−0.29 ✓ ✓ · · · · · · · · · · · · ✓ ✓

GW230606 004305 10.3+0.3
−0.4 39.5+5.9

−5.8 −0.11+0.26
−0.31 0.70+0.27

−0.33 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230609 064958 9.8+0.3
−0.5 40.1+5.7

−5.9 −0.14+0.22
−0.27 0.73+0.24

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230624 113103 9.7+0.4
−0.5 24.5+3.1

−2.4 0.17+0.29
−0.25 0.59+0.35

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230627 015337 28.5+0.1
−0.1 6.41+0.01

−0.01 0.02+0.08
−0.03 0.69+0.25

−0.21 ✓ ✓ ✓ · · · · · · · · · ✓ ✓

GW230628 231200 15.5+0.2
−0.3 35.8+2.8

−2.7 −0.01+0.16
−0.16 0.85+0.14

−0.24 ✓ ✓ · · · · · · · · · · · · ✓ ✓

GW230630 234532 9.4+0.3
−0.5 8.57+0.06

−0.09 −0.04+0.16
−0.08 0.67+0.29

−0.28 ✓I · · · · · · · · · · · · · · · ✓ ✓

GW230702 185453 9.5+0.3
−0.5 33.0+4.8

−3.9 0.05+0.29
−0.26 0.45+0.45

−0.25 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230731 215307 11.9+0.2
−0.3 9.46+0.07

−0.06 −0.05+0.11
−0.06 0.76+0.22

−0.29 ✓I ✓ · · · · · · · · · · · · ✓ ✓

GW230811 032116 12.8+0.3
−0.4 33.3+3.0

−2.6 0.02+0.18
−0.18 0.63+0.31

−0.22 ✓ ✓ · · · · · · · · · · · · ✓ ✓

GW230814 061920 9.4+0.3
−0.5 77+12

−18 0.05+0.29
−0.28 0.62+0.32

−0.29 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230824 033047 10.0+0.2
−0.4 65.8+8.0

−12.7 −0.00+0.23
−0.27 0.71+0.26

−0.34 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230904 051013 10.2+0.3
−0.5 9.06+0.06

−0.06 0.05+0.15
−0.07 0.68+0.29

−0.31 ✓I · · · · · · · · · · · · · · · ✓ ✓

GW230914 111401 16.2+0.2
−0.3 59.4+7.8

−11.3 0.12+0.19
−0.20 0.62+0.32

−0.26 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230919 215712 15.7+0.2
−0.3 26.4+1.2

−1.2 0.18+0.12
−0.13 0.79+0.18

−0.25 ✓ ✓ · · · ✓ ✓ · · · ✓ ✓

GW230920 071124 10.1+0.3
−0.4 35.8+4.1

−3.4 0.00+0.22
−0.23 0.75+0.22

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230922 020344 11.8+0.3
−0.4 38.2+3.6

−3.2 0.03+0.20
−0.21 0.75+0.22

−0.26 ✓PI ✓ · · · · · · · · · · · · ✓ ✓

GW230922 040658 11.4+0.2
−0.4 105+15

−29 0.31+0.25
−0.32 0.71+0.26

−0.43 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230924 124453 12.9+0.2
−0.3 31.7+2.4

−2.0 0.02+0.18
−0.18 0.81+0.17

−0.24 ✓ ✓ · · · · · · · · · · · · ✓ ✓

Table 1 continued
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Table 1 (continued)

Parameterized SIM PRP

Run Event Name SNR (1+z)M/M⊙ χeff q TIGER FTI PCA Phenom EOB LOSA MDR SSB

GW230927 043729 10.5+0.2
−0.4 41.0+4.3

−3.8 0.01+0.20
−0.22 0.80+0.18

−0.27 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW230927 153832 19.7+0.2
−0.2 20.14+0.41

−0.41 0.03+0.08
−0.08 0.75+0.21

−0.19 ✓ ✓ ✓ · · · · · · · · · ✓ ✓

GW230928 215827 8.9+0.4
−0.6 61+10

−14 0.40+0.20
−0.28 0.56+0.35

−0.27 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231001 140220 9.6+0.3
−0.5 81+17

−20 −0.04+0.33
−0.35 0.54+0.36

−0.26 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231020 142947 10.5+0.3
−0.4 9.99+0.10

−0.10 0.15+0.25
−0.12 0.61+0.35

−0.40 ✓I ✓ · · · ✓ ✓ · · · ✓ ✓

GW231028 153006 21.0+0.2
−0.2 107+10

−27 0.44+0.16
−0.20 0.63+0.33

−0.35 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231102 071736 13.3+0.2
−0.3 71.7+7.8

−10.5 0.06+0.23
−0.22 0.72+0.25

−0.27 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231104 133418 11.0+0.2
−0.4 11.31+0.10

−0.10 0.14+0.12
−0.07 0.70+0.26

−0.31 ✓I ✓ · · · ✓ ✓ · · · ✓ ✓

GW231108 125142 12.4+0.2
−0.3 23.79+0.96

−0.97 −0.08+0.13
−0.15 0.75+0.22

−0.23 ✓ ✓ · · · · · · · · · · · · ✓ ✓

GW231110 040320 11.0+0.3
−0.4 18.02+0.69

−0.48 0.17+0.13
−0.12 0.65+0.30

−0.25 ✓ ✓ · · · ✓ ✓ · · · ✓ ✓

GW231113 200417 10.1+0.3
−0.5 9.82+0.08

−0.08 0.13+0.14
−0.08 0.65+0.31

−0.31 ✓I ✓ · · · ✓ ✓ · · · ✓ ✓

GW231114 043211 9.8+0.3
−0.5 14.61+0.37

−0.31 0.08+0.22
−0.16 0.36+0.27

−0.17 ✓I · · · · · · · · · · · · · · · ✓ ✓

GW231118 005626 10.5+0.3
−0.5 17.62+0.40

−0.54 0.37+0.10
−0.11 0.55+0.37

−0.22 ✓ · · · · · · ✓ · · · · · · ✓ ✓

GW231118 090602 10.9+0.4
−0.4 10.53+0.12

−0.09 0.08+0.36
−0.09 0.56+0.38

−0.41 ✓I ✓ · · · ✓ ✓ · · · ✓ ✓

GW231123 135430 20.7+0.2
−0.3 137+21

−27 0.31+0.25
−0.41 0.74+0.22

−0.38 · · · · · · · · · · · · · · · · · · ✓ ✓

GW231206 233134 11.0+0.3
−0.4 41.9+4.7

−4.9 −0.09+0.22
−0.24 0.81+0.17

−0.28 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231206 233901 21.0+0.1
−0.2 36.1+2.3

−2.3 −0.05+0.14
−0.15 0.76+0.21

−0.25 ✓ ✓ · · · · · · · · · · · · ✓ ✓

GW231213 111417 9.7+0.2
−0.4 44.4+7.2

−6.5 0.06+0.24
−0.23 0.79+0.19

−0.30 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231223 032836 8.8+0.3
−0.5 55.0+9.3

−15.0 −0.15+0.33
−0.37 0.71+0.26

−0.41 ✓PI · · · · · · · · · · · · · · · ✓ ✓

GW231224 024321 12.9+0.2
−0.3 8.48+0.06

−0.06 −0.01+0.08
−0.06 0.79+0.19

−0.26 ✓I ✓ · · · · · · · · · · · · ✓ ✓

GW231226 101520 33.7+0.1
−0.1 39.8+1.6

−1.6 −0.09+0.09
−0.10 0.88+0.11

−0.19 ✓ · · · · · · · · · · · · · · · ✓ ✓

NOTE— Event selection table for the analyses in this paper, from O4a (Abac et al. 2026a) and the previous observing runs O1 (Abbott et al.
2016a), O2 (Abbott et al. 2019a), O3a (Abbott et al. 2021a, 2024), and O3b (Abbott et al. 2023), with binary parameters from each observing
run’s catalog paper. TIGER, FTI, and MDR results for GW170817 were published in Abbott et al. (2019b). The starred events GW151012
and GW170729 had previously been used for the indicated tests of GR in Abbott et al. (2016a, 2019c), but do not meet the current selection
criteria. The O3a event GW190425 does meet the current selection criteria, but was previously excluded from most tests as a binary neutron
star. A ✓ indicates an event meeting our selection criteria for an analysis and thus included in our results; only these have been used to generate
the bounds on GR deviations presented in this paper. A ++ indicates previous results by the LVK exist, but are not used for the new bounds
here, while a + indicates existing results in external works. A · · · indicates events not meeting selection criteria. For the TIGER tests, further
subscripts I/PI indicate where the test is only applied to the inspiral/post-inspiral stages, respectively. A few events have ✓ signs, indicating
they had originally met the selection criteria, but technical difficulties in their analysis prevented obtaining meaningful results.

(TIGER and FTI, both defined and described below) to place68

bounds on deviations in individual PN coefficients, and also69

illustrate how the posteriors on the PN coefficient deviations70

can be translated (with significant caveats) to the parameters71

in some alternative theories.72

We also test for deviations in phenomenological post-73

inspiral coefficients with TIGER, in combinations of multiple74

PN coefficients using principal component analysis (PCA),75

and in the spin-induced multipole (SIM) PN coefficients.76

Additionally, we place bounds on the line-of-sight accel-77

eration (LOSA) of the source systems and on modifications78

to the propagation (PRP) of GWs to Earth, including in the79

GWs’ dispersion relation (MDR), and of spacetime symme-80

try breaking (SSB) leading to anisotropic birefringence. The81

LOSA analysis is not a test of GR, but rather tests for astro-82

physics not included in the standard analyses performed in83

Abac et al. (2026a). However, the LOSA analysis is included84

in this paper as such effects could appear as a GR deviation85

in other tests. Similarly, the LOSA analysis is also sensitive86

to other deviations from the assumption of quasi-circular iso-87

lated binaries, including deviations from GR, and provides a88

test of deviations starting at −4PN (see Section 2.4) that is89

complementary to other analyses.90
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We apply these tests to the GW events from GWTC-4.0 that91

were observed with at least two detectors, and with a false-92

alarm rate of ≤ 10−3 yr−1, as described in Paper I. These93

include 42 events from O4a, which are new, as well as some94

events from previous runs, O1 (Abbott et al. 2016a,b), O295

(Abbott et al. 2019a,b,c), O3a (Abbott et al. 2021b, 2024),96

and O3b (Abbott et al. 2023, 2025), which have been used97

for a subset of the tests, in particular in creating combined98

results. Table 1 details which events were analyzed by each99

test. Table 1 also provides each binary’s redshifted chirp mass100

(1 + z)M, effective inspiral spin χeff , and mass ratio q, as101

convenient combinations of the masses and spins (Abac et al.102

2025a).103

The rest of this paper is organized as follows: Section 2104

describes the parameterized tests of modifications in the gener-105

ation of the GWs from the CBC systems, with the constraints106

on deviations in individual PN and post-inspiral coefficients107

given in Section 2.1 and the PCA multiparameter analysis108

given in Section 2.2, while Section 2.3 presents the SIM test109

and Section 2.4 the LOSA test. The propagation tests are given110

in Section 3 (MDR in Section 3.1 and SSB in Section 3.2). We111

provide final conclusions along with a summary of the bounds112

and some of their implications in Section 4. In Appendix A,113

we consider the effects of real detector noise on the TIGER114

reanalysis of GW190728 064510. In Appendix B, we discuss115

the check of waveform systematics (i.e., systematic biases due116

to waveform modeling uncertainties) for the TIGER analysis117

of GW231028 153006, while in Appendix C, we discuss how118

prior effects lead to the apparent GR deviation found in the119

MDR analysis of that event. Finally, in Appendix D, we dis-120

cuss the waveform systematics found in the MDR analysis of121

GW231123 135430 (henceforth shortened to GW231123).122

2. TESTS OF GW GENERATION123

2.1. FTI and TIGER: Single-parameter tests124

Alternative theories of gravity may lead to modifications125

of a binary’s binding energy and angular momentum and the126

corresponding fluxes, which lead to changes in the orbital127

motion of the binary (e.g., Sotiriou & Barausse 2007; Yagi128

et al. 2012a; Mirshekari & Will 2013; Lang 2014, 2015; Julié129

2018; Bernard et al. 2022; Shiralilou et al. 2022). This means130

that the inspiral portion of the GW signal emitted by the131

binary differs from GR. Such deviations from GR can be132

captured by introducing extra parameters in the waveform. In133

this section, we focus on constraining deviations from GR134

by introducing parametric deviations in the inspiral, post-135

inspiral, and merger–ringdown part of a waveform model. We136

will focus on deviations in the frequency domain GW phase,137

since GW observations are less sensitive to deviations in the138

amplitude (see, e.g., Cutler & Flanagan 1994).139

The GW signal from the early inspiral of compact bina-140

ries can be well described using the PN formalism (Blanchet141

2024). In the PN approximation, the waveform is expanded in142

powers of dimensionless velocity v/c, where O([v/c]n) rela-143

tive to the leading order is referred to as the (n/2)PN order.144

Given the intrinsic parameters of a binary, the coefficients at145

each PN order are uniquely determined in GR. Measuring146

these coefficients by allowing them to differ from their GR147

value can therefore be used as a null test of GR (Blanchet &148

Sathyaprakash 1994, 1995; Arun et al. 2006a,b; Yunes & Pre-149

torius 2009; Mishra et al. 2010; Li et al. 2012a,b). Although150

many alternative theories of gravity admit a PN expansion and151

can therefore be captured in this form, this is not always the152

case. For example, abrupt changes in the waveform such as153

dynamical scalarization do not admit a PN expansion (Samp-154

son et al. 2014; Khalil et al. 2019). However, such a null test155

may still be able to detect such deviations from GR.156

The frequency domain phase of the GW signal during157

early inspiral can be obtained from the PN expanded time158

domain waveform using the stationary phase approxima-159

tion (Sathyaprakash & Dhurandhar 1991; Cutler & Flanagan160

1994; Buonanno et al. 2009). For quasi-circular, spin-aligned161

binaries, it has the form162

Ψℓm(f) = 2πftc − ϕc −
π

4
163

+
3c5

128ηv5
|m|
2

7∑
n=0

(
ψn + ψnl log

v

c

) vn
cn
, (1)164

where v = [2πG(1 + z)Mf/|m|]1/3 with f the GW fre-165

quency, M the total mass, η the symmetric mass ratio, z166

the redshift, and tc, ϕc the time and phase at coalescence167

(Abac et al. 2025a). The coefficients ψn and ψnl (where the168

l denotes the coefficients of the logarithmic terms) are the169

(n/2)PN coefficients and depend on the masses and spins of170

the binary. The subscript ℓm denotes the (ℓ,m) multipole in171

the spherical harmonic decomposition of the waveform. The172

PN coefficients are fully known up to 4.5PN (Blanchet et al.173

2023), but we only include the ones up to 3.5PN here since174

we do not test for higher orders.175

Deviations from GR can then be modeled by introducing176

parametric deviations to the non-spinning part of the PN coef-177

ficients in GR ψGR,NS
i , i.e., of the form178

ψi → (1 + δφ̂i)ψ
GR,NS
i + ψGR,S

i , (2)179

where δφ̂i is the deviation parameter and ψGR,S
i is the spin-180

dependent part of the PN coefficient in GR. This is the181

same parameterization that was previously used (Abbott et al.182

2016b, 2019b,c, 2021b, 2025; Sänger et al. 2026), and avoids183

possible singularities when the spin-dependent terms cancel184

with the non-spinning terms. Since the spin terms are still185

included in the GR part of the model, excluding the spin terms186

from the normalization of the deviations does not lead to any187

problems even for highly spinning systems. The full set of188

inspiral parameters that we constrain is then189

{δφ̂−2, δφ̂0, δφ̂1, δφ̂2, δφ̂3, δφ̂4, δφ̂5l, δφ̂6, δφ̂6l, δφ̂7} .
(3)190

The non-logarithmic 2.5PN term is degenerate with the coa-191

lescence phase, so it cannot be constrained. In GR, the −1PN192

and 0.5PN terms vanish, so we instead treat δφ̂−2 and δφ̂1 as193

absolute deviations with a normalization factor equal to the194



6

0PN coefficient. All other deviation parameters are fractional195

deviations relative to the GR values.196

We use two different frameworks to constrain these inspiral197

deviation parameters. They use a different approach for how198

exactly the corrections are added to the GR waveform, and199

differ in the underlying GR waveform model used. Using two200

different implementations of the parameterized inspiral test201

with two different GR waveform models makes the test more202

robust against waveform systematics coming from approxi-203

mations made in the models.204

The first framework is called the Flexible Theory-205

Independent (FTI) method (Mehta et al. 2023) and can206

use any frequency-domain, aligned-spin GR waveform as207

a baseline model. In this work, we use the SEOB-208

NRV5HM ROM (Pompili et al. 2023) waveform approxi-209

mant for BBHs. For NSBHs (only GW230518 125908 in210

O4a), we use SEOBNRV4 ROM NRTIDALV2 NSBH (Di-211

etrich et al. 2019; Matas et al. 2020). Previous papers212

used SEOBNRV4 ROM (Bohé et al. 2017) for both BBHs213

and NSBHs, as well as SEOBNRV4HM ROM (Cotesta214

et al. 2020) for a few BBHs, and additionally used SEOB-215

NRV4 ROM NRTIDALV2 (Dietrich et al. 2019) for the216

BNSs GW170817. In FTI, the beyond GR corrections are217

added to the phase of an inspiral–merger–ringdown frequency-218

domain waveform. The frequency-domain phase is computed219

for the inspiral part and then smoothly tapered off to zero220

towards merger–ringdown so that the post-inspiral part of the221

signal remains the same as in GR. The tapering happens using222

a windowing function that is centered around a tapering fre-223

quency, which is a free parameter of the model together with224

the window width. We choose the tapering frequency to be the225

frequency at the peak of the (2, 2) multipole ftape = f22peak226

(using the fit from Bohé et al. 2017) and the window width to227

be one GW cycle NGW = 1.228

The settings used for FTI in previous papers (Abbott et al.229

2016b, 2019b,c, 2021b, 2025) were different than those em-230

ployed here. Specifically, the choice of the tapering fre-231

quency changed from ftape = 0.35f22peak in GWTC-3.0 to232

ftape = 1.0f22peak in this work. The motivation for increasing233

the tapering frequency is that this captures more of the late234

inspiral, which is especially important for higher PN orders235

and more massive systems (Mehta et al. 2023). Since the236

bounds obtained depend on the tapering frequency used, it237

is not possible to directly compare the GWTC-3.0 and O4a238

bounds. Typically, the increase in tapering frequency leads239

to tighter bounds on higher PN coefficients (up to a factor of240

∼ 3) since more of the late inspiral is considered in the analy-241

sis, as illustrated in Mehta et al. (2023). For low total-mass242

systems like BNSs, the tapering frequency lies outside the243

sensitive band of the detectors and therefore does not signifi-244

cantly influence the results. Only new events from O4a were245

analyzed with the updated FTI model, so any results obtained246

by combining events only use the events marked with a ✓in247

Table 1.248

In the second framework, the Test Infrastructure for GEn-249

eral Relativity (TIGER; Agathos et al. 2014; Meidam et al.250

2018; Roy et al. 2026), the parameterized deviations are di-251

rectly added to the PN phase coefficients in the IMRPHE-252

NOMXAS (Pratten et al. 2020) waveform model. This means253

that it can only be used by waveforms in that family, and254

the corrections are propagated to the spin-precessing wave-255

form with higher order multipole moments IMRPHENOMX-256

PHM SPINTAYLOR (IMRPHENOMXPHM for brevity; Prat-257

ten et al. 2021; Colleoni et al. 2025b), which is used in this258

work. However, the corrections do not affect the spin pre-259

cession. By implementing the corrections directly into the260

PN coefficients of the model, a smooth connection to the261

post-inspiral part of the waveform is guaranteed by construc-262

tion. Previous versions of TIGER used the same construction263

for the IMRPHENOMPV2 (Hannam et al. 2014; Bohé et al.264

2016; Husa et al. 2016; Khan et al. 2016) and IMRPHE-265

NOMPV3HM (Khan et al. 2019, 2020) waveform models.266

The TIGER framework also allows for parameterized de-267

viations in the post-inspiral part of the waveform, similarly268

to Cornish et al. (2011). The IMRPHENOMXAS waveform269

has analytical expressions for the GW phase in the intermedi-270

ate and merger–ringdown regimes which contain coefficients271

that can be parameterized much like the inspiral PN coef-272

ficients. The main difference is that the post-inspiral coef-273

ficients come from calibrating the waveform to numerical274

relativity (NR) simulations in GR instead of from analytical275

results. The parameters δb̂1, δb̂2, δb̂3, δb̂4 capture deviations276

in the NR-calibrated coefficients in the intermediate regime,277

and the parameters δĉ1, δĉ2, δĉ4, δĉℓ capture deviations in the278

merger–ringdown calibration coefficients (Pratten et al. 2020;279

Roy et al. 2026).280

In this section, we vary only one deviation parameter281

δp̂i ∈

δφ̂−2, δφ̂0, . . . , δφ̂7︸ ︷︷ ︸
Inspiral

, δb̂1, . . . , δb̂4︸ ︷︷ ︸
Intermediate

, δĉ1, δĉ2, δĉ4, δĉℓ︸ ︷︷ ︸
Merger-ringdown


(4)282

at a time. This is sufficient to detect and constrain deviations283

from GR, even when the deviations are present in multiple PN284

orders (Sampson et al. 2013; Meidam et al. 2018; Perkins &285

Yunes 2022). Testing for multiple deviation parameters at the286

same time would lead to less informative posteriors due to cor-287

relations between the parameters (Abbott et al. 2016b; Gupta288

et al. 2020). In Section 2.2, such a multi-parameter test is per-289

formed using the principal component analysis approach. For290

both FTI and TIGER, we use priors that are uniform in δp̂i and291

symmetric around zero. For the TIGER analyses, we adopt292

the following prior ranges: δφ̂−2 ∈ [−0.1, 0.1], δφ̂0,1,2,3 ∈293

[−5, 5], δφ̂4,5ℓ,6 ∈ [−20, 20], δφ̂6ℓ,7 ∈ [−30, 30], and for294

the post-inspiral parameters, [−20, 20]. We use the follow-295

ing prior ranges for FTI: δφ̂−2 ∈ [−1, 1] ([−0.01, 0.01] for296

GW230518 125908) and δφ̂i ∈ [−20, 20] for all other param-297

eters. These broad priors are chosen to avoid prior-railing298

issues (i.e., significant posterior probability density right up to299

at least one prior boundary), which often arise from degenera-300

cies between the deviation parameters and the GR parameters.301

Since the priors we use are wide enough to avoid truncating302

the posterior, the exact choice of range does not impact the303
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Figure 1. Results for the magnitudes of the inspiral deviation coefficients (from −1PN to 3.5PN) in terms of 90% upper limits, compared with
previous combined results from GWTC-3.0 (Abbott et al. 2025), including the updates to use the IMRPHENOMXPHM waveform model for the
TIGER results. The horizontal stripes mark the results from individual events obtained with the SEOBNRV5HM ROM waveform model using
the FTI analysis. Marginalizing over all results from O4a (GWTC-3.0), while assuming that all events share the same values for the violation
coefficients, results in the filled (unfilled) red diamonds for the SEOBNRV5HM ROM (SEOBNRV4 ROM) waveform model. These bounds
cannot be directly compared due to changes in the tapering frequency and waveform model used in the analysis. Marginalizing over all results
from GWTC-4.0 (GWTC-3.0) for the TIGER analysis using the IMRPHENOMXPHM waveform model results in the filled (unfilled) blue
squares. The dark and light orange stripes highlight BBH GW230627 015337 and NSBH GW230518 125908, respectively, when they give the
best individual event constraints on the inspiral parameters. The green circles show the bounds obtained with BNS GW170817 (Abbott et al.
2019b) and NSBH GW230529 (Sänger et al. 2026) when competitive; those two events are not included in the combined bounds. The blue
upside-down triangles indicate bounds obtained with the double pulsar J0737−3039 (Kramer et al. 2021) when competitive. Starting from 1.5PN
the pulsar bounds get much worse than the bounds from GWs and are therefore not shown.

constraints on deviation parameters, though it does impact the304

values of Bayes factors (quoted below for TIGER).305

The FTI test is only applied to events that have a signifi-306

cant inspiral signal. The inspiral part of the signal is in this307

case defined in the frequency domain as the frequencies up to308

the tapering frequency used. The selection criteria are then309

a signal-to-noise ratio (SNR) of at least 10 in the inspiral310

and at least 5 GW cycles in the inspiral to ensure there is311

enough inspiral signal. The inspiral SNR and cycles are calcu-312

lated using the maximum likelihood parameters from the GR313

analysis (Abac et al. 2026a) with IMRPHENOMXPHM. In314

the TIGER analysis, we impose an SNR threshold of greater315

than 6 in the inspiral part of the signal to select an event for316

testing inspiral phasing coefficients. An identical criterion is317

applied in the post-inspiral regime to determine whether an318

event qualifies for the analysis of post-inspiral phasing coeffi-319

cients. Following the prescription of the IMRPHENOMXAS320

model, we use the (2, 2) multipole frequency at the minimum321

energy circular orbit (MECO; Cabero et al. 2017) to divide322

the waveform between the inspiral and post-inspiral regimes.323

(There are small corrections to the MECO used to obtain the324

exact end-of-inspiral frequency in IMRPHENOMXAS, but325

these are less than a 3% correction for the range of mass ratios326

and spins allowed by our priors.) This prescription gives an327

end-of-inspiral frequency that is between 1.4 and 3.6 times328

smaller than the one used by FTI, with the largest differences329

occurring for negative effective inspiral spins (defined in Abac330

et al. 2025a). The median SNR values are computed using331

posterior samples obtained from the standard GR analysis332

with the IMRPHENOMXPHM model.333

For the TIGER part, we also analyze the GWTC-3.0 events334

using the new IMRPHENOMXPHM-based framework (Roy335

et al. 2026). We keep the same event-selection criteria as336

in the GWTC-2.0 tests of GR paper (Abbott et al. 2021b).337
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Figure 2. Results for the magnitudes of the post-inspiral deviation coefficients using TIGER. The horizontal stripes mark the results from
individual events obtained with the IMRPHENOMXPHM waveform model. Marginalizing over all analyzed events in GWTC-4.0 (GWTC-3.0),
while assuming that all events share the same values for the violation coefficients, results in the filled (unfilled) blue squares.
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Figure 3. The constraints on the GR violation parameters in the inspiral, marginalized over all analyzed events, in orange on the left for the
SEOBNRV5HM ROM waveform model (FTI analysis) and in blue on the right for the IMRPHENOMXPHM waveform model (TIGER
analysis). Consistency of GR corresponds to vanishing parameters (the horizontal line). Assuming independent violation parameters between
events, using a hierarchical analysis, results in the filled probability densities. Instead, assuming that the violation parameters share the same
values between different events leads to the unfilled distributions.

GW170809 was not included in the GWTC-2.0 TIGER inspi-338

ral analysis. This event does not meet the selection criteria339

when using IMRPHENOMPV2, but it passes them when using340

the IMRPHENOMXPHM posterior samples from GWTC-2.1341

(Abbott et al. 2024). However, we leave its possible inclu-342

sion in the TIGER inspiral analysis to a future publication.343

GW191109 010717 was excluded from the combined anal-344

ysis despite meeting the post-inspiral selection criteria. We345

found apparent deviations for this event, similar to the findings346

reported in the GWTC-3.0 tests of GR paper (Abbott et al.347

2025), with the apparent tension explained as being driven by348

data-quality issues in both LIGO detectors rather than by gen-349

uine departures from GR. For GW190728 064510, we find350

apparent tension in the lower-PN coefficients when analyzing351

it using the IMRPHENOMXPHM version of TIGER. How-352

ever, we also find similar behavior when analyzing simulated353

signals added to real-noise and conclude that the apparent354

tension is likely caused by noise-induced fluctuations that the355
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analysis including higher multipole moments is more sensi-356

tive to rather than evidence for a departure from GR. This is357

further discussed in Appendix A.358

The results for the inspiral deviation parameters δφ̂i are359

consistent with GR for all events analyzed. There are two360

events where GR is outside the 90% credible interval for361

some parameters for FTI. For the parameters with the largest362

deviations, GR is still found within the 92.7% credible inter-363

val for GW230628 231200 and the 98.2% credible interval364

for GW231110 040320. However, for GW230628 231200,365

TIGER finds the GR value within the 90% credible interval366

for the inspiral parameters, though it is found outside that367

interval for some post-inspiral parameters, but still within368

the 94.3% credible interval. For GW231110 040320, TIGER369

finds that GR lies outside the 90% credible interval for all370

the inspiral parameters except −1PN, and for all of the inter-371

mediate parameters. However, GR is still found within the372

98.9% credible interval. Additionally, the TIGER Bayes fac-373

tors prefer GR for both events for all the deviation parameters.374

In general, we expect to find GR outside the 90% credible375

interval for a few events due to noise fluctuations, given the376

number of events under consideration.377

For four of the events, namely GW230518 125908,378

GW231020 142947, GW231104 133418, and379

GW231113 200417, we were unable to obtain constraints on380

the 0PN deviation parameter for FTI. These are all low-mass381

events with low SNR where strong correlations between δφ̂0382

and the chirp mass lead to problems in the analysis (Sänger383

et al. 2026). The higher tapering frequency in FTI, compared384

to the lower end-of-inspiral frequency in TIGER, implies385

that this degeneracy is stronger for FTI. The TIGER re-386

sults do not show this issue for these events, except for387

GW230518 125908 and one O3b event, GW200115 042309.388

This is likely because the lower cutoff frequency leaves a few389

unmodified GW cycles in band that break the degeneracy. The390

exceptional behavior in these two events is specifically due to391

a strong degeneracy between δφ̂0 and the chirp mass, leading392

to a significantly larger chirp mass compared to the GR case393

and, consequently, to an apparent deviation in the 0PN term394

with a positive value, as seen in Sänger et al. (2026). The FTI395

analysis of GW200115 042309 in Abbott et al. (2025) also396

exhibits a degeneracy with the chirp mass, resulting in a bias397

in the posterior distribution of the 0PN deviation parameter.398

Since a lower tapering frequency was used in that analysis,399

the bias was less severe, and the event was not excluded from400

the combined analysis.401

The deviation parameters at other PN orders can also show402

significant correlations with the intrinsic parameters. How403

strong these correlations are depends on the PN order and404

where in parameter space the system is. In particular, the405

correlations are strongest at the order a given parameter first406

appears, so δφ̂2 for the mass ratio and δφ̂3 for spins in addition407

to δφ̂0 and the chirp mass. However, these correlations are408

not as strong as is the case for the δφ̂0–chirp mass degeneracy409

for low mass systems, and higher SNR events usually show410

smaller correlations. We therefore do not experience any411
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Figure 4. Inferred hyperparameters µ and σ of the GR violation
coefficients. For each testing coefficient, the contours mark 90%
credible regions. The inspiral parameters for the two waveform
models SEOBNRV5HM ROM (using the FTI analysis) and IM-
RPHENOMXPHM (using the TIGER analysis) are considered in
the top and middle panel respectively. The bottom panel shows the
post-inspiral parameters for the IMRPHENOMXPHM waveform
model. All contours enclose the GR expectation of µ = σ = 0; the
δφ̂−2 values are rescaled ×500 to improve visibility.
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problems with sampling for other PN deviation parameters or412

higher mass systems.413

TIGER finds the GR value near the boundary of 90% credi-414

bility for the high-mass event GW231028 153006, where the415

GR analysis (Abac et al. 2026a) finds significant systematic416

modeling uncertainties. As discussed in Appendix B, we find417

that the largest shifts away from GR (for the intermediate418

coefficients) are likely attributable to waveform modeling un-419

certainties, but the smaller shifts for the merger–ringdown420

coefficients seem instead to be attributable primarily to a prior421

effect.422

In Figure 1, we show the 90% upper bounds on the mag-423

nitude of the PN deviation parameters in the inspiral; the424

analogous plot for the TIGER post-inspiral coefficients is425

Figure 2. The bounds for individual events obtained with426

FTI are shown as grey stripes. We highlight the event427

GW230627 015337, which is the BBH signal that gives the428

best constraints. This event is particularly good for inspiral429

tests of GR because its low masses means there is a long430

inspiral while it also has a relatively high SNR of 28.5+0.1
−0.1.431

We also show the bounds for the BNS GW170817 (Abbott432

et al. 2019b) and NSBH GW230529 181500 (abbreviated to433

GW230529; Sänger et al. 2026) for comparison when their434

bounds are competitive. GW230529 does not meet the selec-435

tion criteria for inclusion in this paper because it was detected436

by only one detector and therefore is excluded from the com-437

bined results we present here. The high-SNR single-detector438

event GW230814 230901 (Abac et al. 2026d) is not shown,439

however, since its bounds do not stand out compared to those440

of other events, though the more recent even higher-SNR441

event GW250114 (Abac et al. 2025b) from the second part442

of the fourth observing run (O4b) does provide even better443

constraints on its own (Abac et al. 2026e).444

We also show the combined bounds for both FTI and445

TIGER obtained under the assumption that deviations have446

the same value for each event. When combining events, we447

exclude the BNS GW170817 due to the different nature of448

its source. For comparison, we also include the combined449

FTI and TIGER results from previous catalogs. For TIGER,450

we plot the updated results from the reanalysis of GWTC-3.0451

using the IMRPHENOMXPHM version of TIGER (Roy et al.452

2026), though there are no TIGER results in the GWTC-3.0453

paper (Abbott et al. 2025). All combined bounds improve454

with the largest improvements seen for FTI for the high-PN455

parameters. As discussed before, the change in tapering fre-456

quency is contributing to this improvement. The list of events457

included in the combined bounds is different between FTI and458

TIGER, making it impossible to directly compare the com-459

bined bounds between the two. The differences between the460

bounds for individual events from FTI and TIGER should be461

seen as an estimate for the systematic uncertainties that can be462

expected from inspiral tests, with FTI pushing the transition463

from inspiral to post-inspiral to the highest possible frequency464

and TIGER providing more conservative bounds. The best465

bound from GWs at −1PN is still from GW170817, and is an466

order of magnitude better than the combined constraints from467

O4a (FTI) or GWTC-4.0 (TIGER).468

It is also possible to put constraints on the PN deviation469

parameters using binary pulsars (Yunes & Hughes 2010; Nair470

& Yunes 2020). The best overall bound on dipole radiation471

comes from the double pulsar PSR J0737−3039A/B (Kramer472

et al. 2021), with a 90% upper bound corresponding to473

|δφ̂−2| ≤ 2.6× 10−10. This double pulsar also puts the474

most stringent constraint on deviations from GR at Newtonian475

order with |δφ̂0| ≤ 1.0× 10−4. At 0.5PN, the double pulsar476

bound is |δφ̂1| ≤ 7.0× 10−2, which is on par with the bound477

from GW170817. From 1PN onwards the bounds from the478

double pulsar are less constraining than the bounds from GWs.479

The bounds from PSR J0737−3039A/B are shown as blue480

upside-down triangles in Figure 1.481

The combined posteriors for the inspiral deviation parame-482

ters are shown in Figure 3 (unfilled violins) and are consistent483

with GR at the 90% credible level for all parameters. The484

combined posteriors are dominated by GW230627 015337485

because of its tight constraints. The posteriors for this event486

are centered around zero, a trait inherited by the displayed487

combined posteriors. This is reflected in the GR quantiles488

shown in Table 2 being between 40% and 60%. Here the GR489

quantile is defined as the fraction of samples with δφ̂i < 0, so490

a posterior perfectly centered on GR gives a quantile of 50%.491

We also combined the posteriors from the different events492

using a hierarchical approach to get the combined posteri-493

ors shown in Figure 3 (filled violins). This approach allows494

the deviation parameters to take independent values for each495

event, modeling their distribution as a Gaussian described by496

a mean µ and standard deviation σ. We again see that the497

posteriors are consistent with GR at the 90% credible level for498

all PN deviation parameters. The 90% contours for the hyper-499

parameters µ and σ of the hierarchical approach are shown in500

Figure 4 for each PN deviation parameter. GR corresponds to501

µ = σ = 0, which is enclosed by the contours for all inspiral502

parameters. The medians, 90% credible intervals, and GR503

quantiles for all δφ̂i and both approaches to combine results504

are listed in Table 2, as well as the medians and 90% credible505

intervals for µ and the 90% upper limits on σ.506

Figure 2 shows the 90% upper bounds on the magnitude of507

the post-inspiral deviation parameters obtained with TIGER508

for each O4a event (grey stripes). The blue squares are the509

bounds obtained by combining all events assuming that devia-510

tions have the same value for each event. Figure 5 shows the511

combined posteriors for the post-inspiral parameter obtained512

with both the restricted (unfilled violins) and hierarchical513

(filled violins) approaches. The 90% contours for the hy-514

perparameters of the hierarchical analysis are shown in the515

bottom panel of Figure 4. Table 2 gives the median and 90%516

credible intervals on the post-inspiral deviation parameters517

for the combined constraints using both approaches, as well518

as the medians and 90% credible intervals for µ and the 90%519

upper limits on σ. All results for the TIGER post-inspiral520

parameters are consistent with GR at the 90% credible level.521

The improvement in the combined post-inspiral TIGER522

constraints from GWTC-3.0 to GWTC-4.0 is not as signif-523

icant as that found for the inspiral coefficients. The com-524

bined post-inspiral constraints are mostly dominated by the525
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Figure 5. The constraints on the GR violation parameters in the post-inspiral using TIGER, marginalized over all analyzed events in GWTC-4.0.
Consistency of GR corresponds to vanishing parameters (the horizontal line). Assuming independent violation parameters between events, using
a hierarchical analysis, results in the colored probability densities. Instead, assuming that the violation parameters share the same values between
different events leads to the unfilled distributions.

O3a events GW190412 and GW190814, which provide the526

strongest bounds among the analyzed events for most coef-527

ficients. Thus, the addition of O4a events does not lead to a528

large improvement, even though 31 out of the 66 events in529

the combined analysis are from O4a. For the TIGER inspi-530

ral coefficients, the improvement is instead largely driven by531

the O4a events GW230518 125908 and GW230627 015337,532

which enable significantly tighter constraints on several PN533

coefficients. If these two events are removed from the com-534

bined inspiral analysis, the improvement becomes comparable535

to what is found for the post-inspiral analysis.536

A useful framework for interpreting agnostic PN defor-537

mation tests is the parameterized post-Einsteinian (ppE) for-538

malism, which provides a systematic description of leading539

deviations from general relativity in the gravitational wave-540

form phase and amplitude (Yunes & Pretorius 2009; Cornish541

et al. 2011). In this approach, deviations are introduced as542

power-law corrections at specific PN orders, allowing one to543

connect agnostic constraints on PN coefficients to a broad544

class of modified gravity theories.545

To provide intuition for the meaning of the agnostic con-546

straints on deviations in the PN coefficients we have obtained,547

we thus follow the ppE formalism and perform event-by-event548

illustrative mappings of the inferred PN deformation poste-549

riors onto parameters appearing in selected modified gravity550

theories, with the translation for the event that provides the551

best result for each mapping given in Table 3. The example552

theories considered are: scalar–tensor theories with an evolv-553

ing scalar field (Jacobson 1999; Horbatsch & Burgess 2012),554

Einstein–dilaton–Gauss–Bonnet (EdGB; Gross & Sloan 1987;555

Kanti et al. 1996), dynamical Chern–Simons (dCS; Alexander556

& Yunes 2009), Einstein–Maxwell with black hole charge,557

and dirty black holes or pseudo-complex GR (Hess & Greiner558

2009; Caspar et al. 2012; Hess 2016; Maimon et al. 2025).559

These mappings should not be interpreted as theory-specific560

statistical constraints, but rather as illustrative translations561

of agnostic deviations into the language of particular mod-562

els, obtained under simplifying assumptions (e.g., leading-563

order modifications and no deviations in the merger-ringdown564

phase).565

Importantly, each mapping is performed independently for566

each GW event using the corresponding posterior samples of567

both intrinsic binary parameters and the agnostic PN defor-568

mation parameter, with consistent reweighting to account for569

prior differences.570

In order to map a PN parameter constraint to a parameter571

in a given theory, we map use the posteriors of the PN coeffi-572

cient constraint along with the intrinsic parameters for each573

analyzed O4a event and the PN expressions derived to leading574

order in Yagi et al. (2012a) for EdGB, Yagi et al. (2012a,b) for575

dCS gravity, Khalil et al. (2018) for Einstein–Maxwell with576

black hole charge, Nielsen & Birnholtz (2018) for pseudo-577

complex GR, and Horbatsch & Burgess (2012); Yunes et al.578

(2016) for scalar–tensor theories with an evolving scalar field.579

The mapping on theories we quote in Table 3 are the 90%580

result for the O4a GW event that gives the tightest transla-581

tion on a given parameter. For comparison, we also provide582

existing bounds or illustrative translations on each theory.583

Current constraints on scalar–tensor theories come from ob-584

servations of the quasar OJ 287 (Horbatsch & Burgess 2012).585

For EdGB gravity and Einstein–Maxwell, the strongest bound586

arises from the low-mass, long-inspiral signal GW230529587

(Sänger et al. 2026, not included here because it is a single-588

detector event). For dCS gravity, the current bound of 8.5 km589

comes from combining NICER observations of a pulsar with590

the NS tidal deformability inferred from the binary NS event591

GW170817 (Silva et al. 2021).592
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Table 2. Results from parametrized tests of GW generation

pi pipeline waveform Hierarchical Restricted

µ σ δφ̂i QGR δφ̂i QGR

φ−2 (×500) FTI EOB 0.06+0.47
−0.27 < 0.66 0.05+0.81

−0.57 40% 0.01+0.10
−0.08 44%

TIGER Phenom −0.00+0.17
−0.13 < 0.31 −0.00+0.32

−0.28 52% −0.01+0.07
−0.07 57%

φ0 FTI EOB 0.00+0.05
−0.04 < 0.08 0.00+0.09

−0.09 54% −0.01+0.04
−0.04 59%

TIGER Phenom 0.02+0.03
−0.03 < 0.05 0.02+0.06

−0.05 22% 0.02+0.03
−0.02 14%

φ1 FTI EOB 0.01+0.13
−0.12 < 0.22 0.01+0.24

−0.24 46% 0.00+0.11
−0.11 50%

TIGER Phenom 0.05+0.07
−0.07 < 0.12 0.05+0.13

−0.14 23% 0.03+0.07
−0.07 20%

φ2 FTI EOB −0.01+0.07
−0.07 < 0.13 −0.01+0.13

−0.13 55% −0.01+0.06
−0.07 57%

TIGER Phenom 0.02+0.05
−0.05 < 0.07 0.02+0.08

−0.08 30% 0.02+0.04
−0.04 26%

φ3 FTI EOB 0.00+0.04
−0.03 < 0.07 0.00+0.08

−0.08 51% 0.00+0.03
−0.03 43%

TIGER Phenom −0.01+0.03
−0.03 < 0.05 −0.01+0.05

−0.05 61% −0.01+0.03
−0.03 69%

φ4 FTI EOB −0.02+0.21
−0.19 < 0.40 −0.02+0.45

−0.43 54% −0.03+0.16
−0.15 62%

TIGER Phenom 0.06+0.25
−0.25 < 0.40 0.07+0.45

−0.45 37% 0.06+0.24
−0.25 34%

φ5l FTI EOB 0.01+0.05
−0.05 < 0.11 0.01+0.13

−0.12 45% 0.01+0.04
−0.05 40%

TIGER Phenom 0.00+0.09
−0.11 < 0.17 0.01+0.18

−0.21 46% 0.00+0.08
−0.09 52%

φ6 FTI EOB 0.00+0.09
−0.08 < 0.15 0.00+0.18

−0.18 51% −0.01+0.06
−0.06 58%

TIGER Phenom 0.00+0.14
−0.13 < 0.26 0.00+0.28

−0.29 50% 0.00+0.13
−0.14 50%

φ6l FTI EOB −0.04+0.79
−0.81 < 1.23 −0.01+1.45

−1.40 51% 0.01+0.83
−0.75 49%

TIGER Phenom −0.04+0.54
−0.54 < 0.86 −0.04+0.94

−1.00 54% 0.00+0.55
−0.60 50%

φ7 FTI EOB 0.01+0.15
−0.14 < 0.29 0.01+0.33

−0.34 47% 0.03+0.11
−0.12 38%

TIGER Phenom 0.03+0.38
−0.39 < 0.66 0.02+0.77

−0.78 48% 0.06+0.35
−0.35 40%

b1 (×10) TIGER Phenom 0.08+0.11
−0.10 < 0.19 0.07+0.22

−0.18 23% 0.06+0.09
−0.09 13%

b2 (×10) TIGER Phenom −0.02+0.03
−0.03 < 0.06 −0.02+0.06

−0.07 76% −0.01+0.02
−0.03 83%

b3 (×10) TIGER Phenom 0.02+0.04
−0.03 < 0.06 0.02+0.07

−0.06 26% 0.01+0.03
−0.03 18%

b4 (×10) TIGER Phenom −0.03+0.07
−0.08 < 0.12 −0.02+0.13

−0.14 65% −0.03+0.06
−0.06 78%

c1 TIGER Phenom 0.03+0.05
−0.06 < 0.08 0.03+0.09

−0.09 25% 0.04+0.04
−0.05 9%

c2 TIGER Phenom −0.01+0.02
−0.02 < 0.03 −0.01+0.03

−0.03 75% −0.01+0.02
−0.01 89%

c4 TIGER Phenom 0.04+0.05
−0.06 < 0.08 0.04+0.08

−0.09 17% 0.04+0.04
−0.04 5%

cℓ TIGER Phenom −0.02+0.17
−0.16 < 0.24 −0.02+0.29

−0.27 56% −0.03+0.15
−0.14 64%

NOTE—Combined constraints on the deviation parameters obtained by marginalizing over all analyzed events in GWTC-4.0 using the analyses
FTI (which uses the SEOBNRV5HM ROM waveform) and TIGER (which uses the IMRPHENOMXPHM and IMRPHENOMPV2 waveforms).
Hierarchical (restricted) constraints are obtained under the assumption that deviation coefficients can (cannot) vary across the observed events.
The one-sided quantile corresponding to the GR value for the distributions plotted in Figures 3 and 5 is indicated by QGR. For hierarchical
constraints, we also provide the mean µ and standard deviation σ of the inferred hyperdistribution. For δφ̂i and µ, we report the median as well
as the 90%-credible intervals, while for σ we only present 90% upper bounds. We scale the φ−2 and bi entries to display the bounds with only
two decimal places (for b1 and b4 without rounding up). For φ−2, we use the same scaling as in Figure 4.

The expression from Horbatsch & Burgess (2012) used593

to obtain the translation to the evolution of the scalar field594

in the scalar–tensor case requires ϵST = 2Gm1|ϕ̇|/c3 ≪ 1.595

While |ϕ̇| in our translation is large in units of s−1, the 90%596

upper bound on ϵST is 0.077 and 0.070 for TIGER and FTI597

respectively, which are smaller than the value of 0.13 for the598

primary of OJ 287 used to obtain the constraints in Horbatsch599

& Burgess (2012). The much better constraints on |ϕ̇| from600

OJ 287 are due to its much larger total mass (its primary’s601

mass is ∼ 1010M⊙). Additionally, the assumptions made in602

obtaining the frequency-domain dephasing used in the trans-603

lation assume that the dipole radiation is a small perturbation604

to the quadrupole radiation (as discussed in, e.g., Yunes &605

Pretorius 2009), but this is also the case here: The 90% upper606
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Table 3. Illustrative mappings of agnostic constraints on PN coefficients onto parameters of selected modified gravity theories for the event that
gives the best result for each mapping

Theory φi Parameter FTI mapping TIGER mapping Existing constraint/mapping

Scalar–tensor φ−2 |ϕ̇| [s−1] 1.1× 103 1.1× 103 10−6 (Horbatsch & Burgess 2012)

Einstein–dilaton–Gauss–Bonnet φ−2
√
αEdGB [km] 0.98 1.07 0.28 (Sänger et al. 2026)

Einstein–Maxwell φ−2 ζ =

∣∣∣∣ q1m1
− q2

m2

∣∣∣∣ 0.047 0.052 0.024 (Gao et al. 2024)

pseudo-complex GR n = 2 φ4 bc/b 0.34 0.15 0.10 (FTI), 0.07 (TIGER)†

pseudo-complex GR n = 3 φ6 bc/b 0.25 0.07 0.05 (FTI), 0.05 (TIGER)†

NOTE— The values shown are mappings of posteriors on agnostic PN deformation parameters (from FTI and TIGER analyses) into 90%
credibility results for parameters in modified gravity theories for the event that gives the best result for each mapping. These mappings are
performed independently for each O4a event using posterior samples for the intrinsic binary parameters along with the agnostic PN deformation
parameter, and includes consistent prior reweighting. The results therefore reflect how agnostic constraints project onto theory parameters
under simplifying assumptions, rather than a joint or theory-specific inference. Specifically the binary parameters used for the translations
involving φ−2 are those of GW230518 125908, which provide the best results, while for pseudo-complex GR, GW230627 015337 provides
the best results for all but TIGER φ6, where GW230919 215712 provides the best result, so those events’ parameters are used. Additionally,
for pseudo-complex GR, we give the best illustrative translations for O3b events, for comparison, using the results from Abbott et al. (2025)
for FTI and our reanalysis in this paper for TIGER. The O3b translations come from GW191204 171526, except for FTI φ4, which comes
from GW191216 213338. We mark those entries as a dagger to call attention to their status as only illustrative translations, compared to the
bounds given for other theories. All these translations should not be interpreted as statistical constraints on the underlying theories, nor as
exclusions. In particular, real modified gravity theories generically induce correlated deviations across multiple PN coefficients and modify the
merger–ringdown signal, effects not included in this mapping. The table is therefore intended only to provide intuition about the agnostic PN
bounds we have obtained by showing how they would translate to the parameters of some commonly considered alternative theories, together
with constraints on those parameters from the literature. For pseudo-complex GR, larger values correspond to better constraints and a bc/b bound
above 1 rules out horizonless objects for that n in this model (Maimon et al. 2025).

bounds on the ratio of the leading dipole to quadrupole energy607

fluxes are 0.062 and 0.053 for TIGER and FTI at the low-608

frequency cutoff of 20 Hz and decrease at higher frequencies.609

The GW event that gives rise to the tightest value for |ϕ̇| is610

GW230518 125908, whose source is likely an NSBH. We611

assume that the NS secondary has a vanishing scalar charge,612

maximizing the amount of dipolar radiation emitted by the613

system.614

Similarly, the PN expressions used for dCS and615

EdGB gravity are derived under the perturbative as-616

sumption that the dimensionless coupling ζdCS,EdGB =617

16πα2
dCS/EdGB/

(
Gm2/c

2
)4 ≪ 1 throughout the inspi-618

ral (Yagi et al. 2012a), where we have evaluated this quantity619

using m2, since that sets the smallest length scale in the bi-620

nary. Evaluating this condition for each theory, we find that621

although the translation for EdGB gravity satisfies the small-622

coupling requirement within the 90% credible region with a623

value for ζEdGB of O(10−3), the dCS translation does not.624

Indeed, the dCS mapping gives a value ∼ 4 times larger than625

the best current bounds on the theory (Silva et al. 2021), but626

the 90% upper bound on small-coupling parameter is O(104).627

As a result, the perturbative waveform is not self-consistent628

for the systems considered, and any inferred PN-to-theory629

translation for dCS gravity would lie outside the regime of630

validity of the effective field theory expansion. We therefore631

do not report a dCS entry in Table 3. In order to obtain con-632

straints for dCS that are within small-coupling approximation633

from GW observations, one would need a low-mass binary634

with at least one rapidly spinning object.635

The values given in Table 3 are for the purposes of illustra-636

tion, and there are several caveats to them being directly taken637

as constraints on the specific theories. To begin with, a given638

modified gravity theory will give deviations in multiple PN639

parameters, while the analyses consider each PN parameter640

deviation in isolation. In addition, these analyses make use641

of the merger–ringdown signal, but without taking into ac-642

count how a specific theory would modify that portion of the643

GW signal from GR. For instance, Johnson-McDaniel et al.644

(2022) analyzes phenomenological non-GR signals with FTI645

and TIGER, finding that these methods can yield constraints646

on a PN deviation parameter that are much smaller than the647

true deviation. Thus, these mappings will not be equivalent to648

those obtained with an analysis that assumes a specific theory.649

2.2. FTI and TIGER: Multiparameter PN coefficient tests650

with PCA651

The parametrized tests of GR aim to identify potential de-652

viations by modifying the GW phasing with dimensionless653

deviation parameters. This approach is implemented in the654

FTI and TIGER frameworks, as discussed before. Focusing655
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Figure 6. Violin plots showing the posterior probability distribution of the first three leading PCA parameters, from the O4a events listed in the
PCA column of Table 1 (GW230627 015337 and GW230927 153832, abbreviated as GW230627 and GW230927 15), passing the selection
criteria described in Section 2.2. In each violin plot, the colored horizontal bars and the horizontal white solid line denote the 90% credible
intervals and the posterior median, respectively. We mark the GR value of zero with dashed grey lines.
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Figure 7. The joint posterior probability distributions on the first
five leading PCA parameters from all the selected GWTC-4.0 events
are shown. The joint bounds are obtained through the marginalized-
likelihood multiplication technique. The markers have the same
meaning as in Figure 6. All PCA parameters are statistically consis-
tent with GR at the 90% credible level, except for the fifth parameter
in the TIGER framework. This deviation may stem from instrumental
noise features or from waveform-modeling systematic uncertainties.

on the inspiral part of the GW signal, the null parametrization656

δφ̂i is introduced at each PN order, with i denoting the PN in-657

dex, in Equation (2). Considering the inspiral phase up to the658

3.5PN order with non-vanishing PN coefficients in GR gives659

rise to eight deviation parameters, i.e., by dropping δφ̂−2 and660

δφ̂1 in Equation (3). However, all the deviation parameters661

are not measured simultaneously since such multi-parameter662

tests give rise to uninformative posteriors. This is caused by663

the correlations between the deviation parameters and other664

GR parameters, which can be mitigated by increasing detector665

network sensitivity (Gupta et al. 2020; Datta et al. 2021) or666

by basing the parametrization on the radiative multipole mo-667

ments (Kastha et al. 2018, 2019; Mahapatra 2024; Mahapatra668

& Kastha 2024; Mahapatra et al. 2024). While deviation from669

GR can occur at any PN order and hence the eight deviation670

parameters should be measured simultaneously, to avoid the671

aforementioned problem with uninformative posteriors, the672

FTI and TIGER analyses each perform eight single param-673

eter tests, where only one deviation parameter is measured674

with the others being consistent with GR. However, we will675

instead use principal component analysis (PCA; Arun & Pai676

2013; Pai & Arun 2013; Saleem et al. 2022; Shoom et al.677

2023; Datta et al. 2024; Mahapatra et al. 2025) to identify the678

best-measured linear combinations of a set of PN deviation pa-679

rameters. The bounds so obtained are more constraining than680

the single parameter tests since they contain the information681

from multiple PN orders.682

In a multi-parameter test, along with the 15 GR parameters,683

the six deviation parameters, introduced from 1.5PN to 3.5PN,684

are included:685

{δφ̂3, δφ̂4, δφ̂5ℓ, δφ̂6, δφ̂6ℓ, δφ̂7} , (5)686

with the assumption that {δφ̂0, δφ̂1, δφ̂2}, the leading-order687

PN deviation parameters, are consistent with GR. While cur-688

rent GW detectors are sensitive enough to distinguish lower-689

order fractional deviations from intrinsic binary parameters690
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Table 4. Combined constraints on the leading five PCA parameters
from all selected GWTC-4.0 events

δφ̂
(k)
PCA Median & 90% errors GR quantile

FTI TIGER FTI TIGER

δφ̂
(1)
PCA −0.01+0.04

−0.03 0.01+0.06
−0.06 66% 41%

δφ̂
(2)
PCA −0.04+0.16

−0.16 0.14+0.22
−0.22 64% 14%

δφ̂
(3)
PCA 0.21+0.60

−0.52 1.63+2.39
−2.43 24% 14%

δφ̂
(4)
PCA −0.85+1.15

−1.10 −0.32+5.12
−5.53 88% 54%

δφ̂
(5)
PCA 2.56+6.72

−7.48 −10.03+7.36
−5.82 28% 98%

NOTE—We give the median, 90% credible intervals, and the GR
quantile, i.e., P (δϕ̂

(i)
PCA < 0), of the combined PCA posteriors.

in single-parameter tests for some events, in particular distin-691

guishing 0PN and 1PN deviations from chirp mass and mass692

ratio, this is not the case for multi-parameter tests. Moreover,693

the −1PN and 0PN deviations are already well-constrained694

by binary pulsar measurements (Yunes & Hughes 2010; Nair695

& Yunes 2020; Kramer et al. 2021). Of course, constraints696

on the −1PN coefficient from BNSs are not directly appli-697

cable to BBH signals, since there are theories in which BHs698

scalarize (leading to dipole radiation at −1PN) and NSs do699

not (Yagi et al. 2012a, 2016). However, GW230529, whose700

source has at least one BH, has also placed fairly tight con-701

straints on the −1PN coefficient (Sänger et al. 2026). Thus,702

our analysis focuses on a six-dimensional test with fractional703

deviation parameters ranging from 1.5PN to 3.5PN (Mahap-704

atra et al. 2025). This results in a 21-dimensional parameter705

space; hence, these analyses are computationally expensive.706

After obtaining the marginalized posteriors on the six devia-707

tion parameters, we post-process the posteriors using PCA to708

transition to a new basis. This new basis is a linear combina-709

tion of the original deviation parameters with suitable weights,710

expressed as711

δφ̂
(k)
PCA =

∑
i

αkiδφ̂i , (6)712

where the summation index runs over the six deviation pa-713

rameters in Equation (5). The coefficient αki corresponds714

to elements of the transformation matrix that diagonalizes715

the covariance matrix (Arun & Pai 2013; Pai & Arun 2013;716

Saleem et al. 2022; Datta et al. 2024; Mahapatra et al. 2025).717

Hence, shifting to the PCA basis reduces the correlations718

and provides better constraints. The PN coefficients that con-719

tribute relatively more to the observed inspiral signal have720

better-constrained fractional deviation parameters and there-721

fore contribute dominantly to the leading informative PCA722

components, making the PCA method sensitive to the relative723

normalization of the different deviation parameters. PCA has724

inherent sign ambiguity because the direction of eigenvectors725

is not uniquely determined; their signs can be flipped without726

affecting the variance they explain. To resolve this, we adopt727

a sign convention where each eigenvector and each principal728

component is adjusted so that the largest element is always729

positive (Mahapatra et al. 2025).730

We implement the PCA on GW events observed during the731

O4a run that meet specific selection criteria and constrain732

the deviations from GR. Due to the high computational733

cost of multi-parameter runs, we use strict selection crite-734

ria of inspiral SNR ≥ 14.5 and detector-frame chirp mass735

(1 + z)M < 20.5M⊙ to ensure longer inspiral signals. The736

inspiral SNR in the FTI and TIGER frameworks is defined737

in Section 2.1. For chirp mass, we use the median of the738

chirp mass posterior from the GR analysis with IMRPHE-739

NOMXPHM. Imposing this criterion results in two qualifying740

events from O3a (GW190412 and GW190814), two from O3b741

(GW191204 171526 and GW191216 213338), and two from742

O4a (GW230627 015337 and GW230927 153832) selected743

for PCA analysis in both the FTI and TIGER frameworks.744

We perform a multi-parameter run on the selected events us-745

ing the parametrized extension of the SEOBNRV5HM ROM746

waveform for FTI and the IMRPHENOMXPHM waveform747

for TIGER, as in the single-parameter analyses in Section 2.1.748

Both waveforms give consistent results in the PCA basis. In749

Figure 6, we show the violin plots of the posterior probabil-750

ity distributions for the first three leading PCA parameters751

corresponding to the selected O4a events. The results from752

PCA analysis on the O3a and O3b events are presented in753

Mahapatra et al. (2025). We restrict our attention to the first754

three PCA parameters since they carry the most information.755

The higher-order PCA parameters receive relatively larger756

contributions from those original deviation parameters that757

have uninformative posteriors (i.e., are dominated by the pri-758

ors). Consequently, the higher-order PCA parameters, which759

have wide posteriors, are not considered. We find that for760

both events, the posteriors are consistent with GR at the 90%761

credible level for all PCA parameters within both the FTI and762

TIGER frameworks.763

To combine information from multiple events, we use the764

marginalized-likelihood multiplication technique applied to765

the original deviation parameters (Saleem et al. 2022; Mahap-766

atra et al. 2025), where the likelihoods are constructed by sam-767

pling from six-dimensional kernel density estimator fits using768

a Gaussian mixture model (as implemented in SCIKIT-LEARN;769

Pedregosa et al. 2011). Subsequently, we apply PCA to the770

combined posteriors of the original deviation parameters in or-771

der to obtain the PCA parameters for multiple events. We find772

that higher PCA parameters for multiple events contain useful773

information, even though they do not for the individual events:774

The leading three PCA parameters in the FTI framework and775

the leading two in the TIGER framework are informative in all776

individual event analyses, as the Jensen–Shannon (JS) diver-777

gence (Lin 1991) between the posterior and prior distributions778

exceeds 0.1 bit. An exception is GW230627 015337 in the779

TIGER framework, where the JS divergence for the third PCA780

parameter also exceeds 0.1 bit. However, in the joint analysis,781

the leading five PCA parameters are informative, with the JS782

divergence exceeding 0.1 bit in both frameworks.783
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The combined posterior probability distributions on the first784

five leading PCA parameters from all the GW events passing785

the selection criteria are displayed in Figure 7. The median786

values, 90% credible intervals, and GR quantiles for combined787

PCA posteriors are listed in Table 4. The combined posterior788

distributions of the PCA parameters are statistically consis-789

tent with GR within the 90% credible interval, except for the790

fifth PCA parameter in the TIGER framework. The fifth PCA791

parameter in the TIGER framework exhibits a significant off-792

set from zero, with a GR quantile of 98%. Furthermore, the793

fourth PCA parameter in the FTI framework, as well as the794

second and third PCA parameters in the TIGER framework,795

are offset from zero. These offsets are all driven by the event796

GW190814 (Abbott et al. 2020b), for which we observed a797

similar offset in the PCA posteriors (Mahapatra et al. 2025).798

If GW190814 is excluded from the combined results, they do799

not have any notable offsets from zero. The deviations found800

for GW190814 could possibly be caused by noise artifacts801

present in the data or by systematic errors from the wave-802

form model and parameterization framework (Mahapatra et al.803

2025). The difference between the FTI and TIGER results804

is an estimate of the latter. We deduce a joint bound (at 90%805

credibility) on the leading PCA parameter to be −0.01+0.04
−0.03806

(0.01+0.06
−0.06) in the FTI (TIGER) framework, consistent with807

GR predictions. The loud O4b event GW250114 (Abac et al.808

2025b) also provides tight constraints on the first two PCA809

parameters (Abac et al. 2026e).810

2.3. Spin-induced multipole moment coefficient null test811

The gravitational field of a spinning object includes con-812

tributions from the object’s quadrupole and higher multipole813

moments, which arise from rotationally induced deforma-814

tions. These higher-order contributions leave unique imprints815

on gravitational waveforms, encoding the values of the spin-816

induced multipole moments of the binary’s constituent objects.817

For black holes, these moments take specific values that are818

uniquely determined by the mass and spin, as dictated by819

the no-hair conjecture (Carter 1971; Hansen 1974). Inferring820

the values of these moments from their imprints on gravita-821

tional waveforms can allow one to distinguish exotic compact822

objects from black holes. In this analysis, we model the spin-823

induced quadrupole moment of each compact object using the824

parameterization825

Qi = −κi χ
2
im

3
i , (7)826

where Qi, representing the quadrupole-moment scalar, ap-827

pears in the leading-order 2PN term in the GW phase and κi828

encodes the response of the object’s shape to its spin for object829

i = 1, 2. Here mi and χi are the mass and the dimensionless830

spin of the compact object i. Along with the 2PN leading-831

order term, we also include the spin-induced quadrupole-832

moment terms at 3PN in the binary inspiral phase (Arun et al.833

2009; Mishra et al. 2016). For a given family of exotic com-834

pact objects, the value of κi, the dimensionless spin-induced835

quadrupole-moment coefficient, is primarily determined by836

the mass of the compact object, with a subdominant depen-837

dence on the object’s spin, but the value can be significantly838

different for different classes of exotic compact objects.839

For Kerr black holes, the value is κBH = 1 (Carter 1971;840

Hansen 1974); for other compact stars, the value of κ is differ-841

ent due to the stars’ internal structure. For models of spinning842

neutron stars, κ can vary between ∼2 and ∼14 (Pappas &843

Apostolatos 2012a,b; Harry & Hinderer 2018). For avail-844

able models of spinning boson stars, κ can have values of845

∼10–150 (Ryan 1997), and κ can even be negative for exotic846

stars such as gravastars (Uchikata & Yoshida 2016). One ex-847

pects any compact object that has a spin-induced quadrupole848

different from that of a black hole to have a nonzero tidal de-849

formability (e.g., Sennett et al. 2017; Johnson-McDaniel et al.850

2020; Pacilio et al. 2020; Narikawa et al. 2021) as well as851

differences in the tidal heating (Cardoso et al. 2017; Maselli852

et al. 2018; Datta & Bose 2019; Datta et al. 2020; Chia et al.853

2025) and modifications to the merger–ringdown part of the854

signal compared to that from an BBH. However, including855

these effects is not essential for the effectiveness of the null856

test presented here. While we do not explicitly test signals857

from non-black hole objects, the measurement of the spin-858

induced quadrupole coefficient κ from GW data serves as859

a physics-motivated null test: deviations from the Kerr pre-860

diction κ = 1 may indicate the presence of exotic compact861

objects or deviations from GR.862

The coefficients κi represent the primary and secondary863

components’ spin-induced quadrupole moment parameters for864

a spinning compact binary system. Although we include the865

3PN spin-quadrupole contributions in our waveform model,866

the estimation of individual spin-induced quadrupole param-867

eters κ1 and κ2 remains challenging due to their strong cor-868

relations with the component masses and spins. In principle,869

higher-order corrections beyond 3PN could help disentangle870

these parameters. Given the current detector sensitivities, at871

least the additional 3.5PN term (where the spin-induced oc-872

tupole first enters Marsat 2015) does not significantly improve873

constraints, which remain broad. For this reason, we limit our874

analysis to the leading and next-to-leading spin-quadrupole875

terms. However, with a combination of κi values one can876

proceed further (Krishnendu et al. 2017, 2019a,b; Abbott et al.877

2021b; Divyajyoti et al. 2024). We consider the symmetric878

and anti-symmetric combinations of κi,879

κs =
κ1 + κ2

2
, (8)880

κa =
κ1 − κ2

2
. (9)881

For binary black holes in general relativity, κs = 1 and κa = 0.882

In this analysis, we assume κa = 0 in order to construct a883

more constraining null test for the Kerr nature of compact884

objects by measuring deviations from the expected value via885

κs = 1 + δκs. This assumption simplifies the parameter886

space and enhances our ability to detect deviations from the887

black hole prediction, though it does not capture possible888

asymmetries in the spin-induced quadrupole moments of the889

two components. However, for the loud O4b event GW241011890

(Abac et al. 2025c), whose source was an unequal-mass binary,891
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Figure 8. The posterior probability distribution on the spin-induced quadrupole moment parameter δκs using the IMRPHENOMXPHM MSA
(left panel) and SEOBNRV5HM ROM (right panel) waveform models. The black dashed vertical line indicates the BBH value (δκs = 0). The
colored vertical lines show the 90% symmetric bounds on δκs calculated from the individual events assuming a uniform prior ranging between
[−500, 500] on δκs.
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Figure 9. Joint posterior probability distribution on the spin-
induced quadrupole moment parameter δκs from the GWTC-4.0
events. Bounds obtained by multiplying the likelihoods (restricted)
and by hierarchically combining events (generic) are shown. The
analysis is performed assuming a uniform prior ranging between
[−500, 500] on δκs. The dashed line indicates the BBH value of
δκs, while the dotted lines mark the 90% symmetric credible inter-
vals. The BBH value is found slightly outside of the 90% credible
interval for the restricted results, due to correlations with χeff .

we have been able to constrain deviations in κ1, allowing it892

and κ2 to vary independently.893

We introduce the parameterized deviations δκs to the in-894

spiral phase for both the IMRPHENOMXPHM MSA and895

SEOBNRV5HM ROM waveform models, similar to the in-896

troduction of generic deviations of PN coefficients for these897

waveform models in Section 2.1. Here IMRPHENOMX-898

PHM MSA denotes that we use the version of this model in899

which precession is modeled using a multiscale analysis (Prat-900

ten et al. 2021), which was previously studied on GWTC-3.0901

events (Divyajyoti et al. 2024), instead of the SpinTaylor vari-902

ant used throughout the rest of this paper.903

We apply selection criteria based on the measurability of904

δκs, requiring that the posterior distribution is sufficiently905

constrained to distinguish potential deviations from the black906

hole value κs = 1. For the IMRPHENOMXPHM MSA907

analysis, we require (i) an inspiral network SNR of at least908

6 and (ii) χeff > 0 at the 90% credible level. To compute909

the combined bounds, we include events reported in Abbott910

et al. (2021b) that satisfy both selection criteria. This results911

in a total of seven events from O4a and eight events from912

GWTC-3.0. The event selection criterion on χeff is stricter913

than the one imposed for GWTC-3.0, so GW200129 065458914

is no longer selected for this test.915

Besides the spin-induced quadrupole-moment test previ-916

ously used in Abbott et al. (2021b), we also employ a new test917

based on the FTI framework used for parameterized inspiral918

tests (see Section 2.1). For this version of the test, the correc-919

tions due to δκs are added at 2PN and 3PN in the frequency-920

domain phase during inspiral (Mehta et al. 2023). In order921

to only apply the corrections to the inspiral portion of the922

waveform, the corrections are tapered off towards the merger-923

ringdown, which is left the same as in GR, as described in924
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Section 2.1. This test uses the SEOBNRV5HM ROM wave-925

form model and is applied only to events that satisfy the FTI926

event selection criteria of having an inspiral SNR of at least927

10 and at least 5 GW cycles in the inspiral. Additionally, as928

for the IMRPHENOMXPHM MSA analysis, we require that929

zero effective inspiral spin χeff = 0 is outside the 90% credi-930

ble interval of the GR posterior. Overall, six events from O4a931

pass these selection criteria.932

Figure 8 shows the posterior distributions of δκs for indi-933

vidual events. They are derived under the assumption of a934

uniform prior on δκs between [−500, 500]. As the parameter935

δκs is correlated with χeff , individual events constrain posi-936

tive values of δκs more strongly for positive effective inspiral937

spin and often have a long tail for negative δκs (Krishnendu938

et al. 2019b). Since most events observed have small but939

positive χeff (Abac et al. 2025d), it is expected that the com-940

bined posterior and the 90% bounds will have more stringent941

constraints on positive values of δκs than negative values.942

The combined posterior distribution on δκs from all se-943

lected GW events is shown in Figure 9. The 90% credible in-944

terval on δκs from the hierarchical analysis is δκs = −19+28
−34945

for IMRPHENOMXPHM MSA and δκs = −49+95
−176 for946

SEOBNRV5HM ROM. When restricted to the positive947

prior region, this analysis places a 90% credibility con-948

straint of δκs < 26 for IMRPHENOMXPHM MSA and949

δκs < 127 for SEOBNRV5HM ROM. The combined IMR-950

PHENOMXPHM MSA bounds are tighter than the SEOB-951

NRV5HM ROM ones because the GWTC-3.0 events have952

not yet been included in the SEOBNRV5HM ROM analysis,953

due to computational constraints. However, the IMRPHE-954

NOMXPHM MSA and SEOBNRV5HM ROM results for955

individual events in Figure 8 agree quite well.956

The distribution hyperparameters are just consistent with957

the null hypothesis (µ = σ = 0), with µ = −19+20
−22958

and σ < 25 for IMRPHENOMXPHM MSA, and with959

µ = −51+53
−128 and σ < 119 for SEOBNRV5HM ROM.960

Both µ and the population-marginalized posterior in Figure 9961

inherit the asymmetry of the individual events, which tend to962

be skewed toward δκs < 0. This explains why the results are963

marginally consistent with the null hypothesis and suggests964

that negative values of δκs are harder to constrain.965

The dashed curves in Figure 9 shows the joint-likelihood966

posterior obtained under the assumption that all events share967

a common value of δκs. Within this framework, we obtain968

δκs = −14+12
−14 for IMRPHENOMXPHM MSA and δκs =969

−32+29
−53 for SEOBNRV5HM ROM. The combined results970

of the restricted analysis are not consistent with δκs = 0971

at the 90% credible level due to the correlation with χeff ,972

just like the hierarchical results. When restricted to positive973

values, the constraint becomes δκs < 5.7 for IMRPHENOMX-974

PHM MSA and δκs < 13 for SEOBNRV5HM ROM.975

Overall, the results are consistent with BBHs described by976

GR.977

2.4. LOSA: Line-of-Sight Acceleration978

Motion of a CBC relative to a GW detector will cause the979

signal to be Doppler shifted. Uniform (constant velocity)980
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Figure 10. The posterior probability distributions for events satisfy-
ing the LOSA selection criteria. The colored dotted lines represent
the 90% credible levels.

motion will cause a constant Doppler shift, the measurement981

of which is perfectly degenerate with the intrinsic mass of the982

CBC following the mass–redshift degeneracy in GW signals983

(Abac et al. 2025a). However, a CBC moving with a time-984

varying relative velocity caused, e.g., by a constant LOSA a985

such as due to a nearby supermassive black hole, will cause986

a −4PN modulation (Vijaykumar et al. 2023; Tiwari et al.987

2026) at the leading order: the strength of this modulation988

is proportional to the magnitude of the LOSA. Tiwari et al.989

(2026) discusses how LOSA compares to other effects like990

repeated lensing by a supermassive black hole.991

The modulated inspiral GW waveform in the frequency992

domain can be written as993

h̃(f) = h̃non−acc(f)

(
1 +

∆ALOSA

Anon−acc

)
ei∆ΨLOSA , (10)994

where h̃non−acc(f) is the waveform without the effects of995

LOSA, ∆ALOSA/Anon−acc ∝ a/v8 is the modulation in the996

amplitude, and ∆ΨLOSA ∝ a/v13 is the phase correction997

due to LOSA. Here v = [πG(1 + z)Mf ]
1/3 is the binary’s998

orbital velocity, where z is the binary’s redshift and M is its999

total mass. The phase correction contains contributions from1000

point-particle, aligned spin, and tidal effect terms (Vijaykumar1001

et al. 2023; Tiwari et al. 2026).1002

The LOSA corrections have been derived assuming1003

|a/c|tsd ≪ 1, where tsd is the signal duration in the detector’s1004

sensitive band, so we can linearize in |a/c|tsd. Additionally,1005

the current setup of phase corrections due to LOSA only has1006

corrections to the dominant (2,±2) multipoles of the wave-1007

form and does not include contributions from precessing spins.1008

For a precessing binary, the aligned spin LOSA corrections1009
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are computed using the spin components at the reference1010

frequency.1011

We impose a set of selection criteria (Tiwari et al. 2026) to1012

identify events to which to apply the LOSA analysis, where1013

we evaluate these criteria using the intrinsic parameters of1014

the binary based on the GR analyses (Abac et al. 2026a), in1015

addition to using the LOSA results themselves in the final two1016

a posteriori criteria:1017

1. We ensure that the median of the redshifted total mass1018

(1 + z)M of the CBC is ≤ 10M⊙, since lower-mass1019

binaries have longer signals in the detectors sensitive1020

band, with many cycles at relatively small v, which give1021

the best constraints on the LOSA.1022

2. We ensure the median value of mass ratio q ≥ 0.25, to1023

avoid biased LOSA recovery due to higher multipole1024

content.1025

3. We ensure the median value of χp ≤ 0.4, to avoid1026

biased LOSA recovery due to precession, since the1027

LOSA corrections used are only for aligned spins.1028

4. After we perform LOSA inference on the events pass-1029

ing the above selection criteria, we calculate the quan-1030

tity |a/c|tsd to ensure it is ≤ 0.01 at the 90% credi-1031

ble level. Here we compute tsd using the Newtonian-1032

order expression for the time to coalescence, 5G(1 +1033

z)Mc5/(256ηv8) (e.g., Buonanno et al. 2009), starting1034

from the low frequency used in the analysis.1035

We use precessing waveforms IMRPHENOMXP MSA (Prat-1036

ten et al. 2021) and IMRPHENOMXP NRTIDALV2 (Colleoni1037

et al. 2025a) as the base waveforms for BBHs and BNSs,1038

respectively, while we use IMRPHENOMNSBH (Thompson1039

et al. 2020), which is non-precessing, for NSBHs.1040

Among the O4 events, we find GW230518 125908 to have1041

a total redshifted mass very close to the cutoff, so the first1042

selection criteria is only satisfied for the results using some1043

waveform models. We thus restrict consideration to the IMR-1044

PHENOMNSBH analysis, where we found that the median to-1045

tal mass of GW230518 125908 is slightly above the threshold.1046

However, three pre-O4 events fulfilled the first three selection1047

criteria regardless of the waveform model used in the analysis,1048

namely GW170817, GW190425, and GW200115 042309.1049

We find GW170817 and GW190425 to also fulfill the fourth1050

criterion and to be non-accelerating (see Figure 10): a/c is1051

constrained to be 0.42+2.00
−1.87 × 10−6 s−1 for GW170817 and1052

−0.01+6.29
−7.40 × 10−6 s−1 for GW190425. We also find that1053

GW200115 042309 is consistent with zero LOSA at slightly1054

less than 90% credibility. However, the GW200115 0423091055

results fail criterion four, so we cannot claim a reliable con-1056

straint on LOSA, and thus do not provide quantitative results1057

for that event.1058

3. TESTS OF GW PROPAGATION1059

This section is dedicated to plausible modification (beyond1060

GR) of the GW signal as it propagates between the source1061

and the detector. As discussed in Abbott et al. (2019c), we1062

assume that GR accurately models the generation of GWs1063

near the source in its local wave zone (Thorne 1980), or that1064

the deviations from GR during the generation or due to non-1065

linearity of the field in the near zone are not observable. This1066

is an excellent assumption in many cases. For instance, for1067

the massive graviton, the combined constraints from propa-1068

gation mean that the Yukawa length scale λg that determines1069

the corrections to the Newtonian potential is λg/r ≳ 10111070

times the maximum separation of the binary r in the sensitive1071

band of ground-based detectors, thus leading to corrections1072

to the binary’s GR dynamics from a massive graviton that are1073

of order r2/(2λ2g) ≲ 10−22 (bounds on mg from individual1074

events would lead to corrections at most an order of magni-1075

tude higher). We also assume that the GW signal is described1076

sufficiently accurately by two (tensorial) polarizations similar1077

to GR. In Section 3.1, we consider a phenomenological model1078

where the modification in the propagation of GW is caused1079

by a modification to the dispersion relation. In Section 3.2,1080

we consider modifications in GW signal caused by the dif-1081

ference in propagation of each polarization. For both of the1082

above tests, the modification to the GR waveform scales with1083

the distance to the source. As such, GWTC-4.0, containing1084

many events at > 1Gpc (Abac et al. 2026a), is well suited to1085

improve constraints on the modified propagation theories.1086

The companion paper focusing on the inference of cosmo-1087

logical parameters with GWTC-4.0 (Abac et al. 2025e), also1088

constrains a broad class of theoretical models that allow for1089

violations of GR. In that work, we concentrate on a specific1090

effect often referred to as GW friction, which manifests itself1091

as a modification of the GW amplitude and thus alters the1092

inferred luminosity distance. We place constraints on the ratio1093

of gravitational-wave to electromagnetic luminosity distances1094

by using the distribution of source-frame BBH masses and1095

assuming luminal GW propagation, finding results consistent1096

with GR.1097

3.1. Tests of a modified GW dispersion relation1098

GR predicts that the gravitational interaction (graviton)1099

propagates with the speed of light, and the corresponding1100

energy-momentum relation takes a simple form E2 = p2c2.1101

However, in the case of massive graviton and Lorentz in-1102

variance violating theories of gravity, we have a modified1103

dispersion relation (MDR) with an extra term:1104

E2 = p2c2 +Aαp
αcα, (11)1105

where the phenomenological parameter Aα governs the1106

strength of the violation and α controls the frequency depen-1107

dence of the dispersion (Will 1998; Mirshekari et al. 2012).1108

The modified dispersion causes different frequency compo-1109

nents of the signal to travel with different group velocities,1110

changing the morphology of the signal, which can be ex-1111

pressed as a frequency-dependent phase modification of the1112

GR waveform h̃(f) = h̃GR(f) exp(iδΨ(f)), with the modi-1113

fication (Ezquiaga et al. 2022):1114

δΨ(f) = −πDαh
α−2(1 + z)α−1

c
Aαf

α−1 . (12)1115
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Here h is the Planck constant, z is the redshift of the source,1116

and Dα is a modified distance parameter, defined by:1117

Dα =
c(1 + z)1−α

H0

∫ z

0

(1 + z̄)α−2√
Ωm(1 + z̄)3 +ΩΛ

dz̄ , (13)1118

where H0 is the Hubble constant, Ωm is the matter density1119

parameter, and ΩΛ is the dark energy density parameter. Here,1120

we use the ΛCDM cosmological model given in Abac et al.1121

(2025a). As such, we neglect the radiation density in the1122

expression for our distance parameter.1123

Previous tests of MDR performed by the LVK (Abbott1124

et al. 2017, 2019c, 2021b, 2025) quoted the results using1125

the particle velocity, for which the constraints on Aα are1126

1−α times larger than those obtained with the group velocity1127

for α ̸= 1; for α = 1 the particle velocity yields a devia-1128

tion with a different frequency dependence than the group-1129

velocity results. Ezquiaga et al. (2022) showed that the phase1130

modification obtained using the group velocity is consistent1131

with that obtained through the Wentzel–Kramers–Brillouin1132

approach (Beltrán Jiménez et al. 2020), which is why we use1133

the group-velocity expressions here.1134

The MDR given in Equation (11) provides a simple phe-1135

nomenological parametrization to a broad class of modi-1136

fied theories. Different values of α describe the leading1137

dispersive effect in different non-GR theories. Particular1138

predictions correspond to α = 0 (massive graviton; Will1139

1998), α = 2.5 (multi-fractal spacetime; Calcagni 2010),1140

α = 3 (doubly special relativity; Amelino-Camelia 2002),1141

and α = 4 (Hořava–Lifshitz and extra dimensional theories;1142

Hořava 2009; Sefiedgar et al. 2011).1143

Following the phenomenological approach, we test α ∈1144

{−3,−2,−1, 0, 0.5, 1.5, 2.5, 3, 3.5, 4}. The case α = 2 is1145

excluded, as this choice is equivalent to changing the over-1146

all speed of GW propagation and results in no dispersion.1147

Compared with GWTC-3.0, we drop the test of α = 1; in1148

this case the GW group velocity is equal to the speed of1149

light at leading order and the amplitude Aα=1 cannot be con-1150

strained (Baka et al. 2026). However, we now also include1151

negative values of α, which can result from a dark energy1152

phase transition (de Rham & Melville 2018; Baker et al. 2022;1153

Harry & Noller 2022).1154

We have introduced two novelties in the analysis after1155

GWTC-3.0 (Abbott et al. 2025). First, we use IMRPHE-1156

NOMXPHM for the underlying GR waveform. Second, for1157

each value of α, we sample in the effective amplitude pa-1158

rameter Aeff (which decouples the sampling parameter from1159

the choice of cosmology) and reweight the final result to a1160

prior flat inAα, instead of sampling separately for the positive1161

and negative values of Aα using the logarithm of an effective1162

wavelength parameter (Abbott et al. 2019c; Baka et al. 2026).1163

For α = 0, we additionally sample in the effective graviton1164

mass (Baka et al. 2026). For the combined bounds on the1165

graviton mass, we opt to transform the A0 posterior to a prior1166

flat in graviton mass (Baka et al. 2026), to ensure consistency1167

between between our bounds on A0 and mg .1168

Contrary to the tests of GW generation, where the devia-1169

tion from GR is expected to depend on the parameters of each1170

individual source, we assume that the modification in the prop-1171

agation of the gravitational waves themselves is universal to1172

all events, and independent of their SNR or parameters. There-1173

fore, we do not perform a hierarchical analysis as in Section 2.1174

Instead, we just apply kernel density estimation to the Aα1175

posteriors and combine the posteriors from different events1176

by multiplying together the individual likelihoods (which are1177

proportional to the posteriors as the priors were chosen to be1178

flat) and renormalizing the result. Finally, we estimate bounds1179

on the amplitude parameters using the combined results.1180

We use all 43 events analyzed for MDR in GWTC-3.0 (Ab-1181

bott et al. 2025), as well as all new BBH events in GWTC-4.01182

that pass the general selection criteria described in Section 1.1183

BNS and NSBH events are excluded due to computational1184

constraints, as these signals have long durations. Addition-1185

ally, these relatively nearby events provide limited informa-1186

tion on dispersion, with only loosely constrained posteriors,1187

as demonstrated for GW170817 (Abbott et al. 2019b). We1188

exclude GW230518 125908 due to its likely NSBH nature.1189

Although we analyzed GW231123, we omit it from our com-1190

bined analysis due to significant waveform systematic un-1191

certainties (Abac et al. 2025f), which led to an apparent GR1192

violation when analyzed with the IMRPHENOMXPHM wave-1193

form model. We give details of our studies of the systematic1194

errors from waveform modeling for this event and MDR in1195

Appendix D.1196

Therefore, we include 40 new events from O4a in our com-1197

bined analysis. In Baka et al. (2026), the authors reanalyze1198

the GWTC-3.0 data using all of the improvements described1199

above and provide a more detailed explanation of the meth-1200

ods. All comparisons to the GWTC-4.0 results are made with1201

respect to these reanalyzed GWTC-3.0 results, to ensure that1202

any differences are driven only by the inclusion of results1203

from the new mergers, and not by changes in methodology.1204

Figure 11 shows the violin plots describing the combined1205

bounds on the amplitude parameters Aα. The shaded gray1206

region shows the result for 43 events from GWTC-3.0 (Ab-1207

bott et al. 2025; Baka et al. 2026), while the blue posteriors1208

show the result for the 83 cumulative events in GWTC-4.01209

(i.e., after adding the events from O4a). Overall, the new1210

results are more constraining than those from GWTC-3.0 and1211

more consistent with the GR prediction (zero) for positive1212

values of α. On average, the new posteriors are narrower by1213

a factor 1.96 compared to the factor of 1.39 improvement1214

expected from the multiplication of Gaussian distributions.1215

Although for α = −3 and α = −2 cases, GR lands outside1216

the central 90% credible interval, this is driven primarily by1217

GW231028 153006 for which prior effects lead to the appar-1218

ent GR violations. The deviations disappear if this event is1219

excluded and therefore we find no evidence for dispersion of1220

GWs. See Appendix C for details about the prior effects for1221

GW231028 153006.1222

In Table 5 we summarize the data from Figure 11. For1223

each tested value of α, we report the 5% and 95% quantiles1224

together with the quantile at which GR was found, QGR =1225

P (Aα < 0). These values show the difference in width of1226
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Figure 11. Posteriors on the MDR amplitude parameters Aα. Results from GWTC-3.0 (Abbott et al. 2025; Baka et al. 2026) are indicated by a
shaded light-gray area, while the new results in GWTC-4.0 are represented by blue curves. The error bars indicate 90% credible intervals. The
significant shifts away from zero for α = −3,−2 are driven by prior effects for GW231028 153006.

Table 5. Combined results for the MDR analysis

m̄g Ā−3.0 Ā−2.0 Ā−1.0 Ā0.0 Ā0.5

90% 90% QGR 90% QGR 90% QGR 90% QGR 90% QGR

[10−23] [10−84] % [10−71] % [10−58] % [10−45] % [10−39] %

GWTC-3.0 2.23 −0.38 – 1.59 15.7 −0.53 – 1.42 22.3 −0.86 – 1.04 45.5 −1.63 – 0.41 84.1 −9.40 – 0.66 92.2

GWTC-4.0 1.92 0.19 – 1.18 1.1 0.06 – 1.13 3.4 −0.15 – 0.97 10.3 −0.96 – 0.42 71.7 −4.94 – 1.20 84.8

Ā1.5 Ā2.5 Ā3.0 Ā3.5 Ā4.0

[10−26] % [10−14] % [10−9] % [10−3] % [103] %

GWTC-3.0 0.95 – 6.83 1.3 −2.50 – −0.11 96.4 −8.53 – 0.95 90.4 −3.89 – 0.85 85.0 −1.69 – 0.64 75.3

GWTC-4.0 −0.40 – 3.11 10.5 −1.22 – 0.15 90.0 −3.42 – 1.08 79.8 −1.44 – 0.38 84.2 −0.62 – 0.19 82.5

NOTE—We compare the results for GWTC-4.0 with those for GWTC-3.0 (Abbott et al. 2025; Baka et al. 2026). The table shows 90% credible
intervals for the dimensionless graviton mass m̄g = mg/(eV/c2) and the dimensionless amplitude parameters Āα = Aα/eV2−α. We also
include the quantiles of the GR hypothesis QGR = P (Aα < 0). The significant shifts away from zero for α = −3,−2 are driven by prior

effects for GW231028 153006.

the marginalised posteriors and consistency with GR between1227

GWTC-3.0 and its extension to GWTC-4.0.1228

We applied a special treatment for α = 0, which can be1229

interpreted as giving the dispersion due to a massive gravi-1230

ton, and obtained the 90% upper bound on the graviton mass,1231

1.92×10−23 eV/c2. The new result gives a factor of 1.16 im-1232

provement compared to the GWTC-3.0 bound 2.23× 10−23
1233

eV/c2 (Abbott et al. 2025; Baka et al. 2026). The bound on1234

the graviton mass from planetary ephemerides is 1.01×10−24
1235

eV/c2 at the 99.7% confidence level (Mariani et al. 2023),1236

which is an order of magnitude better than our constraint.1237

However, these results are complementary, since they use1238

different set of observations (GW versus astrometry) and fo-1239

cus on different phenomenologies (wave propagation versus1240

orbital motion).1241

3.2. Tests of anisotropic birefringence from the Standard1242

Model Extension1243

The effective field theory referred to as the Standard Model1244

Extension (SME) is a phenomenological framework for de-1245

riving observational constraints of SSB, such as violations1246

of Lorentz invariance and charge–parity–time (CPT) symme-1247

try (Colladay & Kostelecký 1998; Kostelecký 2004). For1248

GWs, Lorentz and CPT violation can result in anisotropic and1249

dispersive propagation. One particular prediction of SME is1250

birefringence, which can cause the two polarizations to travel1251

at different speeds in vacuum.1252
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Figure 12. The combined posterior probability on the 16 anisotropic dispersion and birefringence coefficients k(5)
ℓm from O4a. We highlight the

m = 0 coefficients, which have weaker constraints that the others.

Within the SME’s gravity sector, all symmetry-breaking1253

operators that appear in the Lagrangian are associated with1254

a certain mass dimension d. Operators at higher mass di-1255

mensions are suppressed by larger powers of the natural en-1256

ergy scale (Kostelecký & Mewes 2016). For gauge-invariant1257

theories that allow SSB, the leading order manifestation of1258

anisotropic birefringence appears at mass-dimension d = 5.1259

This introduces a frequency-dependent birefringent dispersion1260

relation (Kostelecký & Mewes 2016; Mewes 2019), which1261

changes the frequency-domain waveform,1262

h̃+(f) = h̃GR
+ (f) cos

(
βf2

)
− h̃GR

× (f) sin
(
βf2

)
, (14)1263

h̃×(f) = h̃GR
+ (f) sin

(
βf2

)
+ h̃GR

× (f) cos
(
βf2

)
. (15)1264

Here h̃GR
+ (f) and h̃GR

× (f) are the polarization components1265

in GR and β is the deviation parameter directly related to1266

the symmetry breaking operators that appear in the SME1267

Lagrangian at d = 5:1268

β =
4π2

c

∣∣∣k(5)eff

∣∣∣ τ(z) , k
(5)
eff =

∑
ℓ,m

Yℓm(n̂) k
(5)
ℓm , (16)1269

τ(z) =

∫ z

0

1 + z̄

H0

√
Ωm(1 + z̄)3 +ΩΛ

dz̄ . (17)1270

where the superscript (5) denotes parameters related to dimen-1271

sion d = 5 and the parameters k(5)ℓm often appear as k(5)(V ) ℓm in1272

other papers (Kostelecký & Mewes 2016; O’Neal-Ault et al.1273

2021; Haegel et al. 2023). Here ℓ = 0, 1, . . . , d − 2 = 31274

and −ℓ ≤ m ≤ ℓ, while n̂ is the direction of the source in1275

spherical polar coordinates centered on the Earth and τ(z) is1276

the effective propagation time associated with cosmological1277

redshift z, where we use the cosmological model given in1278

Abac et al. (2025a). Similarly to MDR, we only consider the1279

propagation effect and neglect any modifications in the GWs1280

that could arise during their generation.1281

Since CBC sources are isotropically distributed over the sky1282

(Essick et al. 2023), we have sufficiently many GW detections1283

to extract all 16 k(5)ℓm parameters to determine all the degrees1284

of freedom possible in d = 5 symmetry breaking operators in1285

the Lagrangian.1286

We place a uniform prior on k(5)eff τ(z) and use IMRPHE-1287

NOMXPHM as the baseline GR waveform model. We then1288

derive the posteriors on k(5)eff and perform the singular value1289

decomposition of the matrix of spherical harmonics to obtain1290

the posteriors of the 16 k(5)ℓm parameters we are interested in.1291

While we do not have uniform priors on the individual k(5)ℓm1292

parameters, we have checked that we obtain almost identical1293

results when placing a uniform prior on k(5)eff . These post-1294

processing details can be found in Haegel et al. (2023), which1295

provides the limits obtained from 45 events in GWTC-3.0.1296

However, there were some typographic errors in their calcula-1297

tions, and the actual constraint is (Y00(n̂))
2 times the original1298

constraint, which is about one order of magnitude tighter. We1299

do not provide results on GWTC-3.0, awaiting re-analysis1300

with the updated BILBY implementation.1301

Figure 12 shows the marginalized posteriors of the absolute1302

values of the 16 k(5)ℓm coefficients from 40 events in O4a. Here1303

we omit GW231123 from the combined results due to the1304

waveform modeling uncertainties discussed in Abac et al.1305

(2025f) and also illustrated for MDR in Appendix D. For1306

GW231028 153006, the SSB analysis finds the same prior-1307

driven shifts away from GR found by MDR (see Appendix C),1308

and we thus include this event in the combined results, as does1309



23

Table 6. Combined results for the SSB analysis

|k(5)
ij | [10−14m] 90%

|k(5)
00 | 1.52

|k(5)
10 | 1.46

|Re k
(5)
11 | 1.05

|Im k
(5)
11 | 0.98

|k(5)
20 | 1.39

|Re k
(5)
21 | 0.95

|Im k
(5)
21 | 0.94

|Re k
(5)
22 | 0.81

|Im k
(5)
22 | 0.99

|k(5)
30 | 1.42

|Re k
(5)
31 | 0.95

|Im k
(5)
31 | 0.85

|Re k
(5)
32 | 0.87

|Im k
(5)
32 | 0.98

|Re k
(5)
33 | 0.88

|Im k
(5)
33 | 1.05

NOTE—We give the 90% upper bounds for the magnitudes of all
16 k

(5)
ℓm SSB coefficients from the O4a marginalized posteriors in

Figure 12.

MDR. The posteriors for all parameters peak at zero, which1310

corresponds to GR. In Table 6 we summarize the data from1311

Figure 12. Compared to the original GWTC-3.0 results in1312

Haegel et al. (2023), the constraints from just O4a are about1313

a factor of two tighter, after accounting for the correction1314

mentioned above. These are thus the current best constraints1315

on these coefficients—see Table D51 in Kostelecký & Russell1316

(2026), which also shows results from other studies that have1317

obtained more constraining illustrative bounds by varying the1318

coefficients one at a time, though this procedure is only valid1319

for the purposes of illustration.1320

4. CONCLUSIONS1321

We have presented the results of eight tests of GR or physics1322

beyond isolated, quasi-circular binaries, four of which are new1323

(and one, TIGER, has been significantly updated), all testing1324

various parameterized modifications to GR, and placing con-1325

straints on such deviations.1326

Overall, our tests find that the signals conform to our ex-1327

pectations from GR. We provide highlights of the bounds and1328

improvements in Table 1 of Paper I. In particular, we improve1329

the constraints on deviations in the PN coefficients compared1330

to GWTC-3.0 by up to a factor of 5.5 (where some of this1331

improvement is due to an increase in the tapering frequency1332

used by FTI, as discussed in Section 2.1). We also provide1333

illustrative translations (with caveats) of the PN coefficient1334

constraints to constraints on a variety of alternative theories in1335

Table 3. The loudest event during O4a, GW230814 230901,1336

can by itself place a tight bound on some PN deviations (Abac1337

et al. 2026d), but it is excluded from this paper’s analysis1338

because it is a single-detector event; even without it, the PN1339

coefficient constraints obtained from the full catalog are better.1340

However, the loud O4b event GW250114 (Abac et al. 2025b)1341

provides even better constraints than the full catalog (Abac1342

et al. 2026e). Additionally, the MDR analysis updates the1343

bound on the graviton mass to mg ≤ 1.92× 10−23 eV/c2 at1344

90% credibility.1345

Since we apply these tests to 91 events in GWTC-4.0, sta-1346

tistically a few should display apparent deviations from GR1347

expectations. Of the 42 O4a events covered in this paper,1348

this occurred for four events, namely GW230628 231200,1349

GW231028 153006, GW231110 040320, and GW231123,1350

which showed some deviations. The last three of these pro-1351

duced results with GR outside the 90% credible interval for1352

the MDR test, though for GW231028 153006 this is due1353

to priors, as discussed in Appendix C. The deviations for1354

GW231110 040320 are only slight, and the Bayes factors1355

still favor GR, while the deviations for GW231123 can be at-1356

tributed to waveform systematics, as discussed in Appendix D,1357

though alternative explanations such as wave-optics lensing1358

have also been raised (Abac et al. 2025f). TIGER also finds1359

deviations for GW231028 153006 for most post-inspiral co-1360

efficients but the Bayes factors still favor GR (FTI does not1361

analyze this event), while both FTI and TIGER find devia-1362

tions for GW231110 040320. Both FTI and TIGER find GR1363

outside the 90% credible interval for GW230628 231200.1364

For events before O4, the tests in this paper find GR inside1365

the 90% credible interval for all but GW190814 (Abbott et al.1366

2020b), where the TIGER and PCA analyses find GR to be1367

outside the 90% credible interval for some parameters. FTI1368

also finds minor shifts away from zero for some parameters1369

(though GR is still in the 90% credible interval), which studies1370

in Mehta et al. (2023) attribute to properties of the noise1371

around the time of the event. Inclusion of GW190814 in the1372

PCA combined results for TIGER also leads to shifts away1373

from zero for some parameters, with the largest shift in the1374

fifth PCA parameter, with a 98% GR quantile, while there are1375

no notable shifts for any PCA parameters if GW190814 is1376

excluded from the combined results.1377

Our analyses find consistency with GR in these tests for1378

all other events. For all other tests, we find such consistency1379

for the entire GWTC-4.0 catalog, though the SIM analyses1380

find that GR is slightly outside the 90% credible interval in1381

the combined results, due to correlations with the effective1382

inspiral spin. The few events that met the criteria for the1383

LOSA test are consistent with zero LOSA.1384

In summary, almost all events analysed were found to be1385

consistent with the expectations of GR. In those few cases1386

where the results were not seen to be consistent, likely causes1387

of the inconsistency were identified which are likely sufficient1388

to explain these apparent deviations, given the large num-1389

ber of events analysed, without requiring violations of GR.1390

Continued improvement in waveform modeling and detector1391



24

sensitivities as well as the analysis of additional events will1392

further clarify the situation.1393

We thus expect to place even better constraints on devia-1394

tions from GR with the analysis of additional events from1395

the remainder of the fourth observing run and from future1396

observing runs (Abbott et al. 2020a).1 Additionally, improve-1397

ments in analyses will also lead to better constraints, particu-1398

larly performing tests for specific alternative theories, where1399

inspiral–merger–ringdown waveform models have started to1400

be developed and applied to data (Julié et al. 2025; Liu &1401

Yunes 2025), improving on analyses that place constraints1402

using either the inspiral (Nair et al. 2019; Perkins et al. 2021;1403

Lyu et al. 2022; Perkins & Yunes 2022) or ringdown (Silva1404

et al. 2023; Chung & Yunes 2025; Maenaut et al. 2026) alone.1405

All strain data analyzed in this paper are available from the1406

Gravitational Wave Open Science Center (Abac et al. 2026f).1407

The data and scripts used to prepare the figures and tables are1408

available at LIGO Scientific, Virgo, and KAGRA Collabora-1409

tion (2026a).1410
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sitats, the Conselleria d’Innovació, Universitats, Ciència i1439
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The following open-source software has been used:1500

Calibration of the Laser Interferometer Gravitational-Wave1501

Observatory (LIGO) strain data was performed with a GST-1502

LAL-based calibration software pipeline (Viets et al. 2018).1503

Calibration of the Virgo strain data is performed with C-1504

based software (Acernese et al. 2022). Data-quality prod-1505

ucts and event-validation results were computed using the1506

DMT (Zweizig 2006), DQR (LIGO Scientific Collaboration1507

and Virgo Collaboration 2018), DQSEGDB (Fisher et al.1508

2021), GWDETCHAR (Macleod et al. 2021a), HVETO (Smith1509

et al. 2011), IDQ (Essick et al. 2020), OMICRON (Robinet1510

et al. 2020) and PYTHONVIRGOTOOLS (Virgo Collabora-1511

tion 2021) software packages and contributing software tools.1512

Analyses in this catalog relied upon the LALSUITE software1513

library (LIGO Scientific, Virgo, and KAGRA Collaboration1514

2026b; Wette 2020). The detection of the signals and subse-1515

quent significance evaluations in this catalog were performed1516

with the GSTLAL-based inspiral software pipeline (Messick1517

et al. 2017; Sachdev et al. 2019; Hanna et al. 2020; Cannon1518

et al. 2021), with the MBTA pipeline (Adams et al. 2016;1519

Aubin et al. 2021), and with the PYCBC (Usman et al. 2016;1520

Nitz et al. 2017; Davies et al. 2020) and the CWB (Klimenko1521

et al. 2004, 2011, 2016) packages. Estimates of the noise spec-1522

tra and glitch models were obtained using BAYESWAVE (Cor-1523

nish & Littenberg 2015; Littenberg et al. 2016; Cornish et al.1524

2021; Gupta & Cornish 2024). Noise subtraction for one1525

candidate was also performed with GWSUBTRACT (Davis1526

et al. 2022). Source-parameter estimation was performed1527

with the BILBY and PARALLELBILBY libraries (Ashton et al.1528

2019; Romero-Shaw et al. 2020; Smith et al. 2020) using the1529

DYNESTY nested sampling package (Speagle 2020). FTI,1530

TIGER, SIM, LOSA, MDR, and SSB waveforms used for1531

testing GR were generated using BILBYTGR (Ashton et al.1532

2025b). PESUMMARY was used to postprocess and col-1533

late parameter-estimation results (Hoy & Raymond 2021).1534

The various stages of the parameter-estimation analysis were1535

managed with the ASIMOV library (Williams et al. 2023) to-1536

gether with CBCFLOW (Ashton et al. 2025a). Plots were pre-1537

pared with MATPLOTLIB (Hunter 2007), SEABORN (Waskom1538

2021), and GWPY (Macleod et al. 2021b). NUMPY (Har-1539

ris et al. 2020), SCIKIT-LEARN (Pedregosa et al. 2011), and1540

SCIPY (Virtanen et al. 2020) were used in the preparation of1541

the manuscript.1542

APPENDIX1543

In these Appendices, we discuss apparent GR deviations1544

found for various events and either the TIGER or MDR1545

analyses. Specifically, we discuss the effects of noise on1546

GW190728 064510 in the TIGER reanalysis with IMR-1547

PHENOMXPHM (Appendix A), as well as systematic errors1548

from waveform modeling for the events GW231028 1530061549

for the TIGER and MDR analyses (Appendices B and C)1550

and GW231123 for the MDR analysis (Appendix D). See1551

Abac et al. (2025f) for studies of waveform-driven systematic1552

uncertainties in standard parameter estimation for GW231123.1553

1554

A. TIGER AND GW190728 0645101555

In the TIGER analysis of GW190728 064510 using the1556

IMRPHENOMXPHM model, we find that the GR value lies1557

outside the 90% credible interval for the lower PN terms, in1558

particular from 0PN to 1.5PN, as shown by the orange violin1559

plots in Figure 13. The posterior distributions of the deviation1560

parameters also exhibit bimodal features. However, the log101561

Bayes factors in favor of the beyond GR hypothesis over1562

the GR hypothesis are negative for all deviation parameters,1563

except for the 0PN and 0.5PN cases, where the values are1564

positive but small, with log10 B < 0.2.1565

Also, the TIGER analysis of this event using the IMR-1566

PHENOMPV2 model was reported in the GWTC-2.0 tests1567

of GR (Abbott et al. 2021b). In that analysis, no appar-1568

ent deviation was found, although strong bimodal features1569

were present for several deviation parameters, with one mode1570

consistent with GR and another mode shifted away from1571

the GR value. To understand whether the differences with1572

the IMRPHENOMXPHM results are driven primarily by1573

the improved treatment of precession or by the inclusion of1574
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Figure 13. Results from the TIGER test on the inspiral part of the sig-
nal GW190728 064510, including the real data and real-noise injec-
tion studies, one with IMRPHENOMXPHM, based on the maximum-
likelihood sample from the GR analysis. All TIGER analyses were
carried out using the same waveform model as the baseline.

higher-order modes, we additionally analyze this event us-1575

ing the IMRPHENOMXP SPINTAYLOR model (henceforth1576

just IMRPHENOMXP), which includes the updated preces-1577

sion treatment but not higher-order modes. We find a similar1578

bimodal structure. However, the posteriors obtained with IM-1579

RPHENOMPV2 and IMRPHENOMXP are not fully consistent.1580
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Table 7. Comparison of the GR quantiles, QGR = P (δφ̂i < 0), for
the TIGER analysis of GW190728 064510 and the corresponding
real noise injection

Parameter Real event Injection

δφ−2 40.3% 94.0%

δφ0 0.3% 0.7%

δφ1 1.4% 0.6%

δφ2 3.8% 0.7%

δφ3 93.5% 99.2%

δφ4 9.2% 1.1%

δφ5ℓ 87.0% 99.1%

δφ6 14.7% 1.2%

δφ6ℓ 87.4% 98.1%

δφ7 87.6% 97.6%

NOTE—The injection was performed 18 s after the event merger
time and generated using the maximum-likelihood sample from the
IMRPHENOMXPHM analysis. The TIGER analyses were carried
out with the same waveform.

Since the IMRPHENOMXP result still shows a GR-consistent1581

mode, while this mode is significantly suppressed in the IM-1582

RPHENOMXPHM analysis, the comparison suggests that1583

the apparent deviation in the lower PN coefficients is mainly1584

associated with the inclusion of higher-order modes.1585

To investigate whether the apparent tension with GR is1586

driven by waveform systematics, we first perform a zero-1587

noise injection analysis (i.e., we analyze simulated obser-1588

vations with no noise added) using IMRPHENOMXPHM1589

and the event PSDs released with GWTC-2.1 (Abbott et al.1590

2024). The injection waveform is generated using the1591

maximum-likelihood sample from a new IMRPHENOMX-1592

PHM SPINTAYLOR analysis of this event. (Here we do not1593

abbreviate the name of the waveform model to emphasize the1594

difference compared to the IMRPHENOMXPHM MSA ver-1595

sion used in the GWTC-2.1 parameter-estimation analysis.)1596

We do not observe any comparable deviation or bias in the1597

posterior distributions of the deviation parameters.1598

We then perform a set of injections in real detector noise1599

around the event time. The median detector-frame component1600

masses of GW190728 064510 are 15.1M⊙ and 9.1M⊙, and1601

the standard parameter-estimation analysis was performed1602

using a 16 s data segment. To avoid overlap with the data1603

segment used to analyze the event, we choose nearby integer-1604

second offsets somewhat randomly, injecting the signal 20 s1605

before and 18 s after the merger time. These choices place1606

the injections close to the event time while keeping the cor-1607

responding data segments non-overlapping with the event1608

segment. As described above, we use the same injection pa-1609

rameters and waveform model for these injections. For the1610

injection performed 20 s before the event, the posteriors of1611

the deviation parameters are consistent with the GR value.1612

However, for the injection performed 18 s after the event,1613

we find qualitatively similar biases to those seen in the real1614

event analysis, with the GR value lying outside the 90% cred-1615

ible intervals for several deviation parameters, as shown in1616

Figure 13. The shifts are not identical to those in the real1617

event, and in some lower PN cases the real event posteriors1618

show larger apparent deviations. This is expected, since the1619

injection probes only one nearby realization of real detector1620

noise and is not intended to reproduce the exact noise fluc-1621

tuation present at the event time. Instead, it demonstrates1622

that real detector noise for GW190728 064510 like event can1623

produce apparent deviations with comparable character.1624

Table A lists the GR quantiles, QGR = P (δφ̂i < 0), for1625

the PN deviation coefficients considered in this analysis. Ex-1626

cept for the 0PN coefficient, the real noise injection shows1627

GR quantiles that are comparable to, or more extreme than,1628

those of the real event, supporting the interpretation that such1629

apparent deviations can arise from detector noise fluctuations.1630

We also find that the log10 Bayes factors are positive for the1631

0.5PN, 1PN, and 3PN logarithmic deviation parameters, but1632

all remain below 0.4.1633

A similar injection study was performed in previous work1634

using NR waveforms injected into 21 different stretches of1635

real detector noise and recovered with the previous version of1636

TIGER (based on IMRPHENOMPV2; Meidam et al. 2018).1637

Figure 8 of Meidam et al. (2018) shows the 90% credible1638

intervals of the deviation parameters. In several cases, the1639

GR value lies outside, or close to the edge of, the 90% cred-1640

ible interval. In particular, simulation number 20 shows be-1641

havior that is qualitatively consistent with our findings for1642

GW190728 064510.1643

We therefore conclude that the apparent deviations observed1644

for GW190728 064510 are most likely caused by a particular1645

realization of detector noise rather than by waveform system-1646

atics or evidence for a genuine violation of GR. The weak1647

Bayes-factor support for the beyond-GR hypotheses further1648

supports this interpretation. Thus, while GW190728 0645101649

shows interesting behavior in the lower PN coefficients, the1650

result is consistent with noise-induced fluctuations and does1651

not provide evidence for a departure from GR.1652

B. TIGER AND GW231028 1530061653

As the GR analysis of GW231028 153006 found poten-1654

tial waveform systematic uncertainties (Abac et al. 2026a),1655

we highlight the TIGER results for this event. This event1656

only passes the criteria for TIGER analysis with post-inspiral1657

parameters. For all intermediate parameters and two merger–1658

ringdown parameters, the GR value lies at the edge of the1659

90% credible interval, as shown in the orange violin plot in1660

Figure 14. However, the Bayes factor in favor of the beyond-1661

GR model against the GR model is negative for all deviation1662

parameters; specifically, all log10 Bayes factor values are less1663

than −1.2.1664

To investigate whether the apparent tension with GR is1665

driven by waveform uncertainties, we perform a zero-noise1666

injection analysis using the NRSUR7DQ4 model (Varma et al.1667

2019), which directly interpolates numerical-relativity simu-1668
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Figure 14. Results from the TIGER test on the intermediate and
merger–ringdown portion of the signal GW231028 153006, includ-
ing the real data and two zero-noise injection studies, one with
NRSUR7DQ4 and one with IMRPHENOMXPHM, both based on
the maximum-likelihood sample from the GR analysis. All TIGER
analyses were carried out using the IMRPHENOMXPHM waveform
model as the baseline.

lations, avoiding the approximations used to construct IMR-1669

PHENOMXPHM. The injection waveform is generated from1670

the maximum-likelihood sample of the NRSUR7DQ4 GR1671

analysis for this event (Abac et al. 2026a). The same injection1672

study for the MDR analysis is presented in Appendix C. As1673

shown in Figure 14, the posteriors of the deviation parameters1674

from the injection analysis are consistent with those from1675

the real data. In particular, the GR value for the posterior of1676

intermediate parameters is also found at the edge of the 90%1677

credible interval. Since the TIGER baseline model is IMR-1678

PHENOMXPHM, the apparent tension may be driven by the1679

choice of waveform model used in the injection simulations.1680

To further investigate the degeneracy between the deviation1681

parameter and the GR parameters, we performed a zero-noise1682

injection study using the maximum-likelihood sample from1683

the IMRPHENOMXPHM GR analysis of this event. This1684

approach avoids systematics arising from the choice of wave-1685

form models. The blue violin plots in Figure 14 show the1686

posterior distributions of the deviation parameters. For the in-1687

termediate parameters, the GR values are recovered within the1688

90% credible intervals. However, for the merger–ringdown1689

parameters, the GR values lie at the edge of the intervals. We1690

find that the masses and spins are strongly correlated with the1691

deviation parameter. In particular, the spin magnitude of the1692

injection parameters is nearly unity, while the recovery with1693

the TIGER model shows reduced consistency at high spin1694

values for some deviation parameters. Moreover, the posteri-1695

ors of the mass-related parameters differ significantly from1696

those obtained with the GR model. Therefore, we conclude1697

that while the shifts away from GR seen in the intermediate1698
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Figure 15. Representative posteriors for the MDR amplitude parame-
ters Aα and the graviton mass mg for GW231028 153006. Inference
using both the IMRPHENOMXPHM and NRSUR7DQ4 waveform
models does not show any significant systematic uncertainties. We
instead find that this shift away from GR is due to a prior effect.

coefficients are primarily due to waveform uncertainties, the1699

results for the merger–ringdown parameters are partly due to1700

a strong degeneracy between the deviation parameter and the1701

GR parameters, not by physics beyond GR.1702

C. MDR AND GW231028 1530061703

Of the 40 new events contributing to the improved bounds1704

on the dispersion amplitudes Aα, GW231028 153006 is the1705

least consistent with GR. Since the GR analysis identified1706

potential waveform systematic uncertainties for this event,1707

we performed an additional analysis using the more accurate1708

NRSUR7DQ4 waveform model. Representative posteriors1709

are shown in Figure 15. The posteriors are consistent across1710

waveform models, indicating that our initial analysis with1711

IMRPHENOMXPHM is reliable.1712

To better understand the apparent tension with GR, we1713

analyzed a NRSUR7DQ4 injection into zero noise, based on1714

the maximum-likelihood sample from the GR analysis of this1715

event. In Figure 16, we show the inferred posterior distribution1716

of the graviton mass mg for this injection, compared to the1717

result from the analysis of the actual data. The posteriors1718

agree and both exhibit a peak in mg away from zero, even1719

though the injected signal is consistent with GR.1720

This can be attributed to a degeneracy betweenmg and other1721

binary parameters: the inferred parameters differ from those of1722

the injection, yet the corresponding waveforms remain similar.1723

We quantify this similarity using the mismatch between two1724

templates h1 and h2, defined as (Cutler & Flanagan 1994):1725
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Figure 16. Graviton-mass posterior for GW231028 153006 both for
real data and NRSUR7DQ4 injections into zero noise based on the
maximum-likelihood sample from GR analysis. Both are analyzed
with IMRPHENOMXPHM and NRSUR7DQ4 waveform models.
We thus find that this shift away from GR is due to a prior effect.

MM = 1−
∣∣∣∣∣ ⟨h1|h2⟩√

⟨h1|h1⟩⟨h2|h2⟩

∣∣∣∣∣ , (C1)1726

where ⟨·|·⟩ denotes the noise-weighted inner product and a1727

mismatch of 0 corresponds to identical templates. Compar-1728

ing the injected signal with the waveform corresponding to1729

the maximum-posterior sample, we find a low mismatch of1730

MM = 0.0054. While the likelihood near both the injection1731

point and the maximum-posterior sample is similar, the prior1732

density at the maximum-posterior location is higher by a fac-1733

tor of 3.31× 105. Consequently, samples near the maximum-1734

posterior point dominate, and GR-consistent solutions lie at1735

the edge of the posterior distribution.1736

D. MDR AND GW2311231737

While GW231123 passed the MDR selection criteria, this1738

event shows significant issues with waveform systematic un-1739

certainties (Abac et al. 2025f). As the MDR analysis with1740

IMRPHENOMXPHM showed an apparent GR violation, we1741

reanalyzed the data with the NRSUR7DQ4 waveform model1742

to check if waveform uncertainties are responsible. NR-1743

SUR7DQ4 is a surrogate model that shows better agreement1744

than IMRPHENOMXPHM with numerical-relativity simula-1745

tions for systems with similar total mass to GW231123 (Abac1746

et al. 2025f). The results show significant discrepancies in the1747

inferred posteriors of the amplitude parameters Aα and the1748

graviton mass mg; we show a few examples in Figure 17. The1749

use of the NRSUR7DQ4 waveform model shifts the posteriors1750

so that the GR value of 0 is included in the posterior mass.1751

For α ≤ 0, the posteriors are unimodal and centered near1752

zero. For α ∈ {0.5, 1.5, 2.5}, the posteriors have multiple1753

peaks but still show consistency with GR. For α ≥ 3, the1754
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Figure 17. Representative posteriors for the MDR amplitude param-
eters Aα and the graviton mass mg for GW231123. We find a large
discrepancy in the results between those obtained using IMRPHE-
NOMXPHM and NRSUR7DQ4.

Table 8. BMDR
GR comparison for GW231123

XPHM log10 BMDR
GR NRSUR log10 BMDR

GR

α = −3.0 −0.5 −2.5

α = −2.0 −0.3 −2.5

α = −1.0 0.1 −2.5

mg 1.0 −1.3

α = 0.0 0.2 −2.4

α = 0.5 0.3 −2.2

α = 1.5 0.8 −1.2

α = 2.5 1.0 −0.6

α = 3.0 1.0 −0.5

α = 3.5 1.1 −0.2

α = 4.0 1.8 0.1

NOTE—We give the values of the log Bayes factor BMDR
GR in favor of

MDR over GR for GW231123 analyzed with the IMRPHENOMX-
PHM and NRSUR7DQ4 waveform models and consider a selection
of different dispersion models (different values of α). The mg row
denotes the analysis with a prior uniform in the graviton mass. Each
entry compares analyses performed with the same waveform model.

posteriors are almost unimodal, with a small peak near 0 and1755

a larger peak further away. The inferred amplitude parameter1756
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Aα is closer to 0 and with the opposite sign compared to the1757

IMRPHENOMXPHM results.1758

In Table 8, we compare how the Bayes factors BMDR
GR in1759

favor of MDR over GR vary depending on the waveform1760

used. For IMRPHENOMXPHM, the Bayes factor shows a1761

preference for MDR for α > −2, despite its larger prior1762

volume compared to GR (due to one additional parameter and1763

an expanded prior range for the chirp mass to avoid railing).1764

In the NRSUR7DQ4 analysis, GR is generally preferred over1765

MDR, except for the α = 4 case, where there is a small1766

preference for MDR, though the uncertainty on the Bayes1767

factors has a standard deviation of ∼ 0.2.1768

Due to these issues with the waveform systematic uncer-1769

tainties, we have excluded GW231123 from the combined1770

bounds on GW dispersion.1771
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N. V. KRISHNENDU,104 S. KROKER,253 A. KRÓLAK,254, 187 K. KRUSKA,8, 9 J. KUBISZ,255 G. KUEHN,8, 9 S. KULKARNI,216
2301

A. KULUR RAMAMOHAN,34 ACHAL KUMAR,46 ANIL KUMAR,233 PRAVEEN KUMAR,178 PRAYUSH KUMAR,24 RAHUL KUMAR,2
2302

RAKESH KUMAR,94 J. KUME,256, 257, 42 K. KUNS,35 N. KUNTIMADDI,33 S. KUROYANAGI,208, 258 S. KUWAHARA,42 K. KWAK,239
2303

K. KWAN,34 S. KWON,42 G. LACAILLE,87 D. LAGHI,189, 101 A. H. LAITY,164 E. LALANDE,259 M. LALLEMAN,23 P. C. LALREMRUATI,260
2304

M. LANDRY,2 B. B. LANE,35 R. N. LANG,35 J. LANGE,148 R. LANGGIN,213 B. LANTZ,90 I. LA ROSA,99 J. LARSEN,200
2305

A. LARTAUX-VOLLARD,41 P. D. LASKY,6 J. LAWRENCE,165 M. LAXEN,64 C. LAZARTE,138 A. LAZZARINI,11 C. LAZZARO,157, 156
2306

P. LEACI,39, 38 L. LEALI,18 Y. K. LECOEUCHE,116 H. M. LEE,261 H. W. LEE,262 J. LEE,79 K. LEE,238 R.-K. LEE,142 R. LEE,35
2307

SUNGHO LEE,246 SUNJAE LEE,238 Y. LEE,141 I. N. LEGRED,11 J. LEHMANN,8, 9 L. LEHNER,183 M. LE JEAN,176, 118 A. LEMAÎTRE,263
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102Università di Siena, Dipartimento di Scienze Fisiche, della Terra e dell’Ambiente, I-53100 Siena, Italy2532

103Villanova University, Villanova, PA 19085, USA2533

104University of Birmingham, Birmingham B15 2TT, United Kingdom2534

105RRCAT, Indore, Madhya Pradesh 452013, India2535

106Kenyon College, Gambier, OH 43022, USA2536

107Missouri University of Science and Technology, Rolla, MO 65409, USA2537

108Indian Institute of Technology Madras, Chennai 600036, India2538

109Department of Physics and Astronomy, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, Netherlands2539

110Lomonosov Moscow State University, Moscow 119991, Russia2540

111Katholieke Universiteit Leuven, Oude Markt 13, 3000 Leuven, Belgium2541

112Rochester Institute of Technology, Rochester, NY 14623, USA2542
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176Université Claude Bernard Lyon 1, CNRS, Laboratoire des Matériaux Avancés (LMA), IP2I Lyon / IN2P3, UMR 5822, F-69622 Villeurbanne, France2606
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