
Draft version 21 July 2026
Typeset using LATEX twocolumn style in AASTeX631

GWTC-5.0: Tests of General Relativity

The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration

(Compiled: 21 July 2026)

ABSTRACT
The signals from the LIGO–Virgo–KAGRA network of gravitational-wave (GW) detectors allow us to perform

sensitive tests of general relativity (GR) in the dynamical and strong-field regime of gravity. We present the results
of seven tests of GR using the observed binary signals in the fifth GW Transient Catalog (GWTC-5.0), i.e., up to
and including the second part of the fourth observing run (O4b). We restrict our analysis to the confident signals,
henceforth called events, observed by at least two detectors that have estimated false alarm rates ≤ 10−3 yr−1.
These include 72 events from O4b and five events from the first part of the fourth observing run that are now
analyzed due to their increased significance from updated search results, bringing the total number of events
for tests of GR in the cumulative GWTC to 168. After subtracting the best-fit waveforms, we find the residuals
are consistent with detector noise for all events considered. We also find no strong evidence for additional
polarizations beyond those predicted by GR. We perform tests of GW generation, improving the constraints on
deviations from the GR post-Newtonian coefficients by factors of 1.2 to 2.6. Finally, we find overall consistency
of the remnants with GR using both time- and frequency-domain methods. For GW240621 195059, postmerger
data are consistent with the dominant quadrupolar (` = |m| = 2) mode of a Kerr black hole and its first overtone,
with spurious high-frequency content preventing a spectroscopic constraint of GR. In the frequency-domain
ringdown analysis, the GR prediction lies in the tails of the combined results, possibly due to the limited catalog
size. However, the combined results indicate improved consistency with GR over GWTC-4.0, owing to the
contribution of GW250114 with a network matched-filter signal-to-noise ratio of 76.9. Overall, we find no
evidence for physics beyond GR.

1. INTRODUCTION

Gravitational wave (GW) observations of compact binary
coalescences (CBCs) have opened a new regime for testing
gravity in the strong-field, highly dynamical sector. Since the
first detection of a merger involving two black holes (BHs)
(Abbott et al. 2016a), followed by observations of systems
containing neutron stars (NSs) (Abbott et al. 2017a, 2021a),
the population of detected GW signals (hereafter referred to
as events) has grown rapidly, enabling increasingly precise
tests of Einstein’s theory of general relativity (GR). These
observations of binary BH (BBH), binary NS (BNS), and NS–
BH binary (NSBH) mergers probe gravitational dynamics in
regimes that were previously inaccessible, complementing
precision tests of gravity performed in the Solar System (Will
2014), with binary pulsars (Kramer et al. 2021), through ob-
servations of stars orbiting Sgr A∗ (Abuter et al. 2018; Do et al.
2019; Abd El Dayem et al. 2025), using BH shadow measure-
ments (Akiyama et al. 2019, 2022a,b), and from cosmological
observations (Ishak 2019; Ferreira 2019).

The full author list is given at the end.
For correspondence: LSC P&P Committee, for LVK Publications, via
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Analyses of the GW signals detected during the first three
observing runs of the Laser Interferometer Gravitational-Wave
Observatory (LIGO) (Aasi et al. 2015) and Virgo observatory
(Acernese et al. 2015) have already provided a wide range of
tests of GR, including consistency checks of the waveform
morphology, constraints on parameterized deviations from GR
predictions, and studies of the properties of the remnant BH
(Abbott et al. 2016b, 2017b,c, 2019a,b, 2020c, 2021b, 2025).
To date, these tests have shown overall consistency with the
predictions of GR, simultaneously improving constraints on a
wide range of possible deviations from the theory.

The fourth observing run of the LIGO–Virgo–KAGRA Col-
laboration (LVK) has further expanded the number and di-
versity of observed compact binaries. The first part of this
run already yielded a rich sample of binaries (Abac et al.
2025a, 2026a), including several events whose properties
are particularly relevant for testing gravitational dynamics.
These events were analyzed in detail in the GWTC-4.0 tests
of GR catalog papers (Abac et al. 2026b,c,d). For example,
the likely NSBH system GW230518 125908 provided strong
constraints on deviations in the inspiral dynamics (Abac et al.
2026c), while GW231226 101520 offered improved measure-
ments of the remnant BH properties and the post-merger sig-
nal (Abac et al. 2026d). The tests of GR on the two single-
detector events GW230529 181500 (Abac et al. 2024) and
GW230814 230901 (Abac et al. 2026e) are reported else-
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where (Sänger et al. 2026; Abac et al. 2026e). Analyses of
the first part of the fourth observing run (O4a) observations
have strengthened the constraints obtained in earlier catalog
studies for an expanded range of tests to probe any deviations
from GR.

The second part of the fourth observing run (O4b), from
2024 April 10 to 2025 January 28, has continued to expand
this sample and includes several events that provide especially
informative probes of strong-field gravity. The asymmetric,
high-spin binary merger GW241011 233834 is among the
first detections allowing us to probe a region of the binary
parameter space that has so far been sparsely populated by
observations, providing a valuable opportunity to test gravita-
tional dynamics in unequal-mass systems (Abac et al. 2025b).
Similarly, the high signal-to-noise ratio (SNR) observation
of BBH coalescence GW250114 082203 (henceforth short-
ened to GW250114; Abac et al. 2025c) has enabled partic-
ularly strong constraints on both post-Newtonian (PN) co-
efficients and quasi-normal mode (QNM) deviations (Abac
et al. 2026f). Detailed analyses of this event have yielded
stringent tests of the Kerr nature of BHs as well as Hawking’s
area theorem (Abac et al. 2025c, 2026f). We also include
GW240925 005809, a loud event observed for which the orig-
inal detector calibration was subsequently revised in the C01
recalibration (Abac et al. 2026g). Comparisons with astro-
physical calibration measurements show that the recalibrated
strain data are consistent with the expected detector response,
while remaining calibration uncertainties can be incorporated
through joint inference of calibration and source parameters.
These studies indicate that any potential biases are adequately
controlled, supporting the inclusion of this event in our analy-
ses. These notable events illustrate the increasing scientific
reach of GW observations as the detector network continues
to become more sensitive.

In this work, we analyze the GW signals that constitute the
fifth Gravitational-Wave Transient Catalog (GWTC-5.0; Abac
et al. 2026h,i), combining the new detections from O4b with
previously observed events. We restrict ourselves to events
that pass the same selection criteria described in the previous
tests of GR papers (Abbott et al. 2025; Abac et al. 2026b)
of having an estimated false-alarm rate (FAR) ≤ 10−3yr−1

and having been observed by at least two detectors. Thus, of
the O4b candidates, this paper includes 72 new events. Of
the O4a candidates, this paper covers five additional events
that only passed the FAR threshold in the reanalyses carried
out with the PyCBC and GstLAL search pipelines using up-
dated configurations (Abac et al. 2026i), and thus were not
analyzed in the GWTC-4.0 tests of GR papers (Abac et al.
2026b,c,d). We also include the events from the previous ob-
serving runs: O1 (the first observing run, from 2015 Septem-
ber 12 to 2016 January 19; Abbott et al. 2016c), O2 (the
second observing run, from 2016 November 30 to 2017 Au-
gust 25; Abbott et al. 2019c), O3a (the first half of the third
observing run, from 2019 April 1 to 2019 October 1; Abbott
et al. 2021c, 2024), O3b (the second half of the third observ-
ing run, from 2019 November 1 to 2020 March 27; Abbott
et al. 2023), and O4a (from 2023 May 24 to 2024 January 16;

Abac et al. 2026a). Together, these observations provide the
largest sample of compact binary mergers yet used to test
gravitational dynamics.

Table 1 gives an overview of the testing GR pipelines and
sections where they are described, as well as main results and
highlights of the improvements with respect to GWTC-4.0.
Many of the tests covered have additional, narrower selection
criteria for choosing which events are relevant for them, based
on the supported physical parameters; these are described in
the respective sections.

While GWTC-4.0 tests of GR papers (Abac et al. 2026b,c,d)
reported results from a broader range of pipelines, the present
paper prioritizes tests that provide broad coverage of potential
deviations from GR, have well understood systematics, and
are expected to yield the most informative constraints with
the current set of events. Several analyses reported in earlier
catalogs are therefore not included in this paper due to tech-
nical reasons or to limit the scope of the paper, as detailed in
the following.

The inspiral–merger–ringdown (IMR) consistency test
(Hughes & Menou 2005; Ghosh et al. 2016, 2018) is not
included because Narayan et al. (2023, 2026) showed that
this test can exhibit spurious biases even for unlensed, qua-
sicircular binary signals in certain portions of the parameter
space. This is in addition to finding the expected biases when
applying this test and other ones to lensed or eccentric bi-
nary signals using an unlensed, quasicircular GR baseline.
The subdominant multipole amplitudes test (Puecher et al.
2022; Gupta et al. 2025) provides comparatively weak con-
straints for current data and can only be applied to a limited
subset of events, with the best constraint so far coming from
GW241011 233834, whose source was a asymmetric BBH
system (Abac et al. 2025b). The Test Infrastructure for GEn-
eral Relativity (TIGER; Li et al. 2012a; Agathos et al. 2014;
Meidam et al. 2018; Roy et al. 2026) post-inspiral analysis is
less straightforward to interpret than tests based on deviations
in individual PN coefficients. The multiparameter PN coeffi-
cients test using principal component analysis (Saleem et al.
2022; Mahapatra et al. 2025) is excluded to simplify the scope
of the paper, since it probes deviations in the inspiral dynam-
ics that are partially redundant with those constrained by the
other included parameterized PN deviation analyses. The spin-
induced moment tests (Krishnendu et al. 2017, 2019; Mehta
et al. 2023; Divyajyoti et al. 2024) only analyze a relatively
small subset of the events and also obtained the most strin-
gent constraints to date from GW241011 233834 (Abac et al.
2025b) due to the event’s high SNR, large primary spin, and
unequal mass ratio. The line-of-sight acceleration (Vijayku-
mar et al. 2023; Tiwari et al. 2026) analysis does not directly
probe deviations from GR and only a few events satisfy its
selection criteria. The test for dispersive propagation (Mir-
shekari et al. 2012; Baka et al. 2026) is currently investigating
correlations between the binary parameters and the modifica-
tions in the dispersion relation, as well as refining its event
selection criterion to select a subset of events that contribute
most significantly to the constraints. The spacetime symmetry
breaking test (Haegel et al. 2023) for anisotropic birefringent
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propagation effects is not considered to simplify the scope of
the paper. The pyRing (Carullo et al. 2019) ringdown analysis
is currently undergoing development to improve its compu-
tational efficiency and scalability for large catalog analyses.
Finally, the searches for post-ringdown echoes (Lo et al. 2019;
Tsang et al. 2018; Miani et al. 2023; Uchikata et al. 2023) are
discontinued as these analyses are not expected to provide sig-
nificantly stronger constraints than what have been obtained
already.

The rest of this paper is organized as follows. Section 2
discusses the events included, and details which tests were
performed for each. Section 3 describes the general methods
common between many of the tests. Section 4 describes the
residual test. Section 5 describes the tests for possible non-GR

polarizations. Section 6 describes the tests of modifications in
the GW generation from CBC systems, specifically tests of
parameterized deviations in individual PN coefficients with
TIGER, using the IMRPhenomXPHM SpinTaylor waveform
model, and the Flexible Theory-Independent (FTI) test, using
the SEOBNRv5HM ROM waveform model. In Section 7, we
discuss three ringdown tests of remnants of BBH mergers: the
ringdown analysis (RD) considering the post-inspiral signal in
the time domain (Section 7.1), pSEOBNR analyzing the entire
signal in the frequency domain (Section 7.2), and the QNM
rational filter (QNMRF) analysis applying a filter to determine
the QNMs present in the post-inspiral signal (Section 7.3).
Section 8 provides overall concluding remarks.

Table 1. Summary of testing GR pipelines and new results.

Test Section Quantities Parameters Main Result Improvement

RT 4 p-value for residual signal p-value Consistent with uniform dist. · · ·

POL 5 Bayes factors between different polarization hypotheses log10 B
X
T −19.50+0.73

−0.73–0.91+0.71
−0.71 −0.82–4.78

TIGER 6 PN deformation parameters |δϕ̂k | ≤ 4.4 × 10−4–0.8 1.2–2.2

FTI 6 PN deformation parameters |δϕ̂k | ≤ 6.0 × 10−4–0.9 1.7–2.6

RD 7.1 Amplitude of subdominant mode(s) A221 4.68+7.84
−3.63 × 10−21 New

pSEOBNR 7.2 Fractional deviations in frequency and damping time {δ f̂220, δτ̂220} {0.01+0.03
−0.03, 0.09+0.13

−0.10} {1.95, 1.48}

QNMRF 7.3 Detection statistic for subdominant ringdown modes D−D1% 221 : ≤ 2.46 · · ·

Note—This table summarizes the names of the tests performed, the corresponding sections, the parameters involved in the test, the new results,
and the improvements with respect to the GWTC-4.0 analyses (Abac et al. 2026b,c,d). The analyses performed are: RT = residual test; POL =

polarization tests; TIGER and FTI = tests of GW generation; RD, pSEOBNR and QNMRF = ringdown tests. The improvement is defined as
XGWTC−4.0/XGWTC−5.0, where X denotes the width of the 90% credible interval for the parameters of each test. For RT, the · · · marker is used for
the improvement to indicate that the result of overall consistency is maintained. For POL, the improvement is defined as the difference of the
log10 Bayes factors (GWTC-4.0 minus GWTC-5.0), where a positive (negative) improvement favors (disfavors) GR. The main results and
improvements for TIGER, FTI and pSEOBNR are obtained using the combined results from hierarchical analyses. The main result of RD is the
amplitude of the subdominant (` = m = 2, n = 1) mode at the earliest analysis start time for which the amplitude is measured self-consistently,
t> = 2tMf , for GW240621 195059. The label “New” refers to the tests that were not performed in the GWTC-4.0 analyses. Finally, the QNMRF
parameter is the detection statistic for the subdominant 221 mode minus the threshold corresponding to a 1% false alarm probability, computed
over a period when including the 221 mode improves consistency with the IMR results, here for GW240621 195059. For QNMRF, the · · ·
marker indicates that no improvement has been observed relative to GWTC-4.0.

2. THE GRAVITATIONAL-WAVE EVENTS

The sample of signals analyzed in this work consists of
CBCs reported in GWTC-5.0 that satisfy the selection criteria
adopted for the tests of GR. Table 2 lists the events from O4b
that pass these requirements, while Table 3 shows additional
events from O4a that were not included in the GWTC-4.0
tests of GR but satisfy the same selection criteria when using
the reanalyzed PyCBC and GstLAL search results with up-
dated configurations (see Appendix A of Abac et al. 2026i).
The event GW240925 005809 (Abac et al. 2026g) is included

using the C01 recalibrated strain data, which corrects the
calibration error present in the observed data. Comparisons
with astrophysical calibration measurements indicate consis-
tency with the expected detector response, and the remaining
calibration uncertainty is incorporated through the standard
calibration-marginalization procedure. Combined with events
analyzed in earlier catalog studies, these observations provide
the dataset used in the tests presented in this paper.

The tables summarize several basic properties of each event.
For each signal we report the network matched-filter SNR
and the interferometers (IFOs) that contributed to the analysis
(H = LIGO Hanford, L = LIGO Livingston, V = Virgo). We
also include several quantities inferred from the parameter es-
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timation (PE) analyses performed for the GW catalogs (Abac
et al. 2026h), namely the redshifted chirp mass (1 + z)M, the
effective inspiral spin χeff , the redshifted final mass (1 + z)Mf ,
and the final spin χf of the remnant object.

Not all analyses use the full set of events listed in the tables.
Several of the tests impose additional requirements related
to signal strength, binary parameters, or the portion of the
waveform being analyzed. The final columns of the tables

therefore indicate which events contribute to each analysis.
The detailed selection criteria used by the individual tests are
described in the corresponding sections of this paper.

Descriptions of the search pipelines, detector characteri-
zation, PE methods, and data-quality investigations can be
found in the GWTC-5.0 catalog and methods papers (Abac
et al. 2026i,j).

Table 2. Event selection table for the analyses in this paper, from the second part of the fourth observing run

(O4b) (Abac et al. 2026i).

O4b Binary properties Performed tests

Event Name SNR IFOs (1 + z)M [M�] χeff (1 + z)Mf [M�] χf RT POL TIGER FTI RD pSEOBNR QNMRF

GW240413 022019 17.3+0.2
−0.2 HLV 6.42+0.02

−0.02 0.07+0.14
−0.04 14.31+1.83

−0.30 0.70+0.03
−0.04 X X X · · · · · · · · · · · ·

GW240414 054515 10.7+0.2
−0.4 HV 35.0+4.5

−3.8 0.03+0.22
−0.21 79.9+10.1

−6.8 0.69+0.11
−0.12 X X · · · · · · · · · · · · · · ·

GW240426 031451 9.1+0.3
−0.5 HL 62.1+8.3

−11.0 −0.05+0.24
−0.28 140+16

−16 0.67+0.11
−0.13 X X · · · · · · · · · · · · · · ·

GW240428 225440 15.6+0.2
−0.3 HV 17.21+0.32

−0.29 0.03+0.10
−0.08 38.27+2.82

−0.93 0.69+0.04
−0.04 X X · · · · · · · · · · · · · · ·

GW240501 033534 9.7+0.4
−0.5 HLV 49.2+8.3

−8.3 0.04+0.26
−0.28 110+17

−15 0.70+0.10
−0.12 X X · · · · · · · · · · · · · · ·

GW240507 041632 9.7+0.5
−0.7 HLV 17.48+2.87

−0.94 0.01+0.20
−0.23 50.0+9.0

−7.8 0.55+0.19
−0.13 X X · · · · · · · · · · · · · · ·

GW240511 031507 15.6+0.2
−0.3 HLV 42.4+3.7

−3.3 0.05+0.17
−0.16 93.9+7.5

−6.2 0.71+0.07
−0.07 X X · · · · · · · · · X · · ·

GW240512 024139 10.8+0.3
−0.5 HLV 10.58+0.08

−0.10 0.14+0.13
−0.07 23.88+3.73

−0.85 0.72+0.06
−0.04 X X · · · · · · · · · · · · · · ·

GW240513 183302 13.6+0.2
−0.4 HLV 24.4+1.1

−1.0 0.14+0.13
−0.14 54.8+4.0

−2.5 0.74+0.06
−0.06 X X · · · · · · · · · · · · · · ·

GW240514 121713 16.2+0.2
−0.3 HLV 51.6+5.1

−6.1 0.01+0.17
−0.18 114.6+10.1

−9.4 0.69+0.08
−0.09 X X · · · · · · · · · X · · ·

GW240515 005301 10.3+0.3
−0.4 HLV 36.7+3.3

−3.3 0.47+0.17
−0.19 85.4+11.7

−8.3 0.84+0.06
−0.09 X X · · · · · · · · · · · · · · ·

GW240520 213616 10.5+0.3
−0.5 HLV 10.49+0.14

−0.11 −0.00+0.12
−0.08 23.46+2.40

−0.60 0.67+0.04
−0.04 X X · · · · · · · · · · · · · · ·

GW240527 183429 9.4+0.3
−0.5 HLV 70+11

−19 0.31+0.27
−0.33 157+21

−25 0.79+0.09
−0.16 X X · · · · · · · · · · · · · · ·

GW240527 230910 10.7+0.3
−0.4 HLV 17.33+0.62

−0.55 −0.03+0.20
−0.24 44.8+8.5

−6.3 0.58+0.10
−0.08 X X · · · · · · · · · · · · · · ·

GW240530 012417 10.6+0.5
−0.6 HLV 11.10+0.12

−0.11 0.04+0.25
−0.11 25.4+7.8

−1.2 0.68+0.07
−0.05 X X · · · · · · · · · · · · · · ·

GW240601 231004 9.8+0.3
−0.5 HLV 9.72+0.07

−0.07 0.09+0.16
−0.07 21.56+3.79

−0.41 0.72+0.06
−0.05 X X · · · · · · · · · · · · · · ·

GW240615 113620 23.8+0.1
−0.2 HLV 33.5+1.6

−1.8 −0.07+0.11
−0.13 74.6+3.2

−3.3 0.66+0.05
−0.06 X X · · · X X X X

GW240615 160735 9.9+0.3
−0.5 HLV 33.6+3.7

−3.5 0.28+0.20
−0.24 75.2+7.9

−6.5 0.78+0.08
−0.11 X X · · · · · · · · · · · · · · ·

GW240621 195059 27.6+0.1
−0.2 HLV 35.0+1.6

−1.5 −0.00+0.10
−0.10 77.5+2.9

−2.7 0.68+0.04
−0.04 X X · · · X X X X

GW240622 004008 12.3+0.3
−0.4 HLV 15.97+0.28

−0.25 0.25+0.13
−0.10 36.1+6.7

−1.6 0.77+0.07
−0.05 X X · · · · · · · · · · · · · · ·

GW240629 145256 12.3+0.3
−0.4 HLV 9.98+0.06

−0.06 0.04+0.11
−0.06 22.26+1.98

−0.48 0.69+0.03
−0.04 X X · · · · · · · · · · · · · · ·

GW240630 101703 10.1+0.3
−0.5 HLV 33.1+3.7

−3.9 −0.04+0.23
−0.27 73.9+7.6

−6.8 0.69+0.10
−0.11 X X · · · · · · · · · · · · · · ·

GW240703 191355 10.1+0.3
−0.6 LV 35.2+3.3

−3.1 0.05+0.21
−0.20 78.4+6.9

−5.9 0.71+0.09
−0.08 X X · · · · · · · · · · · · · · ·

GW240705 053215 14.3+0.2
−0.3 HLV 56.5+6.4

−6.3 −0.03+0.20
−0.21 126+13

−11 0.69+0.10
−0.09 X X · · · · · · · · · X · · ·

GW240716 034900 13.0+0.3
−0.4 LV 37.9+4.6

−4.7 −0.02+0.22
−0.25 85.9+8.7

−7.7 0.67+0.10
−0.13 X X · · · · · · · · · X · · ·

GW240825 055146 9.7+0.4
−0.6 HLV 10.91+0.13

−0.28 0.07+0.19
−0.13 24.9+4.9

−1.2 0.69+0.07
−0.06 X X · · · · · · · · · · · · · · ·

GW240830 211120 10.7+0.4
−0.5 HLV 10.19+0.10

−0.09 0.07+0.13
−0.07 22.90+2.46

−0.69 0.69+0.04
−0.04 X X · · · · · · · · · · · · · · ·

GW240902 143306 9.6+0.4
−0.5 HLV 27.1+4.6

−3.2 −0.03+0.28
−0.30 60.9+9.1

−6.7 0.69+0.11
−0.12 X X · · · · · · · · · · · · · · ·

GW240907 153833 9.1+0.3
−0.5 HLV 48.6+7.7

−6.4 0.04+0.26
−0.25 109+16

−12 0.71+0.10
−0.10 X X · · · · · · · · · · · · · · ·

GW240908 082628 10.0+0.3
−0.6 HLV 44.0+7.3

−7.6 0.14+0.24
−0.25 99+15

−13 0.73+0.10
−0.13 X X · · · · · · · · · · · · · · ·

GW240910 103535 17.4+0.2
−0.2 HL 8.23+0.03

−0.03 0.12+0.12
−0.07 18.88+2.29

−0.92 0.70+0.04
−0.04 X X X · · · · · · · · · · · ·

GW240915 001357 16.2+0.2
−0.3 HLV 9.41+0.05

−0.04 0.13+0.16
−0.05 20.92+4.06

−0.43 0.72+0.04
−0.03 X X · · · · · · · · · · · · · · ·

GW240915 105151 13.7+0.3
−0.4 HV 9.11+0.11

−0.06 0.07+0.22
−0.09 20.55+5.80

−0.70 0.70+0.06
−0.04 X X · · · · · · · · · · · · · · ·

GW240919 061559 16.2+0.2
−0.3 HLV 38.9+3.0

−2.6 −0.02+0.16
−0.17 86.7+6.1

−5.3 0.68+0.07
−0.06 X X · · · · · · · · · X · · ·

GW240920 073424 13.3+0.3
−0.4 HLV 19.87+0.93

−0.91 −0.09+0.19
−0.16 46.6+5.8

−2.9 0.64+0.11
−0.09 X X · · · · · · · · · · · · · · ·

GW240920 124024 37.0+0.1
−0.1 HL 36.1+1.3

−1.2 −0.04+0.08
−0.09 79.6+2.6

−2.4 0.68+0.04
−0.03 X X X X X X X

GW240921 201835 11.1+0.4
−0.7 LV 18.46+0.64

−0.50 0.00+0.17
−0.22 51.9+8.5

−7.6 0.52+0.08
−0.06 X X · · · · · · · · · · · · · · ·

GW240922 142106 12.4+0.3
−0.4 HLV 10.06+0.06

−0.06 0.07+0.12
−0.06 22.52+2.69

−0.59 0.70+0.04
−0.03 X X · · · · · · · · · · · · · · ·

GW240923 204006 11.7+0.2
−0.4 HLV 56.9+6.8

−8.1 0.01+0.20
−0.21 126+14

−13 0.70+0.08
−0.10 X X · · · · · · · · · · · · · · ·

GW240924 000316 9.9+0.4
−0.5 HLV 55.8+7.6

−7.5 0.10+0.23
−0.24 124+16

−13 0.73+0.10
−0.11 X X · · · · · · · · · · · · · · ·

Table 2 continued
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Table 2 (continued)

O4b Binary properties Performed tests

Event Name SNR IFOs (1 + z)M [M�] χeff (1 + z)Mf [M�] χf RT POL TIGER FTI RD pSEOBNR QNMRF

GW240925 005809 31.9+0.1
−0.1 HLV 7.37+0.01

−0.01 0.02+0.07
−0.02 16.25+0.87

−0.14 0.69+0.02
−0.02 X X X X · · · · · · · · ·

GW240930 035959 15.2+0.2
−0.3 HLV 17.23+0.48

−0.29 −0.05+0.14
−0.13 42.3+4.2

−3.0 0.58+0.05
−0.04 X X · · · · · · · · · · · · · · ·

GW241002 030559 11.4+0.3
−0.4 LV 36.9+3.5

−3.5 −0.10+0.20
−0.23 82.3+7.4

−7.1 0.66+0.08
−0.09 X X · · · · · · · · · · · · · · ·

GW241006 015333 16.4+0.2
−0.3 HLV 25.9+1.3

−1.0 0.07+0.13
−0.13 57.2+2.7

−2.2 0.71+0.05
−0.04 X X · · · · · · · · · X · · ·

GW241009 084816 11.8+0.3
−0.4 HLV 10.72+0.10

−0.09 −0.05+0.14
−0.08 24.28+2.99

−0.83 0.67+0.06
−0.04 X X · · · · · · · · · · · · · · ·

GW241011 233834 35.8+0.1
−0.1 HV 9.51+0.03

−0.03 0.50+0.06
−0.04 25.5+2.3

−1.6 0.84+0.02
−0.02 X X X X · · · · · · · · ·

GW241101 220523 10.6+0.3
−0.5 LV 32.8+8.7

−4.7 0.15+0.33
−0.29 80+17

−11 0.70+0.16
−0.17 X X · · · · · · · · · · · · · · ·

GW241102 124058 21.6+0.1
−0.2 HLV 8.79+0.03

−0.02 0.06+0.11
−0.04 19.50+1.80

−0.31 0.70+0.03
−0.04 X X X X · · · · · · · · ·

GW241102 144729 11.3+0.3
−0.5 HLV 50.4+6.2

−8.6 −0.09+0.21
−0.27 114+12

−12 0.65+0.09
−0.15 X X · · · · · · · · · · · · · · ·

GW241109 115924 11.6+0.2
−0.4 HV 5.95+0.04

−0.02 0.01+0.16
−0.05 13.27+1.77

−0.27 0.68+0.04
−0.04 X X · · · · · · · · · · · · · · ·

GW241110 124123 9.9+0.3
−0.5 HLV 11.33+0.22

−0.23 −0.31+0.23
−0.18 27.1+4.1

−2.0 0.52+0.07
−0.06 X X · · · · · · · · · · · · · · ·

GW241111 111552 15.1+0.2
−0.3 HL 25.2+1.4

−1.3 0.10+0.15
−0.14 55.6+3.0

−2.5 0.72+0.06
−0.06 X X · · · · · · · · · · · · · · ·

GW241113 163507 12.0+0.2
−0.3 LV 18.12+0.58

−0.57 0.50+0.11
−0.11 39.5+3.3

−1.3 0.85+0.04
−0.04 X X · · · · · · · · · · · · · · ·

GW241114 024711 11.1+0.4
−0.5 HLV 42.9+6.3

−7.0 0.12+0.21
−0.24 100+12

−10 0.74+0.09
−0.14 X X · · · · · · · · · · · · · · ·

GW241114 235258 12.2+0.2
−0.4 LV 9.33+0.10

−0.10 0.06+0.18
−0.08 20.88+3.82

−0.58 0.69+0.05
−0.04 X X · · · · · · · · · · · · · · ·

GW241125 010116 9.8+0.4
−0.5 HLV 80+10

−10 0.09+0.27
−0.27 176+20

−17 0.73+0.10
−0.11 X X · · · · · · · · · · · · · · ·

GW241127 061008 31.2+0.1
−0.2 HLV 37.3+5.3

−2.9 −0.16+0.13
−0.14 100.9+7.1

−7.1 0.56+0.09
−0.10 X X · · · X X X X

GW241129 021832 14.9+0.2
−0.3 HLV 32.9+2.6

−2.5 0.17+0.16
−0.16 73.1+5.7

−4.9 0.75+0.08
−0.08 X X · · · · · · · · · X · · ·

GW241130 034908 13.3+0.3
−0.4 HLV 31.7+1.9

−1.7 0.05+0.15
−0.15 70.1+3.9

−3.5 0.71+0.06
−0.05 X X · · · · · · · · · · · · · · ·

GW241130 110422 9.2+0.3
−0.5 HLV 9.15+0.09

−0.10 0.04+0.20
−0.10 20.97+4.47

−0.98 0.67+0.05
−0.05 X X · · · · · · · · · · · · · · ·

GW241210 060606 11.7+0.3
−0.4 HLV 31.0+4.5

−2.7 0.04+0.22
−0.19 69.3+9.8

−5.4 0.70+0.10
−0.09 X X · · · · · · · · · · · · · · ·

GW241225 042553 17.0+0.2
−0.3 LV 9.83+0.04

−0.04 0.12+0.09
−0.05 22.11+1.95

−0.67 0.72+0.06
−0.04 X X · · · · · · · · · · · · · · ·

GW241225 082815 17.7+0.3
−0.3 HL 56.5+5.4

−6.1 −0.17+0.21
−0.22 126+12

−11 0.67+0.08
−0.11 X X · · · · · · X X · · ·

GW241230 084504 11.8+0.2
−0.3 LV 48.8+5.7

−5.7 −0.14+0.21
−0.23 109+12

−11 0.65+0.08
−0.10 X X · · · · · · · · · · · · · · ·

GW241231 054133 16.9+0.2
−0.3 HLV 9.55+0.05

−0.06 0.08+0.12
−0.08 22.0+2.5

−1.1 0.68+0.04
−0.05 X X X · · · · · · · · · · · ·

GW250104 015122 11.0+0.3
−0.4 HLV 60.1+8.0

−8.7 0.11+0.22
−0.23 133+16

−15 0.73+0.09
−0.10 X X · · · · · · · · · · · · · · ·

GW250108 152221 10.3+0.3
−0.4 HLV 62+10

−11 0.05+0.28
−0.28 139+20

−17 0.70+0.12
−0.15 X X · · · · · · · · · · · · · · ·

GW250109 010541 11.2+0.3
−0.4 HLV 43.3+5.1

−6.0 −0.11+0.27
−0.29 97.4+12.3

−9.6 0.66+0.12
−0.12 X X · · · · · · · · · · · · · · ·

GW250114 082203 76.9+0.0
−0.1 HL 31.20+0.41

−0.49 −0.03+0.04
−0.05 68.31+0.83

−0.99 0.68+0.01
−0.01 X X X X X X · · ·

GW250118 170523 13.1+0.2
−0.4 HL 39.1+3.5

−3.2 0.12+0.18
−0.19 86.8+7.3

−6.3 0.73+0.07
−0.07 X X · · · · · · · · · · · · · · ·

GW250119 025138 13.7+0.2
−0.3 HLV 39.2+3.9

−3.8 0.06+0.18
−0.18 86.8+7.8

−6.7 0.72+0.08
−0.08 X X · · · · · · · · · X · · ·

GW250119 190238 20.4+0.2
−0.3 HLV 10.01+0.04

−0.05 0.09+0.05
−0.03 21.91+0.74

−0.14 0.71+0.02
−0.02 X X X X · · · · · · · · ·

Note—A X indicates an event meeting the selection criteria for an analysis, and thus included in the results. A · · · indicates that an event does
not meet an analysis’s selection criteria. More details about the events appear in Abac et al. (2026i).

Table 3. Event selection table for O4a events not analyzed in Abac et al. (2026b,c,d).

O4a Properties Tests performed

Event Name SNR IFOs (1 + z)M [M�] χeff (1 + z)Mf [M�] χf RT POL TIGER FTI RD pSEOBNR QNMRF

GW230707 124047 10.6+0.2
−0.4 HL 60.5+6.9

−7.6 −0.04+0.26
−0.28 134+14

−13 0.69+0.10
−0.11 X X · · · · · · · · · · · · · · ·

GW230709 122727 8.5+0.3
−0.5 HL 56+10

−15 0.08+0.31
−0.31 126+20

−23 0.71+0.12
−0.16 X X · · · · · · · · · · · · · · ·

GW230723 101834 9.7+0.4
−0.5 HL 14.89+0.46

−0.51 −0.17+0.19
−0.16 33.9+4.1

−1.7 0.61+0.11
−0.08 X X · · · · · · · · · · · · · · ·

GW230805 034249 9.0+0.4
−0.5 HL 36.2+8.8

−6.0 0.08+0.26
−0.28 83+18

−12 0.73+0.10
−0.13 X X · · · · · · · · · · · · · · ·

GW231118 071402 8.5+0.4
−0.5 HL 52.1+9.9

−9.7 0.13+0.29
−0.28 117+21

−16 0.73+0.11
−0.14 X X · · · · · · · · · · · · · · ·

Note—Notation as in Table 2. More details about the events appear in Abac et al. (2026i).

3. METHODS FOR TESTING GR

3.1. Bayesian Inference

For each event, we analyze a short data segment d(t) around
the coalescence time and compare it with waveform predic-
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tions using a likelihood function p(d|θ,M), whereM denotes
the assumed signal model and θ represents the associated pa-
rameters. Most of the analyses presented in this work rely on
the Bilby inference framework (Ashton et al. 2019; Romero-
Shaw et al. 2020), often supplemented by the BilbyTGR
extension designed for tests of GR (Ashton et al. 2025b). A
detailed description of the general Bayesian PE framework
used in the GWTC analyses is provided in the companion
methods paper (Abac et al. 2026j). In the analyses considered
here, the detector data are modeled as the sum of Gaussian,
stationary noise and a GW signal (Abbott et al. 2020a). Under
this assumption, subtracting the best-fit waveform from the
data should leave residuals consistent with Gaussian noise.
For a network of detectors, the likelihood is constructed as
the product of the individual detector likelihoods, assuming
statistical independence.

We adopt weakly informative priors p(θ|M) that are suf-
ficiently broad to encompass the region where the posterior
distribution has significant support. Uniform priors are typi-
cally used for most parameters, with ranges chosen to avoid
posterior probability accumulating near prior boundaries. The
priors used for the parameters describing compact binaries in
GR follow those adopted in the catalog analyses described in
Abac et al. (2026j). Note that we use the ΛCDM cosmologi-
cal model given in Abac et al. (2026h), where CDM refers to
cold dark matter. Priors for parameters describing deviations
from GR are specified independently for each individual anal-
ysis. Uncertainties in detector calibration are incorporated
through frequency-dependent amplitude and phase corrections
modeled as spline functions with Gaussian priors on their co-
efficients. These calibration parameters are marginalized over
during sampling following the procedure described in Abac
et al. (2026j).

The posterior distribution of the parameters is obtained
from Bayes’ theorem,

p(θ|d,M) =
p(d|θ,M) p(θ|M)
Z(d|M)

, (1)

whereZ(d|M) denotes the Bayesian evidence for the model
M. Posterior sampling is typically performed using nested-
sampling algorithms (Skilling 2006). Most analyses employ
the Dynesty sampler (Speagle 2020) through its implementa-
tion in Bilby.

In several tests, the evidence is used to compare different
signal models. For example, when evaluating a model that
extends GR by introducing additional parameters θnGR, the rel-
ative support for the two hypotheses can be quantified through
the Bayes factor

BnGR
GR =

Z(d|θGR, θnGR)
Z(d|θGR)

. (2)

In other analyses, deviations from GR are characterized
through posterior distributions of phenomenological parame-
ters. Consistency with GR is then quantified by evaluating the
posterior quantile of the GR prediction. When multiple devia-
tion parameters are considered simultaneously, we compute a

multidimensional quantile defined as the fraction of posterior
volume with probability density greater than or equal to that
of the GR value.

3.2. Hierarchical Inference

While the analyses described above infer parameters in-
dependently for each event, additional information can be
obtained by combining results across multiple detections. As
the number of observed GW events grows, combining in-
formation across multiple detections becomes increasingly
important for placing tight constraints on possible deviations
from GR. This can be done either by directly combining
posterior distributions for parameters assumed to be com-
mon across events, or more generally through hierarchical
inference, in which the distribution of parameters across the
population is modeled in terms of hyperparameters (Isi et al.
2019a; Mandel et al. 2019; Zimmerman et al. 2019).

For parameters describing effects that are expected to be
identical for all sources, the combined constraint is obtained
by jointly analyzing the measurements from all events. In
contrast, for parameters that may vary between individual
observations, such as phenomenological deviations in wave-
form coefficients, we infer the parameters by describing the
ensemble of measurements.

In practice, we model the distribution of deviation parame-
ters across events using a Gaussian population characterized
by a mean µ and standard deviation σ (Isi et al. 2019a). When
multiple deviation parameters are combined simultaneously,
as in the pSEOBNR analysis, the full covariance structure of
the population is inferred, including correlation coefficients
ρ between parameters (Zhong et al. 2024). The FTI, TIGER
and pSEOBNR tests employ hierarchical inference for com-
bining results. The set of GWTC-4.0 events included in the
hierarchical analyses, in addition to the new events listed in
Tables 2 and 3, is reported in the corresponding tables of Abac
et al. (2026c,d).

4. RESIDUAL TEST

The residual test checks for any excess coherent power that
remains in the detector network after the best-fit GR template
is subtracted out from the data. If GR correctly describes
the GW signal, the GR-based template would capture all
astrophysical features in the signal. In this case, the resulting
residual would be consistent with instrumental noise. We use
the same method as in previous analyses for this test (Abbott
et al. 2019b, 2021b, 2025; Abac et al. 2026b).

The noise in ground-based GW detectors arises from var-
ious sources (Aasi et al. 2015; Abbott et al. 2016d). The
detector noise is typically assumed to be stationary and Gaus-
sian, so the data time series d(t) is modeled as the sum of the
Gaussian noise n(t) and the GW model waveform h(t):

d(t) = h(t) + n(t), (3)

where the boldface notation indicates that each quantity has
a component corresponding to each detector. The best-fit
signal model is defined here to be the waveform with the set
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Figure 1. Results of the residuals analysis. Scatter plot of the
SNR of the maximum-likelihood template (SNRGR) and the 90%
credible upper bound on the residual network SNR (SNR90) for
each event. The color bar denotes the p-values of individual events.
Solid (empty) circles represent the O4b (pre-O4b) events, where the
pre-O4b events are from Abbott et al. (2019b, 2021b, 2025); Abac
et al. (2026b). The events with the highest and lowest p-values are
shown by diamonds. The dashed line represents SNRGR = SNR90.
We see that SNRGR ≥ SNR90 for all events considered, except for
GW240507 041632 and GW240601 231004.

of parameters that maximize the likelihood of the recorded
data under the assumption that a signal is present. The result-
ing maximum-likelihood parameters minimize the difference
between the data d(t) and the template h(t).

Once the best-fit (maximum-likelihood) waveform hmaxL(t)
is obtained using a GR template—here IMRPhenomX-
PHM SpinTaylor (Pratten et al. 2021; Colleoni et al. 2025)
for the O4b events—the residual is calculated as r(t) = d(t) −
hmaxL(t). The residual r(t) should be consistent with noise if
hmaxL provides an accurate GR-based estimate of the signal.
We assess this by analyzing the residual with BayesWave algo-
rithm (Cornish & Littenberg 2015; Cornish et al. 2021, 2026).
BayesWave employs a template-independent model based on
Morlet–Gabor wavelets to characterize any coherent features
in the detector network. It produces a discretized probability
distribution over the wavelet parameter space, with each point
corresponding to a residual reconstruction with a well-defined
SNR. Any loud, multi-detector coherent features in the data
d(t) that are not captured by the GR-based model h(t) are re-
constructed. If the true underlying signal is well reconstructed
by the maximum-likelihood waveform hmaxL, the BayesWave

reconstruction of the residual SNR posterior will be consistent
with noise (Johnson-McDaniel et al. 2022).

The residuals are quantified by calculating the 90th
percentile of the network SNR distribution produced by
BayesWave, denoted SNR90. This means there is a 90% prob-
ability that, after subtracting hmaxL, the residual signal has
an optimal network SNR ≤ SNR90. For the case of Gaussian
noise in the LIGO Hanford, LIGO Livingston, and Virgo net-
work, this value is typically . 5 (Johnson-McDaniel et al.
2022).

We perform a more systematic assessment by defining a p-
value under the null hypothesis that the residual is consistent
with noise. This is done by running an identical BayesWave

analysis on 200 randomly selected data segments around the
event that contain neither a known GW signal nor transient
non-Gaussian features, and then calculating the probability
that instrumental noise alone could produce an SNRn

90 such
that SNRn

90 ≥ SNR90. This probability defines the p-value,
P(SNRn

90 ≥ SNR90). A higher probability that the residual
power originates from instrumental noise corresponds to a
higher p-value, whereas a smaller p-value indicates that the
residual power is less likely to arise from noise alone.

Finally, we quantify how well the GR-based template fits
the signal in the data. Since our GR templates are not perfect,
and we have a probabilistic measurement of the signal in the
data, we can quantify this fit using the 90% lower bound on
the fitting factor between the model and the signal:

FF90 =
SNRGR√

SNR2
GR + SNR2

90

, (4)

where SNRGR is the optimal network SNR for hmaxL. A value
of FF90 = 1 indicates perfect agreement between the GR
template and the signal in the data.

All events that pass this paper’s selection criteria and are
analyzed with BBH waveforms are considered for this test.
We summarize the results for SNRGR, the residual SNR90,
FF90, and the p-values for each event in Table 4. Figure 1
shows SNR90 versus SNRGR for both O4b and pre-O4b events.
The residual SNR90 is smaller than the original SNRGR for all
events except GW240507 041632 and GW240601 231004.
This is due to the low values of SNRGR for these events, where
the use of point estimates for both SNR90 and SNRGR leads
to SNR90 ≥ SNRGR. The residual SNR90 is consistent with
noise, with p-values of 0.12 and 0.42 for GW240507 041632
and GW240601 231004, respectively.

Among the 72 O4b events, GW240428 225440 and
GW241102 124058 have the lowest p-values of 0.03.
GW240428 225440 has a residual SNR90 = 8.89,
and GW241102 124058 has a residual SNR90 = 9.76.
GW240622 004008 has the highest p-value of 0.99 with a
residual SNR90 = 5.42. GW240507 041632 has the lowest
FF90 of 0.72, and a p-value of 0.12. The mean FF90 for O4b
events is 0.87, which indicates agreement between the GR
templates and the signals in the data.

If our best-fit template has successfully recovered the GW
signals, the contribution of the residual SNR90 should arise
solely from detector noise. In this case, the p-values are
expected to be uniformly distributed between [0, 1]. To verify
this, we show a probability–probability (PP) plot in Figure 2.
The measurement of p-values is subject to uncertainty due to
the finite number of background runs. If the p-value p̂ = n/N
is estimated by running on N background segments, of which
n produce SNR90 greater than that of the event, the likelihood
of the estimated p-value is given by the binomial distribution
function:

L( p̂) =

(
N
n

)
pn(1 − p)N−n. (5)
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Assuming a uniform prior distribution on the p-value, the
posterior distribution is given by a beta distribution,

P(p|N, n) = Beta(n + 1,N − n + 1). (6)

In Figure 2, the shaded region around the PP curve represents
the 90% credible interval of the p-value posterior.

While the residuals analysis is in principle sensitive to any
deviations from GR to which the other tests considered are
sensitive, in practice it is less sensitive to a given GR deviation
than a more specific test, particularly when the deviation is
not well localized in time, as is the case for low-mass compact
binary signals (Johnson-McDaniel et al. 2022). Nevertheless,
in summary, the residuals for all analyzed events are consistent
with detector noise, with no evidence for deviations from the
GR-based waveform model.
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Figure 2. Results of the residuals analysis. The blue line shows
the fraction of events with p-values of the residual SNR less than or
equal to the value of the abscissa. The shaded blue region represents
the 90% credible interval arising from the finite number of noise-
only realizations. The null hypothesis that the p-value is uniformly
distributed over [0, 1] is shown by the diagonal dashed line, with the
shaded light grey area denoting the 90% credible interval around the
null hypothesis due to the finite number of events.

5. TESTS OF POLARIZATION

Polarization tests (Wong et al. 2021) involve constructing
a linear combination of strain data, called the null stream, to
eliminate excess power and compare the residual data to noise,
allowing one to constrain possible non-tensorial polarizations
of GWs. The null stream is determined geometrically, relying
solely on the beam pattern function (Forward 1978; Gürsel &
Tinto 1989; Nishizawa et al. 2009; Błaut 2012; Isi et al. 2015;
Isi & Weinstein 2017), which describes detector responses to
GWs, independent of the waveform morphology.

In the frequency domain, the observation model is ex-
pressed as

d̃( f ; ∆t) = F(α, δ, ψ, tevent)h̃( f ) + ñ( f ; ∆t) , (7)

where d̃( f ; ∆t) is the time-shifted strain data at the geocenter,
F(α, δ, ψ, tevent) is the beam pattern matrix, h̃( f ) represents
polarization modes at the geocentric time, and ñ( f ; ∆t) is the
detector noise, also time-shifted to the geocenter. Here the
elements of d̃ and ñ represent the strain data and detector
noise for each individual detector, respectively (time-shifted
to the geocenter), so for an N-detector network, these are
N-dimensional vectors. h̃( f ) is a vector of the different polar-
ization modes, so an M-dimensional vector for M polarization
modes. α and δ denote the source’s right ascension and dec-
lination, ψ is the polarization angle, and ∆t = ∆t(α, δ, tevent)
represents the time delays from the geocenter to the detectors.
Since the beam pattern function varies negligibly over the
duration of the GW transients considered, it is approximated
as constant throughout.

The null stream construction can be formulated as a pro-
jection using the projector constructed from the beam pattern
matrix F (Wong et al. 2021). The projector removes data
within the hyperplane spanned by the column vectors of F,
irrespective of the waveform morphology of h( f ). Here F
defines the polarization model; for instance, in a scalar-tensor
model:

F =
[
f + f× f b

]
, (8)

where the column vectors f +, f×, and f b represent the plus,
cross, and scalar breathing polarization modes, respectively.
The i-th entry of the column vectors, f +/×/b, corresponds to
the beam pattern function of the i-th detector for the +/×/scalar
breathing polarization mode. The scalar longitudinal mode,
being degenerate with the scalar breathing mode, is excluded
from the matrix.

The number of detectors must exceed the number of
columns in the beam pattern matrix. However, data from only
two detectors are available for part of the events analyzed, con-
straining the analysis to a single effective polarization mode.
We assume the polarization modes are similar to chosen basis
modes indicated in Table 5, differing at most by a complex
scaling factor (Wong et al. 2021), in a manner similar to the el-
liptical parameterization in Lee et al. (2025). This assumption
defines the effective beam pattern matrix used in the analysis
and imposes a simplifying structure on the polarization sub-
space (e.g., in the single basis mode case for tensorial signals,
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Table 4. Results from the residuals analysis.

Events SNRGR SNR90 FF90 p-value

GW230707 124047* 11.71 5.48 0.91 0.95

GW230709 122727* 7.53 6.87 0.76 0.37

GW230723 101834* 9.09 5.72 0.85 0.9

GW230805 034249* 9.54 5.8 0.85 0.76

GW231118 071402* 8.76 6.05 0.82 0.72

GW240413 022019 15.6 6.7 0.92 0.51

GW240414 054515 10.72 6.85 0.84 0.2

GW240426 031451 9.3 8.45 0.76 0.04

GW240428 225440 14.93 8.9 0.86 0.03

GW240501 033534 8.61 6.69 0.79 0.53

GW240507 041632 6.97 8.05 0.72 0.12

GW240511 031507 15.06 6.75 0.91 0.47

GW240512 024139 10.12 7.01 0.82 0.42

GW240513 183302 14.24 6.72 0.9 0.51

GW240514 121713 16.1 6.15 0.93 0.72

GW240515 005301 10.05 7.13 0.82 0.31

GW240520 213616 10.93 6.49 0.86 0.61

GW240527 183429 9.51 5.98 0.85 0.82

GW240527 230910 10.3 6.73 0.84 0.44

GW240530 012417 10.6 5.92 0.87 0.88

GW240601 231004 6.64 6.74 0.75 0.42

GW240615 113620 24.04 6.45 0.97 0.57

GW240615 160735 10.48 6.58 0.85 0.52

GW240621 195059 25.23 6.82 0.97 0.5

GW240622 004008 10.43 5.42 0.89 0.99

GW240629 145256 13.21 5.65 0.92 0.92

GW240630 101703 11.92 5.74 0.9 0.91

GW240703 191355 11.55 5.66 0.9 0.74

GW240705 053215 14.07 9.19 0.84 0.21

GW240716 034900 13.62 7.35 0.88 0.16

GW240825 055146 10.26 8.04 0.79 0.04

GW240830 211120 10.86 7.04 0.84 0.38

GW240902 143306 10.52 8.33 0.78 0.06

GW240907 153833 8.1 6.75 0.78 0.48

GW240908 082628 11.22 6.74 0.86 0.49

GW240910 103535 17.35 5.35 0.96 0.97

GW240915 001357 15.5 7.35 0.9 0.36

GW240915 105151 14.2 6.44 0.91 0.41

GW240919 061559 16.9 7.25 0.92 0.34

Events SNRGR SNR90 FF90 p-value

GW240920 073424 15.15 7.48 0.9 0.22

GW240920 124024 34.43 5.17 0.99 0.98

GW240921 201835 10.98 6.23 0.87 0.45

GW240922 142106 11.13 6.47 0.86 0.63

GW240923 204006 10.3 9.83 0.74 0.11

GW240924 000316 9.53 8.28 0.76 0.11

GW240925 005809 30.47 7.82 0.97 0.14

GW240930 035959 13.66 8.03 0.86 0.12

GW241002 030559 12.42 5.6 0.91 0.81

GW241006 015333 15.5 5.57 0.94 0.94

GW241009 084816 12.5 6.56 0.89 0.56

GW241011 233834 33.72 5.44 0.99 0.87

GW241101 220523 11.66 4.86 0.92 0.98

GW241102 124058 22.53 9.76 0.92 0.03

GW241102 144729 11.73 8.22 0.82 0.09

GW241109 115924 10.99 7.07 0.84 0.2

GW241110 124123 10.7 6.49 0.85 0.63

GW241111 111552 14.45 5.6 0.93 0.93

GW241113 163507 11.82 6.31 0.88 0.44

GW241114 024711 10.37 6.57 0.84 0.61

GW241114 235258 12.11 5.73 0.9 0.6

GW241125 010116 9.38 8.12 0.76 0.41

GW241127 061008 30.91 6.07 0.98 0.76

GW241129 021832 14.09 7.08 0.89 0.47

GW241130 034908 13.85 8.21 0.86 0.19

GW241130 110422 8.07 6.67 0.8 0.56

GW241210 060606 9.14 8.02 0.76 0.23

GW241225 042553 16.68 5.43 0.95 0.85

GW241225 082815 17.11 6.49 0.94 0.43

GW241230 084504 12.61 6.47 0.89 0.33

GW241231 054133 15.59 5.94 0.93 0.79

GW250104 015122 11.83 6.88 0.86 0.47

GW250108 152221 10.96 7.51 0.82 0.23

GW250109 010541 11.46 5.88 0.89 0.87

GW250114 082203 77.85 7.4 1.0 0.22

GW250118 170523 11.79 5.41 0.91 0.94

GW250119 025138 11.44 7.88 0.82 0.14

GW250119 190238 18.51 8.16 0.92 0.14

Note— For each event we list the SNR of the best-fit waveform (SNRGR), the 90% credible upper limit on the residual coherent network SNR (SNR90), the 90% credible lower limit on

the fitting factor (FF90), and the p-value calculated from the background analysis. Additional O4a events analyzed are marked with an asterisk (∗).
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it is equivalent to testing consistency with h× = Ch+ for a
complex constant C). For sources with higher-order modes,
however, a complex constant may not fully capture the re-
lation between the polarization modes. Consequently, for
such events, the complex constant scaling may be inaccurate—
we will discuss this in the context of specific events below.
Nevertheless, the null-stream construction is geometrical and
therefore more tolerant of inaccuracies in the polarization
model than fully modeled (template-based) searches, which
require precise agreement in both polarization content and
waveform evolution.

A concrete illustration for non-tensorial signals is provided
by scalar-tensor models, where one can choose the plus mode
as the basis and assume similarity with the cross and scalar
breathing modes, leading to the effective beam pattern matrix

Fscalar−tensor,eff =
[
f + + C× f× + Cb f b

]
, (9)

where C× and Cb are complex scaling factors. This method,
independent of the waveform of the basis mode h̃+, is sensitive
only to the geometric projection of the polarization modes in
the detector responses. Assuming similarity between polar-
ization modes addresses the limitation posed by the number
of detectors. Any violation of this assumption would indicate
a signal component orthogonal to the signal space of the GR
waveform model, which should appear in the residual test
described in Section 4 – however, dedicated analyses (such
as a template-based approach) are more sensitive to given GR
deviations than the residuals test is.

We use a Bayesian framework to compute the evidence
for each polarization hypothesis by sampling parameters
θ = {α, δ, ψ, tevent,C} using the Dynesty sampler. Here, C are
the complex scaling factors of the polarization modes relative
to the basis mode(s). The number of scaling factors depends
on the assumed number of polarization and basis modes. For
each polarization hypothesis, we choose a particular polar-
ization mode as the basis, but its waveform morphology is
not assumed or involved in the analysis. Instead, only the
relative amplitudes C are used to construct the effective beam
pattern matrix for null stream projection. After constructing
the null stream time-shifted to the geocenter, we then perform
the time–frequency transform (Necula et al. 2012) to obtain
the time–frequency representation of the null stream.

The Bayes factor quantifies the relative plausibility of the
hypotheses. We adopt the same uniform priors for sky posi-
tion, polarization angle, and event time as in previous analy-
ses. For the complex scaling factors C, the amplitude prior
is uniform from 0 to 1, and the phase prior is uniform from
0 to 2π. We report the base-10 logarithm of the Bayes factor
log10 B

X
T comparing the non-tensor hypothesis X to the tensor

hypothesis T.
The likelihood is calculated by summing the contributions

of a predefined set of time–frequency pixels I, known as the
time–frequency cluster. The time–frequency cluster is con-
structed by performing the time–frequency transform on the
maximum-likelihood GR waveform. This approach focuses
the analysis on the time–frequency region where the signal

is expected to be strongest, enhancing sensitivity to potential
non-tensorial polarizations while reducing the influence of
instrumental noise in other regions. However, as this method
relies on the results of the GR template-based analysis, it
may reduce sensitivity when the non-tensorial polarization
modes have a significantly different time–frequency structure
from the tensorial polarization modes. For example, this can
occur for dominant dipolar scalar radiation at the orbital fre-
quency during the inspiral in scalar-tensor theories (Bernard
et al. 2022), when the non-tensorial radiation frequency sig-
nificantly deviates from that of the tensorial radiation by more
than the analysis’s frequency resolution of ∆ f = 16 Hz in the
time–frequency representation. This frequency resolution was
selected as a practical choice that still sufficiently resolves
the merger phase containing the dominant excess power in
CBC signals, providing a corresponding time resolution of
∆t ' 1/(2∆ f ) ' 31 ms, which is commensurate with the char-
acteristic duration of the merger phase in stellar-mass BBH
coalescences, which lasts only a few tens of milliseconds for
GW150914-like systems (Abbott et al. 2016e).

We analyze all the events satisfying the selection criteria of
this paper using the same implementation used in Abac et al.
(2026b). Each event is analyzed independently, yielding a per-
event log Bayes factor log10 B

X
T . We then combine the events

under the assumption that they are statistically independent,
so that the joint Bayes factor for a hypothesis is the product of
the individual-event Bayes factors. The combined log Bayes
factor is therefore simply the sum of the per-event log Bayes
factors,

log10 B
X
T

∣∣∣
combined =

∑
i

log10 B
X
T, i , (10)

where the index i runs over the analyzed events. Figure 3 com-
pares the results with and without the new events included
in this paper, showing the improvements in constraints on
non-tensorial polarizations. Table 6 lists the combined log
Bayes factors for the same events and specifically shows the
log Bayes factors for only the new events included in this
paper. The scalar, vector, and vector–scalar hypotheses are
strongly disfavored compared to the tensor hypothesis, indi-
cating a clear preference for the tensorial polarization modes.
After including the new events, these hypotheses are even
more disfavored, with improved constraints on their viability
due to the additional data. In contrast, the new events yield
positive log Bayes factors for the tensor–scalar, tensor–vector,
and tensor–vector–scalar hypotheses, shifting the combined
values upward slightly. Since the tensor hypothesis is a sub-
set of these combined hypotheses, they are not expected to
be strongly disfavored when the tensor hypothesis represents
the ground truth. In particular, the GWTC-5.0 combined log
Bayes factor for the tensor–vector hypothesis is (slightly) pos-
itive. Particularly noteworthy is that the 90% credible interval
excludes zero. Because this combined value is a sum over
events, we checked whether it is dominated by a single out-
lying event. The largest individual contribution comes from
GW241102 124058, followed by GW241011 233834, but we
found no reason to exclude either event from the combined
analysis. Even with GW241102 124058 excluded, the com-
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Table 5. Polarization modes and their corresponding basis choices
for the polarization analysis.

Hypothesis Polarization modes Pol. basis

modes

Scalar (S) b b

Vector (V) x, y x

Vector–scalar (VS) x, y, b x

Tensor (T) +, × +

Tensor–scalar (TS) +, ×, b +

Tensor–vector (TV) +, ×, x, y +

Tensor–vector–scalar (TVS) +, ×, x, y, b +

Note— The tensor plus and cross modes are denoted as “+” and “×,” respectively,
while the vector x and y modes are labeled “x” and “y.” The scalar breathing mode is
represented by “b.” Only the breathing mode is considered for scalar polarizations, as
the longitudinal mode is degenerate with it.

bined value remains positive, although zero then falls within
its 90% credible interval, indicating that the positive result is
not attributable to any single event. The effective-polarization
approximation discussed above could contribute to the pos-
itive value for GW241011 233834, which shows evidence
for an unequal mass ratio and spin precession (Abac et al.
2026i), but it does not obviously account for the largest contri-
bution from GW241102 124058. In any case, these credible
intervals reflect only the uncertainty in the evidence estimate
arising from the nested sampling runs, and do not account for
systematic effects such as non-Gaussian noise. Non-Gaussian
or non-stationary detector noise, including glitches and PSD
drift, can produce excess power not captured by the stationary
Gaussian likelihood and can bias model comparison toward
more flexible hypotheses (Zackay et al. 2021; Macas & Lund-
gren 2023). These caveats also apply to the combined log
Bayes factors. Verifying these interpretations would require
dedicated background studies. Given the modest magnitude
of the observed positive values, we do not pursue such studies,
and we regard these results as inconclusive.

6. TESTS OF GW GENERATION WITH TIGER AND FTI

During the adiabatic inspiral, when the orbital separation
greatly exceeds the compact objects’ characteristic size, we
can model the compact objects as point particles and approxi-
mate both their orbital dynamics and their emitted GW signal
within GR using the PN formalism (Blanchet 2024). In this ap-
proximation, relativistic corrections to the Newtonian solution
are incorporated systematically in powers of the dimension-
less parameter v/c, where v denotes the characteristic relative
orbital speed and c the speed of light in vacuum. Contribu-
tions of relative order O([v/c]n) beyond the leading term are
labeled as (n/2)PN and for fixed intrinsic binary parameters,
GR uniquely determines the phase coefficients at each PN
order. The frequency domain phase of the GW signal during

S V VS TS TV TVS

20

15
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5

0

lo
g 1
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X T

GWTC-4.0
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Figure 3. Comparison of log10 Bayes factors BX
T for various po-

larization hypotheses (S, V, VS, TS, TV, TVS) against the tensor
hypothesis, for GWTC-4.0 and GWTC-5.0. Polarization states are
projected onto one basis mode as detailed in Table 5. Positive (nega-
tive) values indicate that the hypothesis in the superscript is favored
(disfavored) relative to the tensor hypothesis. Error bars represent
90% credible intervals.

early inspiral has the form

Ψ`m( f ) = 2π f tc − φc −
π

4

+
3c5

128ηv5

|m|
2

7∑
n=0

(
ψn + ψnl log

v
c

) vn

cn (11)

for quasi-circular, spin-aligned binaries. Here v =[
2πG(1 + z)M f /|m|

]1/3 with f the GW frequency, M the total
mass, η the symmetric mass ratio, z the redshift, and tc, φc the
time and phase at coalescence (Abac et al. 2026h). The coeffi-
cients ψn and ψnl (where the l denotes the coefficients of the
logarithmic terms) are the (n/2)PN coefficients and depend on
the masses and spins of the binary. The subscript `m denotes
the (`,m) multipole in the spherical harmonic decomposition
of the waveform.

This structure provides a natural framework to test
GR (Blanchet & Sathyaprakash 1995, 1994; Arun et al.
2006a,b; Yunes & Pretorius 2009; Mishra et al. 2010; Li
et al. 2012a,b). If GR correctly describes the dynamics, the
measured phase evolution must agree with these uniquely pre-
dicted coefficients. Generic deviations from GR modify them,
and we can capture such effects by introducing controlled
fractional deviations in the PN phase coefficients.

Parameterized GW-based inspiral tests of GR, such as
FTI (Mehta et al. 2023) and TIGER (Agathos et al. 2014;
Meidam et al. 2018; Roy et al. 2026), implement this strategy
and probe the consistency of the adiabatic inspiral with the PN
prediction. More explicitly, these tests introduce controlled
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Table 6. Results from the polarization analysis.

Events log10 B
S
T log10 B

V
T log10 B

VS
T log10 B

TS
T log10 B

TV
T log10 B

TVS
T

GWTC-4.0 −14.72+0.59
−0.59 −5.33+0.58

−0.58 −5.21+0.58
−0.58 −0.20+0.57

−0.57 0.10+0.57
−0.57 −0.31+0.57

−0.57

O4b + additional events from O4a −4.78+0.44
−0.44 −1.06+0.43

−0.43 −0.82+0.43
−0.43 0.21+0.43

−0.43 0.82+0.43
−0.43 0.66+0.43

−0.43

GWTC-5.0 −19.50+0.73
−0.73 −6.39+0.72

−0.72 −6.03+0.72
−0.72 0.01+0.71

−0.71 0.91+0.71
−0.71 0.35+0.71

−0.71

Note— Combined log10 Bayes factors B for various polarization hypotheses against the tensor hypothesis, using both 2-detector and 3-detector events. Polarization states have been
projected onto one basis mode as detailed in Table 5. The combined values are obtained by summing the individual log10 B

X
T under the assumption that the events are independent.

Positive (negative) values indicate that the hypothesis indicated in the superscript is favored (disfavored) with respect to the tensor hypothesis. Error bars refer to 90% credible intervals.
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Figure 4. The constraints on the GR deviation parameters in the inspiral, marginalized over all analyzed events, in orange on the left for
the FTI pipeline using the SEOBNRv5HM ROM waveform model and in blue on the right for the TIGER pipeline using the IMRPhenomX-
PHM SpinTaylor waveform model. The horizontal line shows the GR value. Assuming independent deviation parameters across events, using a
hierarchical analysis yields the filled probability densities. Instead, assuming that the deviation parameters have the same values across different
events leads to the distributions shown with solid lines.

deviations of the form

ψi → (1 + δϕ̂i)ψGR,NS
i + ψGR,S

i , (12)

to the non-spinning PN phase coefficients ψGR,NS
i in GR. Here

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

part of the PN coefficient in GR. This is the same parameteri-
zation used previously (Abbott et al. 2016b, 2019a,b, 2021b,
2025; Sänger et al. 2026; Abac et al. 2026c), and it avoids
possible issues when the spin-dependent terms cancel the non-
spinning terms. Since the spin terms are part of the model,
excluding them from the normalization of the deviations does
not introduce pathologies, even for highly spinning systems.

Here, consistent with the GWTC-4.0 analysis (Abac et al.
2026c), we constrain the following inspiral parameters

{δϕ̂−2, δϕ̂0, δϕ̂1, δϕ̂2, δϕ̂3, δϕ̂4, δϕ̂5l, δϕ̂6, δϕ̂6l, δϕ̂7} , (13)

for FTI and TIGER with l denoting the logarithmic terms. The
non-logarithmic 2.5PN term is degenerate with the reference
phase and cannot be constrained. Also, in GR, the −1PN and

0.5PN terms vanish, so δϕ̂−2 and δϕ̂1 are treated as absolute
deviations normalized to the 0PN coefficient. All remaining
parameters represent fractional deviations relative to their non-
spinning GR values, and both pipelines apply these deviations
to the signal’s inspiral portion and turn them off as the signal
transitions to the post-inspiral regime.

Across pipelines, the implementation primarily differs in
the choice of baseline GR approximant and the transition
frequency. For the analysis presented here, FTI uses the
non-precessing non-eccentric frequency domain multipolar
waveform model SEOBNRv5HM ROM (Pompili et al. 2023)
and adopts a tapering frequency which is equal to the peak
frequency of the dominant (2, 2) multipole, allowing it to
probe deeper into the late inspiral, thereby placing relatively
tighter constraints on higher-order PN coefficients. On the
other hand, TIGER adopts a lower cutoff and uses the non-
eccentric multipolar phenomenological waveform model IM-
RPhenomXPHM SpinTaylor as its GR baseline (Pratten et al.
2021; Colleoni et al. 2025).
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Figure 5. Upper limits on the absolute values of the inspiral deviation coefficients |δϕ̂i| from −1PN to 3.5PN. Shown are 90% upper bounds
obtained from selected individual GW events and from combined analyses. The horizontal gray markers indicate bounds from individual O4a and
O4b events analyzed with FTI using the SEOBNRv5HM ROM waveform model on the left and from individual GWTC-5.0 events analyzed with
TIGER using the IMRPhenomXPHM SpinTaylor waveform model on the right. The filled red diamonds show the hierarchically combined FTI
constraints from the combined O4a+O4b analysis, while the unfilled red diamonds correspond to the combined FTI constraints from only the O4a
events (Abac et al. 2026c). For comparison, the filled (unfilled) blue squares denote the hierarchically combined bounds from GWTC-5.0 (GWTC-
4.0) obtained with TIGER. The colored bars highlight specific events when they provide the most stringent individual-event constraint at a given
PN order for FTI or TIGER. The bounds for the NSBH event GW230518 125908 were obtained using the SEOBNRv4 ROM NRTidalv2 NSBH
waveform model for FTI and the IMRPhenomXPHM SpinTaylor waveform model for TIGER (Abac et al. 2026c). The orange circles show
constraints obtained from the BNS event GW170817 using the SEOBNRv4 ROM NRTidalv2 waveform model when competitive, which are not
included in the combined bounds shown (Abbott et al. 2019a). The black inverted triangles indicate constraints from the double pulsar PSR
J0737−3039A/B (Kramer et al. 2021). For PN orders ≥ 1.5PN, the pulsar bounds are significantly weaker than those from GW observations and
are therefore not shown.

Here, we apply the FTI test to events observed during
O4b that have at least 5 inspiral GW cycles and an inspi-
ral SNR ≥ 20. This minimum SNR is stricter than what was
used in GWTC-4.0 (Abac et al. 2026c) because the increased
number of observed events as well as limited computing re-
sources meant that we had to be more selective in choosing
the events to analyze. We checked that these stricter selec-
tion criteria still give us events whose masses roughly span
the range of masses of the full set of O4b events meeting
the less strict selection criterion used in GWTC-4.0. Un-
less otherwise specified, we apply corrections to frequencies
from 20 Hz up to a tapering frequency equal to the peak fre-
quency of the dominant (2, 2) multipole. Since the bounds
from the FTI test depend on the tapering frequency, results
obtained with this setup are directly comparable to those

from O4a (Abac et al. 2026c), GW230529 181500 (Sänger
et al. 2026), GW230814 230901 (Abac et al. 2026e),
GW250114 (Abac et al. 2026f), GW240925 005809 and
GW250207 115645 (Abac et al. 2026g), but not to earlier
analyses that employed different tapering prescriptions (Ab-
bott et al. 2016b, 2019a,b, 2021b, 2025). The first two events,
being observed only by one detector, do not satisfy our event
selection criteria, which require that the signal be coherent
across at least two detectors. The last event was observed
during the third part of the fourth observing run (O4c) and is
therefore not part of GWTC-5.0 so it is not included in com-
bined results in this work. GW250207 115645 provided some
of the best constraints on the higher-order PN coefficients
to date due to its high SNR combined with favorable source
properties.
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The SNR used for FTI event selection is computed from
the inspiral portion of the signal using the best-fit parame-
ters from the GR analysis performed with the IMRPhenomX-
PHM SpinTaylor waveform model, following the GWTC-4.0
methodology. Consistent with GWTC-4.0 analyses, we adopt
flat, broad priors of δϕ̂−2 ∈ [−1, 1] and δϕ̂i ∈ [−20, 20] for all
other parameters. When presenting combined or hierarchical
FTI results, we report constraints obtained jointly from events
analyzed in O4a and O4b. This is motivated by the use of
a consistent FTI setup and waveform modeling across both
observing runs, which allows the results to be meaningfully
combined.

In the TIGER analysis, we impose an SNR threshold of
greater than 15 in the inspiral part of the signal to select an
event for testing inspiral phasing coefficients. This thresh-
old is higher than what was used in GWTC-4.0 (Abac et al.
2026c) due to limited computing resources combined with an
increased number of observed events. We checked that these
stricter selection criteria still give us events whose masses
broadly cover the mass range of the full set of O4b events
meeting the less strict selection criterion used in GWTC-4.0,
but with more concentration at lower masses. Following
the prescription of the IMRPhenomXAS model, we use the
(2, 2) multipole frequency at the minimum energy circular
orbit (MECO) to divide the waveform between the inspiral
and post-inspiral regimes. Small corrections are incorporated
in IMRPhenomXAS to obtain the exact end-of-inspiral fre-
quency, but their impact is negligible (Abac et al. 2026c).
The median SNR values are computed using posterior sam-
ples obtained from standard GR analyses with the IMRPhe-
nomXPHM SpinTaylor model. As in the GWTC-4.0 anal-
yses, we adopt flat, broad prior ranges: δϕ̂−2 ∈ [−0.1, 0.1],
δϕ̂0,1,2,3 ∈ [−5, 5], δϕ̂4,5`,6 ∈ [−20, 20], and δϕ̂6`,7 ∈ [−30, 30].
When presenting combined or hierarchical TIGER results, we
report constraints obtained jointly from all events analyzed in
GWTC-5.0.

The results for the inspiral deviation parameters δϕ̂i are
consistent with GR for all events analyzed for both FTI and
TIGER. When reviewing results, we investigated more closely
all results where there are strong multimodalities or GR is out-
side the 90% credible interval. For FTI, we also investigated
the impact of unmodelled spin-precession on the results for
events with precessing spins. When we do not trust the results
for an event to be accurate, we exclude the event from any
combined results. For two events, namely GW240621 195059
and GW241011 233834, we were unable to obtain well con-
verged results for FTI.

For GW240621 195059 the posteriors are multimodal and
show signs of not being well converged for all deviation pa-
rameters. While there were no obvious data quality issues
observed for GW240621 195059, we suspect that the bimodal-
ity for this event is caused by minor non-Gaussian transients.
Since this event has a relatively short duration, its analyses are
more susceptible to data-quality issues causing multimodali-
ties or biased results. This event is excluded when combining
results from multiple events because of this. This event does

not pass the selection criteria for TIGER due to its short inspi-
ral so it was not analyzed by TIGER.

GW241011 233834 has precessing spins with χp =

0.38+0.13
−0.12 and a relatively high SNR of 35.8+0.1

−0.1 (Abac et al.
2025b), which causes the FTI results to be biased since it does
not model spin-precession. The posteriors are also multimodal
and showing signs of not being well converged for some of the
deviation parameters. We verified that spin-precession is in-
deed causing the biases by simulating a GR signal with source
parameters consistent with those observed for this event, for
which FTI observes similar biases. This event is excluded
from the FTI results when combining multiple events because
of the observed biases and convergence issues. Further studies
are needed to fully understand possible biases from including
or excluding such spin-precessing events when combining
FTI results from multiple events.

The TIGER analysis uses a waveform model that includes
spin precession, and therefore is not affected by the same
spin-precession related bias seen in the FTI analysis. For
GW241011 233834, TIGER finds all inspiral deviation pa-
rameters to be consistent with GR. This event provides the
strongest bounds in higher PN coefficients among the TIGER
analyses in GWTC-5.0. The event has a positive effective in-
spiral spin, χeff = 0.49+0.06

−0.07, which allows the binary to remain
in the inspiral regime up to higher orbital velocities compared
to a non-spinning binary. This follows from the spin contribu-
tions to the orbital frequency evolution, including spin–orbit
and spin–spin couplings, which modify the time spent in band
and the accumulated phase (Kidder et al. 1993). In particu-
lar, a positive χeff increases the signal duration relative to a
non-spinning binary from the same reference frequency. As
a result, higher-PN-order terms make a larger contribution to
the accumulated waveform phase. Spin effects also contribute
to the phasing, with the leading spin–orbit terms entering at
1.5PN order and the leading spin-spin terms entering at 2PN
order. The combination of high SNR, positive effective spin,
and measurable higher-order multipole moment content helps
reduce degeneracies between the binary parameters and the
inspiral deviation parameters, leading to stronger constraints,
particularly at higher PN orders. Evidence for spin precession
in this event can also contribute to this degeneracy breaking,
although we do not separately quantify its impact here.

Overlapping the time of GW241127 061008, the LIGO Liv-
ingston detector was affected by a glitch which particularly
affects the strain data below 30 Hz for this event. While it does
not significantly affect the baseline GR analysis, parameter-
ized tests such as FTI, which introduce additional degrees of
freedom, can potentially absorb such features, leading to ap-
parent deviations or multimodal posteriors (Kwok et al. 2022).
We therefore analyzed this event with an increased minimum
frequency of 50 Hz for the LIGO Livingston detector. In ad-
dition, GW241127 061008 includes significant imprints of
precession dynamics with χp = 0.57+0.14

−0.21 (Abac et al. 2026i),
which could bias the FTI analysis. We verified that the pre-
cession is not causing biases in this case by simulating a GR
signal with source parameters consistent with those observed
for this event, for which unbiased posteriors were obtained
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when analyzing with FTI. Since no issues were observed with
the FTI results for this event we do include it in combined
results. TIGER did not analyze this event since it does not
pass the event selection criteria due to its high masses.

The combined posteriors for the inspiral deviation parame-
ters are shown in Figure 4. We use two ways of combining the
events. The first uses a restricted approach assuming all events
share a common value of the deviation parameter, shown with
unfilled violins. The second approach uses a hierarchical
analysis leading to the combined posteriors shown with filled
violins. We find that the hyperparameters of the hierarchical
analyses are all consistent with GR. Each is consistent with
GR at the 90% credible level across all parameters. The com-
bined posteriors are generally dominated by the events giving
the tightest individual constraints.

In Figure 5, we show the 90% upper bounds on the mag-
nitude of the PN deviation parameters in the inspiral. The
bounds for individual events obtained with FTI are shown
as grey stripes. We highlight the events GW250114 and
GW250207 115645, which are the BBH signals that give
the best constraints due to their relatively high SNRs. We
also show the bounds for the BNS GW170817 (Abbott et al.
2019a) when they are competitive. We also show the hier-
archically combined bounds for both FTI and TIGER. For
comparison, we also include the combined FTI and TIGER
results from O4a and GWTC-4.0, respectively (Abac et al.
2026c). The list of events included in the combined bounds
is different between FTI and TIGER, making it impossible to
directly compare the combined bounds between the two. The
differences between the bounds for individual events from FTI
and TIGER should be seen as an estimate for the systematic
uncertainties that can be expected from inspiral tests, with
FTI pushing the transition from inspiral to post-inspiral to
the highest possible frequency and TIGER providing more
conservative bounds. The best bound from GWs at −1PN is
still from GW170817, and is an order of magnitude better
than the combined constraints.

It is also possible to put constraints on the PN deviation
parameters using binary pulsars (Yunes & Hughes 2010; Nair
& Yunes 2020). The best overall bound on dipole radiation
comes from the double pulsar PSR J0737−3039A/B (Kramer
et al. 2021), which also puts the most stringent constraint on
deviations from GR at Newtonian order. At 0.5PN, the double
pulsar bound is on par with the bound from GW170817. From
1PN onwards the bounds from the double pulsar are less con-
straining than the bounds from GWs. The bounds from PSR
J0737−3039A/B are shown as black upside-down triangles in
Figure 5.

A useful framework for interpreting agnostic PN deforma-
tion tests is the parameterized post-Einsteinian formalism,
which provides a systematic description of leading deviations
from general relativity in the gravitational waveform phase
and amplitude (Yunes & Pretorius 2009; Cornish et al. 2011).
In this approach, deviations are introduced as power-law cor-
rections at specific PN orders, allowing one to connect agnos-
tic constraints on PN coefficients to a broad class of modified
gravity theories.

To provide intuition for the meaning of the agnostic con-
straints on deviations in the PN coefficients we have obtained,
we thus follow the ppE formalism and perform event-by-event
illustrative mappings of the inferred PN deformation poste-
riors onto parameters appearing in selected modified gravity
theories, with the results given in Table 7. The example
theories considered are: scalar–tensor theories with an evolv-
ing scalar field (Jacobson 1999; Horbatsch & Burgess 2012),
Einstein–dilaton–Gauss–Bonnet (EdGB; Gross & Sloan 1987;
Kanti et al. 1996), dynamical Chern–Simons (dCS; Alexander
& Yunes 2009), and Einstein–Maxwell with BH charge.

These mappings should not be interpreted as theory-specific
statistical constraints, but rather as illustrative translations
of agnostic deviations into the language of particular mod-
els, obtained under simplifying assumptions (e.g., leading-
order modifications and no deviations in the merger–ringdown
phase).

Each mapping is performed independently for each GW
event using the corresponding posterior samples of both in-
trinsic binary parameters and the agnostic PN deformation
parameter, with consistent reweighting to account for prior
differences.

In order to map a PN parameter constraint to a parameter
in a given theory, we map use the posteriors of the PN coeffi-
cient constraint along with the intrinsic parameters for each
analyzed O4b event and the PN expressions derived to leading
order in Yagi et al. (2012a) for EdGB, Yagi et al. (2012a,b)
for dCS gravity, Khalil et al. (2018) for Einstein–Maxwell
with BH charge, and Horbatsch & Burgess (2012); Yunes et al.
(2016) for scalar–tensor theories with an evolving scalar field.

The mapping on theories we quote in Table 7 are the 90%
upper bound for the GW event from O4b that gives the tightest
translation on a given parameter. For comparison, we also
provide existing bounds on each theory. Current constraints on
scalar–tensor theories come from observations of the quasar
OJ 287 (Horbatsch & Burgess 2012). For EdGB gravity and
Einstein–Maxwell, the strongest bound arises from the low-
mass, long-inspiral signal GW230529 181500 (Sänger et al.
2026). For dCS gravity, the current bound of 8.5 km comes
from combining NICER observations of a pulsar with the
NS tidal deformability inferred from the binary NS event
GW170817 (Silva et al. 2021).

The expression from Horbatsch & Burgess (2012) used
to obtain the translation to the evolution of the scalar field
in the scalar–tensor case requires εST = 2Gm1|φ̇|/c3 � 1.
While |φ̇| in our translation is large in units of s−1, the 90%
upper bound on εST is 0.3 and 0.88 for TIGER and FTI re-
spectively, which are a bit larger than the value of 0.13 for the
primary of OJ 287 used to obtain the constraints in Horbatsch
& Burgess (2012). The much better constraints on |φ̇| from
OJ 287 are due to its much larger total mass (its primary’s
mass is ∼ 1010M�). Additionally, the assumptions made in
obtaining the frequency-domain dephasing used in the trans-
lation assume that the dipole radiation is a small perturbation
to the quadrupole radiation (as discussed in, e.g., Yunes &
Pretorius 2009), but this is also the case here: The 90% up-
per bounds on the ratio of the leading dipole to quadrupole
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Table 7. Event-by-event illustrative mappings of agnostic constraints on PN coefficients onto parameters of selected modified gravity theories.
(Section 6).

Theory ϕi Parameter FTI mapping FTI event TIGER mapping TIGER event Existing constraint

Scalar–tensor ϕ−2 |φ̇| [s−1] 1.5 × 103 GW241127 061008 1.6 × 103 GW241011 233834 10−6 (Horbatsch & Burgess 2012)

Einstein–dilaton–Gauss–Bonnet ϕ−2
√
αEdGB [km] 12.1 GW241127 061008 1.32 GW241011 233834 0.28 (Sänger et al. 2026)

Einstein–Maxwell ϕ−2 ζ =

∣∣∣∣∣ q1

m1
−

q2

m2

∣∣∣∣∣ 0.080 GW240925 005809 0.086 GW240925 005809 0.024 (Gao et al. 2024)

Note— The values shown are event-by-event mappings of posteriors on agnostic PN deformation parameters (from FTI and TIGER analyses) into 90% credibility results for parameters in
modified gravity theories. These mappings are performed independently for each 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 are those of the events indicated in the table. These values 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.

energy fluxes are 0.23 and 0.41 for TIGER and FTI at the low-
frequency cutoff of 20 Hz and decrease at higher frequencies.

Similarly, the PN expressions used for dCS and
EdGB gravity are derived under the perturbative as-
sumption that the dimensionless coupling ζdCS,EdGB =

16πα2
dCS/EdGB/

(
Gm2/c2

)4
� 1 throughout the inspiral (Yagi

et al. 2012a), where we have evaluated this quantity using m2,
since that sets the smallest length scale in the binary. Evaluat-
ing this condition for EdGB gravity first, we find that although
GW241102 124058 gives the tightest value for the coupling
of theory, it does not satisfy the small coupling approxima-
tion. Therefore we quote the value obtained by mapping
GW241127 061008 which does satisfy the small-coupling
requirement within the 90% credible region with a value for
ζEdGB of 0.25. The dCS translation however does not satisfy
the condition for any GW event.

Indeed, the dCS mapping gives a value ∼ 3 times larger
than the best current bounds on the theory (Silva et al. 2021),
but the 90% upper bound on small-coupling parameter is
O(103). As a result, the perturbative waveform is not self-
consistent for the systems considered, and any inferred PN-
to-theory translation for dCS gravity would lie outside the
regime of validity of the effective field theory expansion. We
therefore do not report a dCS entry in Table 7. In order
to obtain constraints for dCS that are within small-coupling
approximation from GW observations, one would need a low-
mass binary with at least one rapidly spinning object.

The values given in Table 7 are for the purposes of illustra-
tion, and there are several caveats to them being directly taken
as constraints on the specific theories. To begin with, a given
modified gravity theory will give deviations in multiple PN
parameters, while the analyses consider each PN parameter
deviation in isolation. In addition, these analyses make use
of the merger–ringdown signal, but without taking into ac-
count how a specific theory would modify that portion of the
GW signal from GR. For instance, Johnson-McDaniel et al.
(2022) analyzes phenomenological non-GR signals with FTI
and TIGER, finding that these methods can yield constraints
on a PN deviation parameter that are much smaller than the
true deviation. Thus, these mappings will not be equivalent to
those obtained with an analysis that assumes a specific theory.

7. RINGDOWN TESTS

The ringdown-based pipelines presenting results in this sec-
tion are ringdown (Section 7.1), pSEOBNRv5PHM (Section
7.2), and QNMRF (Section 7.3). The various analyses probe
the nature of the spacetimes of remnant BHs born from BBH
mergers. The perturbed remnant radiates away its excess en-
ergy in the form of GWs during the ringdown (post-inspiral–
merger) phase to reach a stable Kerr solution (Kerr 1963;
Press & Teukolsky 1973; Teukolsky 1973; Whiting 1989;
Buonanno et al. 2007). In the late stages of ringdown, the
dynamics of the remnant’s spacetime are governed by linear
perturbations, such that the emitted gravitational radiation
takes the form of superposed exponentially damped sinusoids
called QNMs when projected onto a basis of spin-weighted
spheroidal harmonics (Vishveshwara 1970; Teukolsky 1973;
Cunningham et al. 1978; Chandrasekhar 1983; Berti et al.
2026). The ringdown and QNMRF analyses adhere to this
perturbation theory-based QNM template for post-merger sig-
nals, while pSEOBNRv5PHM models the entire signal with
the transitions between pre- and post-merger portions of the
template informed by numerical relativity (NR). ringdown

and QNMRF employ time-domain likelihoods (though the
latter first applies frequency-domain filters to the data), while
pSEOBNRv5PHM operates in the frequency domain.

The complex spectrum of QNMs is determined solely by
the mass and spin of the remnant BH (Penrose 1969; Carter
1971; Hawking 1972; Robinson 1975; Penrose 2002); we
do not expect astrophysical BHs to be charged (Wald 1974;
Gibbons 1975; Blandford & Znajek 1977), and charges have
a demonstrably negligible effect in the ringdown for present
detector sensitivities (Carullo et al. 2022; Gu et al. 2024). Con-
sequently, resolving a single mode in the ringdown signals
of detected events with QNM models like those of ringdown

and QNMRF permits independent measurements of remnant
properties that can corroborate parameter estimates from IMR
analyses. Furthermore, through BH spectroscopy, multiple
resolved modes in a ringdown signal provide a direct probe of
the Kerr prediction for the nature of remnant BHs (Detweiler
1980; Dreyer et al. 2004; Berti et al. 2006, 2026). A comple-
mentary test is that of pSEOBNRv5PHM, which is itself a
coherent IMR analysis that constrains parameterized defor-
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mations of the Kerr QNM spectrum within an NR-calibrated
mapping between remnant and binary properties.

The reliability of GR tests with BH spectroscopy hinges
on the assumption that the ringdown is consistent with lin-
ear perturbations on a Kerr background, and that a sum of
QNMs with constant amplitudes is an appropriate description
of the signal. This asymptotic regime is preceded by merger-
dependent initial conditions for QNM excitations (Berti &
Cardoso 2006; Albanesi et al. 2023; Lagos & Hui 2023;
Chavda et al. 2025; De Amicis et al. 2026), nonlinear dy-
namics (Gleiser et al. 1996; London et al. 2014; Bhagwat et al.
2018; Sberna et al. 2022; Baibhav et al. 2023; Bucciotti et al.
2023; Cheung et al. 2023; Lagos & Hui 2023; Mitman et al.
2023; Bucciotti et al. 2024; Ma & Yang 2024; Perrone et al.
2024; Redondo-Yuste et al. 2024a; Bourg et al. 2025), and
remnant relaxation (Sberna et al. 2022; Capuano et al. 2024;
May et al. 2024; Redondo-Yuste et al. 2024b; Zhu et al. 2024);
QNM templates do not include these effects and thus could
bias analysis results if applied too early in the post-merger
phase of the signal. For this reason, ringdown-only analyses
like ringdown and QNMRF perform scans over analysis start
times to determine the onset of measured linear QNM ampli-
tudes decaying self-consistently. Because pSEOBNRv5PHM
models the entire signal, the analysis bypasses the matter
of start time validity up to the uncertainty of the merger-
ringdown matching time, which has a negligible impact on
measured parameters for even the loudest signals observed to
date (Maggio et al. 2023; Pompili et al. 2025a; Grimaldi et al.
2026).

We label the spectrum of linear regime ringdown QNMs
by a set of indices (`,m, n). The (`,m) indices of the harmon-
ics capture the angular structure of the emission, while the
additional index n orders the discrete solutions to the radial
perturbation equations by their damping rates, with n = 0
denoting fundamental modes and n > 0 the corresponding
overtones. So, we express the GWs emitted during this phase
as the following (ignoring counter-rotating modes),

h(t) =

∞∑
`=2

∑̀
m=−`

∞∑
n=0

A`mn −2S `mn(ι, ϕ, χf)

× exp
{
−

t
(1 + z)τ`mn

}
exp

{
2πi f`mnt
(1 + z)

}
, (14)

where f`mn and 1/τ`mn are the real and imaginary parts of
the complex QNM frequency, A`mn is the QNM amplitude,
−2S `mn are the spin-weighted spheroidal harmonic basis func-
tions (Teukolsky 1973) evaluated at the QNM frequency, and
ι and ϕ are the inclination and azimuthal angles, respectively,
relative to the final spin of the remnant χf . IMR templates
typically model the full waveform on a spin-weighted spher-
ical harmonic basis (Gelfand et al. 1958; Newman & Pen-
rose 1966; Creighton & Anderson 2011), resulting in mode
mixing in the ringdown due to the basis mismatch (Kelly &
Baker 2013; Berti & Klein 2014). This effect is handled in
pSEOBNRv5PHM with explicitly computed mixing coeffi-
cients (Berti & Klein 2014; Pompili et al. 2025b), and it is

not a factor in analyses like ringdown and QNMRF whose
templates only leverage complex QNM frequencies without
modeling the angular structure of the signal.

ringdown and pSEOBNRv5PHM are able to constrain the
Kerr nature of remnants by applying deviations to the QNM
spectrum. Both ringdown and QNMRF find evidence for
a sub-dominant mode present in the post-merger signal of
one event, GW240621 195059. The pSEOBNRv5PHM con-
straints on Kerr deviations for this event are also among the
tightest of the GWTC-5.0 events, with even more stringent
constraints reported for the loudest events in O4b.

7.1. The Ringdown analysis

The ringdown (Isi et al. 2019b; Isi & Farr 2021; Siegel et al.
2025) pipeline carries out Bayesian, time-domain analyses
of the postmerger portions of GW signals detected from co-
alescences of BBHs to infer remnant BH properties through
measurements of QNMs and their properties. This analysis
permits spectroscopic tests of the Kerr nature of the remnant if
more than one ringdown mode is resolvable in a given signal.

We model the postmerger signal as a sum of elliptically po-
larized damped sinusoidal modes that are each comprised
of contributions from a pair of circularly polarized ±m
QNMs (Isi 2023). We express the polarizations of each such
ringdown mode as the following:

h+
`|m|n(t) = A`|m|n

[
cos θ`|m|n cos(2π f`|m|nt − φ`|m|n)

− ε`|m|n sin θ`|m|n sin(2π f`|m|nt − φ`|m|n)
]
e−γ`|m|nt (15a)

h×`|m|n(t) = A`|m|n

[
sin θ`|m|n cos(2π f`|m|nt − φ`|m|n)

+ ε`|m|n cos θ`|m|n sin(2π f`|m|nt − φ`|m|n)
]
e−γ`|m|nt . (15b)

ringdown also offers a QNM template that restores the an-
gular harmonic factors and implements equatorial reflection
symmetry constraints, which is applicable for non-precessing
systems and particularly useful for inferring their signals’ po-
larization structure (Khusid et al. 2026). However, to avoid
assumptions of source configurations, we proceed with the
template given in Equation (15). We do not directly sample in
the amplitude A`|m|n, polarization ellipticity ε`|m|n, polarization
angle θ`|m|n, and phase φ`|m|n of each ringdown mode; rather,
we sample the linear quadrature coefficients on the sinusoidal
terms in the above expressions from Gaussian priors and trans-
form them back into the overall ringdown mode properties
(Isi & Farr 2021; Isi 2023). The effective priors are flat in
A`|m|n, isotropic in phase and polarization angle, and disfa-
voring ε`|m|n = ±1. We also incorporate Kerr assumptions of
the QNM spectrum by fixing the mode frequencies f`|m|n and
damping rates γ`|m|n = 1/τ`|m|n to be functions of the detector-
frame final mass (1 + z)Mf and final spin χf of the remnant, on
which we place flat priors. In the event that multiple ringdown
modes are detected in a given postmerger signal, we can test
the Kerr nature of the remnant by extending this model to
include deviations on the sub-dominant mode properties,

f`|m|n = f Kerr
`|m|neδ f`|m|n , γ`|m|n = γKerr

`|m|neδγ`|m|n . (16)
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Figure 6. Joint posteriors on detector-frame remnant final mass (1 + z)Mf and remnant final spin χf from analyses by the ringdown pipeline of
the postmerger signal of selected events using the Kerr (2,2,0) QNM model. All curves shown are 90% credible contours. The outlined contours
correspond to various analysis start times with respect to the peak of each signal, with the gray posterior filled to indicate the t> = 10tMf analysis
result. Additionally, one of the contours per event is thickened to indicate tref

> , the earliest time of self-consistent posteriors according to expected
amplitude decay. The filled red contour is the posterior on remnant final mass and spin from the full-signal analysis using NRSur7dq4. For late
analysis start times, the remnant properties inferred using a single damped sinusoid QNM template are consistent with those of the IMR analysis.

While the dominant (2,2,0) mode fixes the final mass and
spin of the remnant, the sub-dominant mode is free to depart
from the Kerr prediction. We place flat priors on the deviation
parameters,U(−0.8, 0.8), by default and extend the range as
necessary in cases of railing posteriors.

The analysis takes as input a handful of parameters drawn
from the posterior distribution of a full-signal analysis. These
include the geocenter time corresponding to the time of co-
alescence as defined by NRSur7dq4 (Varma et al. 2019) to
determine the reference start time of the analysis; (1 + z)Mf
to map time in seconds to the natural timescale of the per-
turbed remnant’s oscillations (tMf = G(1 + z)Mf/c3); and sky
location parameters right ascension (α), declination (δ), and
polarization angle (ψ, which we fix because it is degenerate
with θ`|m|n) to compute the time delay of the analysis segment
in each interferometer’s data stream and determine the an-
tenna patterns. We omit information prior to the analysis start
time by truncating the strain data and excluding those earlier
samples from likelihood evaluation.

Our selection criterion for analysis intends for a given
signal to have a great enough post-peak optimal SNR, ρpp,
to resolve at least one long-lived mode and an additional

sub-dominant mode in the signal. To determine which events
meet this threshold, we compute the optimal SNR of the
truncated NRSur7dq4 waveform constructed from 500 pos-
terior sample draws, and we choose the events for which
the median ρpp is 10 or greater. This particular threshold
is motivated by ringdown analyses of GW150914 (Abbott
et al. 2016a,e), which find varying degrees of support for
an identifiable overtone in the postmerger signal (Giesler
et al. 2019; Isi et al. 2019b; Cotesta et al. 2022; Finch &
Moore 2022; Carullo et al. 2023; Isi & Farr 2023; Ma et al.
2023a; Correia et al. 2024); for a summary of these works,
see Berti et al. (2026). For all selected events, we analyze
their postmerger signals with the (2,2,0) and (2,2,0)+(2,2,1)
Kerr and beyond-Kerr models from the peak until late times.
Systems that are consistent with particular configurations
based on IMR parameter estimation qualify for analyses with
additional physically motivated mode combinations; preces-
sion can amplify other ` = 2 fundamental QNMs relative
to the typically dominant (2,2,0) (Zhu et al. 2025), and the
resolvability of higher-order modes in the ringdown is more
optimistic for unequal mass ratio systems (Berti et al. 2007;
Jiménez Forteza et al. 2020). So, for systems with at least one
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Figure 7. QNM amplitude posteriors from analyses of the post-
merger signal of GW240621 195059 using both default Kerr (2,2,0)
and (2,2,0)+(2,2,1) models shown in green and orange, respectively,
as well as an additional Kerr three-mode model including the (4,4,0)
mode shown in blue. In both panels, the darker and lighter gray
bands correspond to the 50% and 90% credible regions, respectively,
of the inferred QNM amplitudes projected forward and back from the
reference t> indicated by the vertical dotted lines. Each marker is the
median of the posterior distribution, the thicker vertical bars are 50%
credible intervals, and the thinner vertical bars are the 90% credible
intervals for each analysis start time. All credible regions are highest
posterior density intervals. Top: The posteriors on the amplitude of
the (2,2,0) mode. Bottom: The posteriors on the amplitude of the
(2,2,1) mode from analyses with the multi-mode models.

component spin inferred to be misaligned from the system’s
orbital angular momentum at the 95% credible level (CL),
we perform additional analyses with the (2,2,0)+(2,1,0) Kerr
and beyond-Kerr models. Finally, for systems inferred to
have unequal masses at the 95% CL, we perform additional
analyses with the (2,2,0)+(3,3,0) models. Analysis start
times are expressed with respect to the peak, t> = t − tpeak,
and all inference is performed over a range t> ∈ [0, 20]tMf

in increments of 2tMf . The events selected for analysis
in addition to the special event GW250114 (Abac et al.
2025c, 2026f) are GW240615 113620, GW240621 195059,
GW240920 124024, GW241127 061008, and
GW241225 082815. In the following results, we discuss
measurements of (1 + z)Mf and χf , A`|m|n, δ f`|m|n, and δγ`|m|n.

We expect most postmerger signals to be consistent at late
times with a single damped sinusoid, typically the quadrupolar
fundamental (2,2,0) mode. Analyzing the selected signals over
a grid of start times with a Kerr model consisting of this sin-
gle ringdown mode, we identify such a late-time behavior by
determining the earliest analysis start time, tref

> , for which we
subsequently make self-consistent measurements of the (2,2,0)
amplitude. Here, self-consistency means the amplitude poste-
riors from inferences beginning at t> > tref

> match the projected
exponential decay A`|m|n(t>) = A`|m|n(tref

> ) exp{−γ`|m|n(t>− tref
> )}

at the 90% CL. For these same ranges of times, we compare
the (1 + z)Mf and χf posteriors independently inferred from
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Figure 8. Posteriors on the frequency deviation to the (2,2,1) mode
from the beyond-Kerr analysis of GW240621 195059, at start times
for which the self-consistent Kerr two-mode model posteriors show
evidence of a sub-dominant mode detection. The filled regions
under the posteriors correspond to 90% credible intervals, which at
t> = 4tMf excludes δ f221 = 0.

the QNM analyses to the remnant BH properties measured by
the IMR analyses.

Figure 6 summarizes the inference results for each of the
selected events’ postmerger signals using the Kerr (2,2,0)
QNM model. We show the joint posteriors on (1 + z)Mf and
χf from the QNM analyses as outlined contours. We fill the
90% credible contour for the analyses beginning at t> = 10tMf ,
which all agree with the IMR measurements at the ∼90% CL.
For reference, the postmerger signal of GW250114 is shown
to be consistent with a single long-lived damped sinusoid
at t> = 10.5tMf (Abac et al. 2025c, 2026f), and the events
selected here have smaller ρpp. We also plot a thicker contour
to indicate the tref

> for which inferences within the scan over
start time produce self-consistent posteriors according to the
expected decay of the (2,2,0) amplitude.

At early t> near the peak estimates (varying blue contours),
we see biased measurements of the remnant BH properties as
compared to those of the IMR analysis. This effect may be due
to physical content unaccounted for by our fixed-amplitude
QNM template—additional sub-dominant ringdown modes
excluded from the model, non-QNM contributions arising in
linear BH pertubration theory (Arnaudo et al. 2026; Küchler
et al. 2026; Ma 2026; Su et al. 2026), and other transient
features discussed in Section 7. For all events, tref

> < 10tMf ,
and these times also mark the onset of self-consistent rem-
nant mass and spin measurements after which the posteriors
broaden approximately concentrically rather than continuing
to systematically shift. The varying red QNM model contours
at later t> overlap with the IMR posteriors at the 90% CL.
While the posteriors broaden as the signal decays and the
SNR decreases, the damped sinusoid in the QNM template
is still confidently identified at these late times. Both self-
consistent and IMR-consistent measurements of remnant and
mode properties are achieved with a single, long-lived (2,2,0)
for each event.
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Beyond the single-mode QNM model, we also analyze
all events using the Kerr (2,2,0)+(2,2,1) template. For all
events but one, the posterior on A221 is consistent with zero,
meaning the data do not require the inclusion of an additional
damped sinusoid with frequency and damping rate consistent
with those of the Kerr (2,2,1) in the model. The exception
is GW240621 195059 whose inferred A221 peaks confidently
away from zero at analysis start times t> < tref

> for which
the Kerr (2,2,0) model produces biased measurements of the
remnant final mass and spin.

In Figure 7, we show the A`|m|n posteriors from analyses
of GW240621 195059 over a range of start times with both
default Kerr QNM models, with green (orange) markers for
the single- (two-) mode inference. The measured A220 from
t> ≥ 8tMf are consistent between the two models and with
the extrapolated decay, and A221 is consistent with zero for
the same range of analysis start times, suggesting that the
signal is well-described by a single damped sinusoid over that
regime. For earlier times when the (2,2,0) amplitude departs
from the tref

> = 8tMf extrapolation, including the (2,2,1) in the
QNM template reconciles the inferred A220 posteriors with
the backwards-projected trend. Furthermore, for t> < 6tMf

we measure A221 to be non-zero at the ≥90% CL. The (2,2,1)
turns over from an exponential decay at the peak, but later
QNM analyses measure its amplitude in agreement with the
extrapolation from A221(t> = 2tMf ) = 4.68+7.84

−3.63 × 10−21 until
it becomes indistinguishable from noise by t> = 6tMf . So,
we find support for additional signal content at early t> that
resembles a free-ringing damped sinusoid if we label this
mode as the Kerr (2,2,1).

With evidence for appreciable non-(2,2,0) mode content
early in the postmerger signal of GW240621 195059 that
behaves like the Kerr (2,2,1) mode, we analyze the data at
t> ∈ [2, 4]tMf with introduced deviations on the (2,2,1) mode
properties given by Equation (16) to measure deviations from
the Kerr spectrum. Figure 8 shows the resulting δ f221 marginal
distributions (δγ221 is unconstrained for all t> and thus not
shown). While GR is supported within the 90% CL at t> =

2tMf , the t> = 4tMf posterior exhibits railing against the default
upper prior bound, favoring ` = 4 frequencies.

We compare these posteriors against those inferred from the
reference (maximum a posteriori) NRSur7dq4 reconstruction
injected into zero noise, which yield A221 measurements con-
sistent with zero and thus broad and poorly constrained δ f221
posteriors consistent with GR. We also inject the same signal
into ten different realizations of Gaussian noise, of which two
give rise to (2,2,1) amplitude measurements that mimic those
of the real data analysis. For one of these realizations, the
measured deviation posteriors peak around δ f221 = 0, while
the other gives rise to a GR violation at the 90% CL with pos-
terior support concentrated at negative values of δ f221. While
statistical fluctuations due to Gaussian noise do capture devi-
ations from Kerr, we cannot reproduce the particular tightly
constrained high-frequency feature of the real data inference.

Motivated by the support for higher-frequency mode
content in the beyond-Kerr analysis, we analyze the
GW240621 195059 postmerger data with yet another Kerr

model including an additional sub-dominant mode, the (4,4,0).
The resulting three-mode model posteriors on remnant prop-
erties and all mode amplitudes (blue markers in Figure
7) are self-consistent for t> ≥ 0tMf . Moreover, all three
damped sinusoids are confidently identified, inferred to have
non-zero amplitudes at the ≥90% CL for t> < 6tMf , with
A440(t> = 0tMf ) = 1.37+6.97

−1.21 × 10−21. The same three-mode
model applied to the zero-noise NRSur7dq4 injection does
not reproduce the same statistical support for the presence of
three modes, and in fact the overtone amplitude is inferred
to be consistent with zero at the 90% CL. For the two Gaus-
sian noise injections whose (2,2,1) content is identified with
confidence comparable to the measurements from real data,
the (4,4,0) is never resolved. The inconsistencies between the
real data and injection analyses suggest that the (4,4,0)-like
content in the data may be a non-Gaussian noise artifact, but
further investigation with additional mode combinations and
injections remains open for future work.

While we do identify multiple damped sinusoids in the
postmerger signal of GW240621 195059 at early t>, the
inability of injection studies to replicate the behavior of
the real data results cautions us against using this event to
constrain deviations from the Kerr spectrum. Analyses of
GW240621 195059 and the other qualified events with addi-
tional (2,1,0) and (3,3,0) modes included in the QNM tem-
plate do not produce any meaningful measurements of the
sub-dominant modes; in other words, the data do not require
their presence in the model to sufficiently describe the signal.

7.2. The pSEOBNR analysis

The pSEOBNRv5PHM analysis (Brito et al. 2018; Ghosh
et al. 2021; Maggio et al. 2023; Toubiana et al. 2024; Pompili
et al. 2025b) introduces fractional deviations (δ f̂`m0, δτ̂`m0) to
the frequency and decay time of the fundamental QNMs in
the ringdown description of the underlying SEOBNRv5PHM
waveform model (Khalil et al. 2023; Pompili et al. 2023;
Ramos-Buades et al. 2023; van de Meent et al. 2023) as:

f`m0 = f GR
`m0 (1 + δ f̂`m0) , (17)

τ`m0 = τGR
`m0 (1 + δτ̂`m0) . (18)

The final mass and spin of the remnant BH, computed from the
masses and spins of the components using NR fits (Hofmann
et al. 2016; Jiménez-Forteza et al. 2017), are used to predict
the GR values of the frequency and damping time of the
(`,m, 0) QNM (Berti et al. 2009).

The SEOBNRv5PHM waveform model describes BBHs
with spin precession and includes the subdominant modes
(`, |m|) = (2, 1), (3, 3), (3, 2), (4, 4), and (4, 3), in addition to
the dominant (2, 2) mode, in the coprecessing frame. While
the (5, 5) mode is also modeled, it is not included by default
for computational reasons and is not used in the analyses pre-
sented here, as its contribution is typically negligible. We de-
note the spherical-harmonic modes in the coprecessing frame
as h̃`m. Negative-m modes are derived from the positive-m
ones using the reflection symmetry h̃`m = (−1)`h̃∗`−m, which
is exact for aligned-spin binaries but not for precessing-spin
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Table 8. Results of the pSEOBNR analysis

Event δ f̂220 δτ̂220 f220 [Hz] τ220 [ms] (1 + z)Mf/M� χf

GW240511 031507 0.04+0.14
−0.12 −0.02+0.42

−0.32 188.2+20.5
−17.6 (184.5+8.2

−9.2) 5.75+2.30
−1.86 (5.74+0.70

−0.49) 93.8+18.5
−21.9 (93.9+7.5

−6.2) 0.73+0.15
−0.41 (0.71+0.07

−0.07)

GW240514 121713 0.02+0.16
−0.15 −0.05+0.39

−0.29 149.5+14.9
−12.8 (149.5+9.5

−9.0) 6.76+3.01
−2.20 (6.96+0.89

−0.72) 113.8+24.7
−26.3 (114.6+10.1

−9.4 ) 0.68+0.18
−0.45 (0.69+0.08

−0.09)

GW240615 113620 −0.05+0.10
−0.09 0.13+0.28

−0.24 215.3+15.4
−16.8 (223.9+6.8

−9.1) 4.85+1.08
−0.95 (4.47+0.27

−0.26) 80.3+10.1
−11.8 (74.6+3.2

−3.3) 0.70+0.12
−0.25 (0.66+0.05

−0.06)

GW240621 195059 −0.01+0.12
−0.06 0.18+0.29

−0.26 215.8+9.0
−8.5 (219.4+4.9

−7.3) 5.44+1.30
−1.18 (4.68+0.27

−0.21) 85.5+9.7
−12.2 (77.5+2.9

−2.7) 0.78+0.09
−0.19 (0.68+0.04

−0.04)

GW240705 053215 0.13+0.21
−0.16 −0.04+0.39

−0.29 139.5+17.9
−11.3 (135.3+9.3

−8.3) 8.41+3.23
−2.55 (7.64+1.19

−0.84) 131.6+25.0
−28.1 (126.0+13.0

−11.1) 0.78+0.11
−0.32 (0.69+0.10

−0.09)

GW240716 034900 0.00+0.13
−0.18 0.18+0.56

−0.40 191.8+21.5
−28.4 (195.5+11.3

−13.6) 6.00+2.89
−2.02 (5.17+0.81

−0.60) 95.6+20.9
−22.3 (85.9+8.7

−7.7) 0.76+0.15
−0.41 (0.67+0.10

−0.13)

GW240919 061559 0.01+0.13
−0.10 0.14+0.45

−0.35 195.9+19.6
−15.7 (196.5+7.3

−9.3) 5.98+2.21
−1.76 (5.25+0.55

−0.41) 93.8+17.3
−19.5 (86.7+6.1

−5.3) 0.78+0.11
−0.30 (0.68+0.07

−0.06)

GW240920 124024 0.03+0.05
−0.05 0.03+0.25

−0.20 217.6+8.0
−6.8 (213.4+4.2

−4.0) 5.06+1.29
−1.03 (4.81+0.24

−0.20) 81.9+10.6
−11.6 (79.6+2.6

−2.4) 0.74+0.11
−0.20 (0.68+0.04

−0.03)

GW241006 015333 0.08+0.30
−0.12 −0.14+0.55

−0.33 324.9+94.5
−33.3 (305.2+8.1

−12.3) 3.14+1.99
−1.16 (3.51+0.26

−0.19) 52.0+17.4
−14.2 (57.2+2.7

−2.2) 0.72+0.18
−0.46 (0.71+0.05

−0.04)

GW241127 061008 0.00+0.15
−0.11 0.03+0.45

−0.33 157.8+9.7
−8.0 (153.9+8.8

−7.8) 6.43+2.65
−2.25 (5.88+0.50

−0.49) 108.4+22.4
−26.2 (100.9+7.1

−7.1) 0.69+0.17
−0.44 (0.56+0.09

−0.10)

GW241129 021832 −0.03+0.16
−0.13 0.10+0.45

−0.35 237.7+35.5
−27.2 (246.9+12.4

−15.1) 4.86+1.87
−1.46 (4.58+0.64

−0.44) 76.4+15.2
−16.2 (73.1+5.7

−4.9) 0.77+0.13
−0.34 (0.75+0.08

−0.08)

GW241225 082815 0.08+0.13
−0.19 0.38+0.52

−0.40 129.3+8.7
−5.9 (133.5+7.6

−6.4) 10.70+4.23
−3.37 (7.60+1.02

−0.89) 154.3+24.7
−30.5 (126.0+11.8

−11.3) 0.85+0.08
−0.22 (0.67+0.08

−0.11)

GW250114 082203 0.02+0.02
−0.02 −0.01+0.10

−0.09 251.5+5.2
−5.1 (247.6+1.6

−1.3) 4.06+0.41
−0.38 (4.13+0.07

−0.08) 67.7+4.1
−4.3 (68.3+0.8

−1.0) 0.68+0.07
−0.09 (0.68+0.01

−0.01)

GW250119 025138 0.09+0.20
−0.13 0.23+0.62

−0.47 207.8+16.4
−13.3 (201.7+11.9

−11.4) 7.52+3.11
−2.83 (5.34+0.75

−0.54) 101.2+14.3
−21.3 (86.8+7.8

−6.7) 0.89+0.06
−0.24 (0.72+0.08

−0.08)

Note—Median values and symmetric 90% credible intervals for the one-dimensional marginalised posteriors of the fractional deviations in the frequency and damping time of the (2, 2, 0)
QNM, (δ f̂220, δτ̂220); the reconstructed frequency and damping time of the (2, 2, 0) QNM; and the redshifted mass and spin of the remnant object, from different events that are analyzed
using the pSEOBNRv5PHM method. For the last four quantities, estimates from IMR analyses assuming GR are shown in parentheses for comparison.

binaries (Boyle et al. 2014), even in the coprecessing frame.
Mode asymmetries in the co-precessing frame are a subdom-
inant effect and have only recently been included in SEOB-
NRv5PHM (Estellés et al. 2026). They are not included in
the present analyses to maintain consistency with previous
observing runs, and are expected to have a marginal impact
on our results. In the following, we restrict the discussion to
(`,m) modes with m > 0. The current implementation of the
pSEOBNR test has a pTEOBResumS analogue for eccentric
and precessing binary black holes (Chiaramello et al. 2025;
Chandra et al. 2025).

The SEOBNRv5PHM waveform is constructed by attaching
the merger–ringdown waveform, h̃merger-RD

`m (t), to the inspiral–
plunge waveform, h̃insp–plunge

`m (t), in the coprecessing frame at
a matching time, tmatch, corresponding to the peak amplitude
of the (2, 2) harmonic. The merger–ringdown for each mode
can be written as

h̃merger–RD
`m =ηÃ`m(t) exp

[
iφ̃`m(t)

]
exp [−iσ̃`m0 (t−tmatch)] ,

(19)
where η is the symmetric mass ratio of the binary and σ̃`m0
are the complex frequencies of the least-damped QNM of
the remnant BH, in the coprecessing frame. The functions
Ã`m(t) and φ̃`m(t) are constrained by the requirement that the
amplitude and phase of h̃`m(t) are continuously differentiable
at the matching time and are calibrated to a large set of NR
simulations of BBHs with aligned spins (Pompili et al. 2023).
These time-dependent functions implicitly absorb the contri-

bution of overtones, so the analysis enables constraints on
the fundamental QNMs but not on overtones, which are not
parameterized explicitly.

In BH perturbation theory, the mode decomposition used to
define QNMs assumes a frame where the z-axis is aligned with
the final angular momentum of the system (J f-frame). The
QNM frequencies in this frame, σ`m0, can be mapped to effec-
tive QNM frequencies in the coprecessing frame, σ̃`m0 (Hamil-
ton et al. 2023). The complex frequencies are related to the
QNM oscillation frequency and damping time as:

f`m0 =
1

2π
Re (σ`m0) , τ`m0 = −

1
Im (σ`m0)

. (20)

Because the pSEOBNR analysis directly modifies param-
eters in an IMR waveform model, it takes full advantage of
the signal length and its SNR, and removes the dependency
on an externally chosen ringdown start time. This analysis
requires SNR ≥ 8 in both the inspiral and post-inspiral parts
of the signal, since a reasonable inspiral SNR is needed to con-
strain the remnant properties expected in the GR prediction of
the QNMs, and break the degeneracy between the fundamen-
tal ringdown frequency deviation parameter and the remnant
mass (Ghosh et al. 2021). More specifically, for events starting
from O4a that have been analyzed with the SEOBNRv5PHM
model in Abac et al. (2026i), we use the median SNR from
the GR analyses performed with this waveform. For events
up to O3b, where results with SEOBNRv5PHM are not avail-
able, we follow Abbott et al. (2025) and use the maximum
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Figure 9. Left panel: The 90% credible regions of the posterior probability distribution of the fractional deviations in the frequency and damping
time of the (2, 2, 0) QNM, (δ f̂220, δτ̂220), and their corresponding one-dimensional marginalized posterior distributions, for events passing a
SNR threshold of 8 in both the inspiral and post-inspiral signal. We highlight the posteriors for GW250114 082203. The joint constraints
on (δ f̂220, δτ̂220) obtained multiplying the posteriors (given a flat prior) from individual events are given by the filled grey contours, while the
hierarchical method of combination yields the teal curves. Right panel: Width of the 90% credible interval for the one-dimensional marginalised
posteriors of (δ f̂220, δτ̂220), colored by the median redshifted total mass (1 + z)M/M�, inferred assuming GR. Filled gray (unfilled teal) downward
triangles mark the constraints obtained when all the events are combined by multiplying posteriors (hierarchically). For comparison, we mark
bounds from GWTC-4.0 results (Abac et al. 2026d) with filled/unfilled upward triangles. The bounds from GW250114 082203 (square) are
indicated with separate markers.

a posteriori estimate from the IMR analyses performed with
IMRPhenomXPHM MSA (Pratten et al. 2021).

The current version of the analysis focuses exclusively on
constraining the fractional deviations of the dominant (least-
damped) QNM by sampling over δ f̂220 and δτ̂220 in addition
to the GR parameters of the waveform model. The prior
range for the fractional deviations is uniform in the ranges
δ f̂220 ∈ [−0.8, 2] and δτ̂220 ∈ [−0.8, 2]. In cases exhibiting
railing, we extend the prior range to [−0.8, 4]. The internal
consistency of the model requires δτ̂220 to be larger than −1.

Table 8 presents the median values and symmetric 90%
credible intervals on the one-dimensional marginalised poste-
riors of the fractional deviations in the frequency and damping
time of the (2, 2, 0) QNM, (δ f̂220, δτ̂220) for the events that are
new with respect to GWTC-4.0. Additionally, the table re-
ports the reconstructed frequency and damping time of the
(2, 2, 0) QNM, derived using Equations (17) and (18), and the
mass and spin of the remnant BH, estimated from the complex
QNM frequencies by inverting the fitting formulas from Berti
et al. (2006). Since the fitting formulas map the GR QNM
frequencies to remnant mass and spin, samples with large frac-
tional deviations, which can arise when the posterior is poorly

informative, may map to unphysical remnant parameters. The
(1 + z) Mf and χf entries in the table are therefore restricted
to the physical range of remnant mass and spin. For all events
analyzed, the two-dimensional posteriors for the reconstructed
frequency and damping time of the (2, 2, 0) QNM, as well as
the inferred remnant mass and spin, are consistent at the 90%
CL with the estimates from IMR analyses (Abac et al. 2026i).

The results of the analysis are summarised in Figure 9. The
left panel of the figure shows the two-dimensional posteriors
(along with the corresponding marginalized one-dimensional
posteriors) for the fractional deviations in the frequency
and damping time of the (2, 2, 0) QNM, for all events an-
alyzed. The contours are colored according to the median
detector-frame total mass (1 + z)M of the corresponding bi-
nary. We specifically highlight the posteriors from one event,
GW250114 (Abac et al. 2026f), which is the loudest ob-
served so far and provides the strongest single-event bounds
on the frequency and damping time deviations. Combined
constraints are shown both by multiplying individual posteri-
ors, depicted as the filled grey contours, and by hierarchically
combining events, represented by the teal curves. For the hi-
erarchical analysis, we model the population-level fractional
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deviations δ f̂220 and δτ̂220 as a two-dimensional Gaussian
distribution, with means (µδ f̂220

, µδτ̂220 ), standard deviations
(σδ f̂220

, σδτ̂220 ), and a correlation coefficient ρδ f̂220δτ̂220
(Zhong

et al. 2024). The right panel of Figure 9 summarizes the 90%
credible intervals on the one-dimensional marginalized poste-
riors, color-coded by the median detector-frame mass of each
binary.

When using the same analysis settings adopted for GR
analyses in GWTC-5.0, the event GW241127 061008 shows
a bimodal posterior in total mass and δ f̂220, with one mode
near the GR prediction and another at negative δ f̂220 (around
−0.1) and lower total mass (around 90M�), with the two
parameters strongly correlated with each other. This is a
loud event with median SNR of 31.2, occurring in a region
of parameter space (with support for unequal masses, high
total mass, and evidence for strong spin precession) where
waveform systematics are expected to be significant (Dhani
et al. 2025). However, analyses of signal simulated generated
using NRSur7dq4 in zero noise do not show such features,
indicating that waveform systematics are unlikely to be the
origin of the observed bimodality.

Instead, the features are more plausibly attributed to noise
systematics in the LIGO Livingston detector. Data-quality
reports indicate the presence of a glitch in the Livingston data
near the time of the event, and default analyses adopt a low-
frequency cutoff of 30 Hz to mitigate its impact. We find, how-
ever, that the results are sensitive to the choice of this cutoff:
increasing the low-frequency cutoff enhances the bimodality
of the posterior. Conversely, removing Livingston data en-
tirely yields a unimodal posterior consistent with GR. This
behavior suggests the presence of a residual in the data, which
the waveform model accommodates by shifting parameters
in a correlated manner. Further evidence for non-stationary
noise comes from analyses performed using a PSD estimated
with BilbyPipe via median averaging (Allen et al. 2012; Ash-
ton et al. 2019; Romero-Shaw et al. 2020), computed from
256 s of data prior to the event and an 8 s segment length,
with all other settings left at their defaults. In this case, the
posterior distributions for both the total mass and δ f̂220 differ
significantly from those obtained with the default BayesWave

PSD based on on-source data, losing their bimodal structure
and instead peaking around the non-GR mode. Taken together,
these results point to non-stationary noise in the Livingston
detector as the most likely explanation for the observed fea-
tures. In light of these findings, our final results for this event
are obtained excluding the Livingston detector data.

Motivated by the findings of other ringdown pipelines, we
extend the pSEOBNR analysis of the GW240621 195059
event to probe also the sub-dominant (4, 4, 0) QNM. We sam-
ple over δ f̂440 and δτ̂440 in addition to δ f̂220, δτ̂220 and the GR
parameters of the waveform model. We choose a prior range
for the (4, 4, 0) QNM fractional deviations uniform in the
ranges δ f̂440 ∈ [−0.8, 4] and δτ̂440 ∈ [−0.8, 4]. We find that
the posteriors on the two additional parameters are uninforma-
tive. Therefore, the pSEOBNR analysis does not find support
for the presence of the (4, 4, 0) QNM in GW240621 195059.

When considering the joint posterior results, a shift toward
positive values in the damping time deviation, previously
noted in both the GWTC-3.0 and GWTC-4.0 analyses (Abbott
et al. 2025; Abac et al. 2026d), is now recovered, with the GR
prediction lying slightly outside the 90% credible region. The
distribution for the frequency deviation is more sharply peaked
around zero compared to GWTC-4.0, while the damping time
deviation shows a shift towards positive values. A similar
trend is observed in the hierarchical posterior for δτ̂220, which
also peaks at positive values but features larger statistical
uncertainties compared to the corresponding joint posterior.

The joint bounds read

δ f̂220 = 0.01+0.01
−0.02; δτ̂220 = 0.07+0.06

−0.05 (21)

by multiplying the posteriors and

δ f̂220 = 0.01+0.03
−0.03

[
µδ f̂220

= 0.01+0.02
−0.02;σδ f̂220

< 0.03
]

;

δτ̂220 = 0.09+0.13
−0.10

[
µδτ̂220 = 0.09+0.07

−0.06;σδτ̂220 < 0.10
]

;

ρδ f̂220δτ̂220
= −0.07+0.76

−0.69

(22)

by combining hierarchically. The values in square brackets
correspond to the inferred hyperparameters.

Given a posterior distribution, the consistency with the
null hypothesis can be quantified by the GR quantile, which
corresponds to the fraction of the posterior enclosed by the iso-
probability contour that passes through the GR value (Ghosh
et al. 2018), and is defined such that 0% (100%) indicates
full consistency (full inconsistency) with the null hypothe-
sis. We denote by Q2D

GR the quantile computed from the joint
posterior in two dimensions, where the GR hypothesis corre-
sponds to δ f̂220 = δτ̂220 = 0. For the hierarchical analysis, we
instead refer to Q4D

GR, where the null hypothesis is given by
µδ f̂220

= µδτ̂220 = σδ f̂220
= σδτ̂220 = 0. We summarize the GR

quantiles in Table 9.
The analysis of GWTC-4.0 events using the pSEOB-

NRv5PHM model results in Q2D
GR = 98.6% when multiply-

ing the posteriors, while the hierarchical combination yields
Q

1D,µδτ̂220
GR = 99.3% when just considering the mean of the

deviation in the damping time which exhibits the largest devi-
ation and Q4D

GR = 85.1% when considering all four parameters
(two means and two standard deviations). Adding the O4b
events results in a shift toward slightly smaller GR quantiles,
indicating marginally increased consistency with GR. We
find Q2D

GR = 98.1% when multiplying the posteriors, while

the hierarchical combination yields Q
1D,µδτ̂220
GR = 98.7% and

Q4D
GR = 92.5%. To quantify the variance due to the finite

number of events in the catalog, we estimate uncertainties by
bootstrapping over the event set (Pacilio et al. 2024). Specifi-
cally, we build 1000 synthetic catalogs by resampling events
with replacement and recompute the combined quantiles for
each realization. The central 90% interval of the resulting
bootstrap distribution is reported as the uncertainty on Q2D

GR,

Q
1D,µδτ̂220
GR , and Q4D

GR in Table 9.
This discrepancy with GR could arise from a variety of fac-

tors, including non-Gaussian or non-stationary noise (Abbott
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Table 9. GR quantiles for combined pSEOBNR results

Catalog Joint Q2D
GR Hierarchical Q

1D,µδτ̂220
GR Hierarchical Q4D

GR

GWTC-4.0 98.6+1.4
−9.4% 99.3+0.7

−4.5% 85.1+14.9
−19.7%

GWTC-5.0 98.1+1.9
−6.9% 98.7+1.3

−13.1% 92.5+7.5
−20.8%

Note—Comparison of GR quantiles for joint (Q2D
GR) and hierarchical (Q

1D,µδτ̂220
GR and Q4D

GR) results of the pSEOBNRv5PHM analysis, where the GWTC-4.0 results are taken from Abac
et al. (2026d). Smaller GR quantiles indicate better consistency with GR. Uncertainties quantify variance from the finite catalog size and are estimated via bootstrapping over the event set.

et al. 2021b; Ghosh et al. 2021), parameter correlations (Ab-
bott et al. 2025), systematic errors from waveform modeling,
intrinsic variance due to the limited number of events in the
catalog (Pacilio et al. 2024), or selection effects. Incorpo-
rating additional events from future observing runs, as well
as injection studies in the meantime, could help clarify this
behavior.

As previously noted, several events exhibit non-trivial corre-
lations between the deviations δ f̂220 and δτ̂220 and the binary’s
mass and spin parameters, which are themselves influenced
by prior choices that may not reflect the true source pop-
ulation (Payne et al. 2023). To assess the impact of these
correlations, we reweight the individual-event posteriors ac-
cording to the GW astrophysical population inferred from
GWTC-4.0 (Abac et al. 2025d). We find that the joint pos-
terior distribution on δ f̂220 shifts slightly towards negative
values, becoming more consistent with GR, while the poste-
rior distribution on δτ̂220 narrows while peaking at approx-
imately the same value, becoming slightly less consistent
with GR (Q2D

GR = 99.7%). When combining the reweighted
posteriors hierarchically, we find that both the posterior distri-
butions on δ f̂220 and δτ̂220 shift slightly towards negative val-
ues, becoming more consistent with GR (Q

1D,µδτ̂220
GR = 97.0%,

Q4D
GR = 67.8%). This behaviour is expected: the PE prior

tends to assign relatively more weight to higher-mass events
compared to the astrophysical population, and since δ f̂220
is correlated with the total mass, the reweighting naturally
shifts the posterior in this direction. By contrast, δτ̂220 is less
strongly correlated with the binary parameters, consistent with
smaller changes observed at the level of individual events.

Additionally, selection effects are not accounted for in the
current hierarchical inference. For example, the pSEOBNR
selection criteria may favor events with positive damping time
deviations, as these tend to have a larger ringdown SNR, po-
tentially contributing to the observed deviation. We therefore
expect that properly accounting for selection effects would
shift δτ̂220 toward lower values and reduce the apparent level
of inconsistency with GR. These limitations should be ad-
dressed in future analyses to avoid potential biases.

When restricting the combination to the five highest-
SNR events in GWTC-5.0 (namely, GW250114 082203,
GW240920 124024, GW231226 101520, GW240621 195059,
GW200129 065458, and excluding the loud special event
GW250207 115645 observed in O4c; Abac et al. 2026g),
the deviation on δτ̂220 is significantly reduced. The 90%
credible interval of the joint posterior is δτ̂220 = 0.02+0.08

−0.08

with a joint GR quantile of Q2D
GR = 69.6%. Including lower-

SNR events shifts the posterior distribution towards higher
δτ̂220 values while also tightening it, eventually render-
ing it only marginally consistent with GR. However, re-
moving GW250114 from the five highest SNR events in
GWTC-5.0results in a posterior on δτ̂220 shifted towards
positive values (δτ̂220 = 0.08+0.14

−0.12 at 90% credible interval).
Combining all events in the GWTC-5.0 without GW250114
yields δτ̂220 = 0.11+0.09

−0.07 at 90% credible interval, with a joint
GR quantile Q2D

GR = 99.0%. This highlights the significant
influence of GW250114 on the combined result.

To give a rough sense of the constraining power of our
results, we map the pSEOBNRv5PHM ringdown results to
approximate bounds on two beyond-GR theories: Einstein–
dilaton–Gauss–Bonnet gravity (Gross & Sloan 1987; Kanti
et al. 1996) and dynamical Chern–Simons gravity (Alexander
& Yunes 2009). Both theories modify the QNM spectrum of
Kerr BHs, with corrections controlled by a coupling length
scale

√
α (Chung & Yunes 2024; Chung et al. 2025). Unlike in

GR, where the QNM spectrum is isospectral—perturbations of
opposite parity (axial and polar) share the same frequencies—
these theories generically break this degeneracy, so that ax-
ial and polar perturbations receive distinct corrections. For
simplicity, we consider each parity sector independently and
map the posterior on δ f̂220 to the coupling length scale

√
α

by inverting the leading-order relation between QNM fre-
quency shifts and the coupling (Chung & Yunes 2024; Chung
et al. 2025), reweighting to a prior uniform in

√
α. More

rigorous constraints would require a Bayesian analysis that di-
rectly employs waveform predictions in these theories (Silva
et al. 2023; Chung & Yunes 2025). Across all 31 events,
GW230927 153832 yields the tightest indicative constraint
for both theories and both parities; the resulting 90% up-
per limits on

√
αdCS and

√
αEdGB for each parity sector are

summarized in Table 10. We adopt the same conventions
for
√
αEdGB and

√
αdCS as in Sänger et al. (2026) and Silva

et al. (2021), respectively, which provide the current best
bounds quoted both here and in Table 7. Although this event
ranks only fourth in δ f̂220 precision (90% credible interval
half-width of 0.077, compared to 0.022 for GW250114), its
source-frame remnant mass of 36.6+3.6

−2.3 M� is the lowest in
our sample, nearly half that of GW250114 (62.9+1.2

−1.3 M�). Be-
cause the mapped constraint scales linearly with Mf but only
as the fourth root of δ f̂220, the low remnant mass dominates
and makes GW230927 153832 the most constraining event
despite its moderate SNR of ∼ 20.
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Table 10. Illustrative mappings of agnostic constraints on the (2, 2, 0) QNM frequency deviation δ f̂220 onto parameters of selected modified
gravity theories for the event that gives the best results, with axial and polar parity sectors mapped independently.

Axial Polar

Theory
√
α [km] ζQNM √

α [km] ζQNM Existing
√
α [km]

Einstein–dilaton–Gauss–Bonnet 14.3 0.238 9.1 0.038 0.28 (Sänger et al. 2026)

dynamical Chern–Simons 17.0 0.030 21.0 0.070 8.5 (Silva et al. 2021)

Note— The values shown are mappings of posteriors on the (2, 2, 0) QNM frequency deviation δ f̂220 from the pSEOBNRv5PHM analysis into 90% credibility results for parameters in
modified gravity theories for the event that gives the best result (GW230927 153832 in both theories). The mapping is obtained by inverting the leading-order relation between the (2, 2, 0)
QNM frequency shift and the coupling length scale

√
α (Chung & Yunes 2024; Chung et al. 2025), after reweighting the δ f̂220 posterior to a prior uniform in

√
α. For each parity sector

we also report the 90% upper limits of the dimensionless coupling ζQNM (defined in the text), which quantifies the validity of the perturbative small-coupling expansion. The values of
√
α

should not be interpreted as statistical constraints or exclusions. Real modified gravity theories generically modify the full ringdown spectrum and the inspiral signal, while our mapping
uses only the δ f̂220 posterior and neglects additional field-induced modes that enter at the same order in the coupling (Lestingi et al. 2025); moreover, the axial and polar parity sectors,
which are degenerate in GR but receive distinct corrections in these theories, are mapped independently, with each bound obtained assuming that the observed deviation is dominated by a
single parity sector. Similar to the case of Table 7, the table is intended only to provide intuition about the agnostic δ f̂220 bound by showing how it would translate to the parameters of
some commonly considered alternative theories, together with constraints on those parameters from the literature.

The leading-order QNM corrections are derived un-
der the perturbative small-coupling assumption ζQNM �

1, where the dimensionless coupling is ζQNM
EdGB =

16πα2
EdGB/

(
GMf/c2

)4
for Einstein–dilaton–Gauss–Bonnet

and ζQNM
dCS = πα2

dCS/
(
GMf/c2

)4
for dynamical Chern–Simons.

The factor of 16 difference between the two theories arises
from converting from the convention of Chung & Yunes
(2024); Chung et al. (2025) to that typically adopted in the
ppE literature, e.g., Sänger et al. (2026); Silva et al. (2021).
For GW230927 153832, the mapped bounds correspond to
ζQNM

EdGB = 0.238 (0.038) and ζQNM
dCS = 0.030 (0.070) for axial

(polar) perturbations, all well below unity.

7.3. The QNM Rational Filter analysis

The QNMRF (Ma et al. 2022, 2023a,b; Lu et al. 2025) ana-
lyzes postmerger signals from BBH systems to identify the
QNMs present and, if more than one mode is present, perform
BH spectroscopy. A test of GR via BH spectroscopy aims to
determine whether the observation of multiple QNMs in the
ringdown signal is consistent with the spectrum predicted for
a Kerr BH. In this context, the identification of a subdomi-
nant mode in addition to the dominant 220 QNM, along with
detector-frame remnant mass (1 + z)Mf and spin χf estimates
that agree with those from the full IMR analysis, constitutes a
self-consistency test of GR. In the remainder of this section
we denote the mass and spin pair as ϑf = {(1 + z)Mf , χf}. To
test for this self-consistency, the QNMRF applies filters in
the frequency domain to eliminate specific complex-valued
QNMs from the ringdown signal, and then compares the resid-
ual with colored Gaussian noise. For a ringdown model with
a chosen set of QNMs, a rational filter is constructed for a
given pair ϑf of remnant BH mass and spin. By applying
filters to the frequency-domain strain data and transforming
the filtered data back to the time domain, the method removes
the QNMs associated with each ϑf pair. Since the filters
remove QNMs without requiring prior knowledge of their
amplitudes or phases, the likelihood function L(ϑf) remains

two-dimensional regardless of the number of modes consid-
ered.

To determine the set of QNMs present in a ringdown signal,
we compare the Bayesian evidences for different hypotheses,
each of which contains a different set of QNMs and has a dif-
ferent analysis start time. We compute the Bayesian evidence
Z(d|H) for the hypothesis H by integrating the likelihood
over the remnant mass and spin of the BH for the given set
of QNMs and analysis start time. We then define a detec-
tion statisticD which quantifies how much the data support a
hypothesisH over an alternative hypothesisH ′:

D(H : H ′) = log10
Z(d|H)
Z(d|H ′)

. (23)

HereD is analogous to a log Bayes factor but formally differs
from the Bayes factors computed by other time-domain ring-
down analyses. Specifically, the QNMRF likelihood is closely
connected to the usual time-domain likelihood when using the
maximum-likelihood estimation for mode amplitudes under
the assumption of white noise (Lu et al. 2025, Appendix A).

For each hypothesis, we also compute the joint posterior
quantile of the remnant mass and spin inferred from the full
IMR analysis:

pIMR =

∑
L(d|ϑf )>L(d|ϑIMR

f )L(d|ϑf)∑
ϑf
L(d|ϑf)

, (24)

where summation over the grid on which the likelihoods are
computed is used instead of integration. A lower pIMR value
indicates a better match between the IMR analysis and a spe-
cific QNM hypothesis. We set ϑIMR

f and other IMR-inferred
quantities to the values with the maximum a posteriori in the
NRSur7dq4 approximant PE from Abac et al. (2026i).

To evaluate a detection statistic preferring a specific two-
mode hypothesis to the single-mode hypothesis, we compute
a threshold on D which corresponds to a statistical signifi-
cance with a 1% false-alarm probability (FAP). We do this
by injecting a single QNM with randomized properties into
the detector noise around the event (i.e., analyzing a simu-
lated observation of a QNM added to the detector noise). We
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Figure 10. QNMRF results for GW240621 195059. The top panel
shows D − D1% when comparing different candidates of the sec-
ondary ringdown mode against the {220}-only hypothesis at different
starting times. Values above zero are unlikely to be caused by the
noise background and are denoted by filled markers, values below
zero are denoted by unfilled markers. The bottom panel shows pIMR

for the different mode hypotheses. The {220, 221} combination
yields a D − D1% > 0 for a range of times and improves pIMR the
most compared to all other modes.

then compare the detection statistic between an overfiltered
two-mode hypothesis (for a specific secondary mode) and
the correct single-mode hypothesis. By performing 300 in-
jections with the detector noise around each event we find
a distribution of false-alarm detection statistic and then take
the D value that corresponds to a 1% FAP as a threshold
D1%. Observing aD−D1% > 0 indicates that the preference
for a secondary mode is unlikely to be caused by the noise
background. However, it is common to findD−D1% > 0 for
multiple two-mode hypotheses because the power of a specific
subdominant QNM can be partially recovered when searching
for other QNMs. In this case, the preferred secondary QNM
is identified by selecting the hypothesis that reduces pIMR the
most (Lu et al. 2025). A subdominant mode is, therefore,
statistically significant if both D − D1% > 0 and it leads to
the largest decrease in pIMR.

Since the onset of the stationary QNM regime is un-
certain, we evaluate at multiple reference times ∆t0 > 0,
where ∆t0 = 0 marks the merger time as determined
by the IMR analysis. The likelihood is computed with
the data within [∆t0,∆t0 + 0.2 s], with the sky position
inferred from the IMR analysis. We select O4b events
with the highest total SNRs above 20 and the largest red-
shifted final masses above 50M�. The four events selected

for analysis are GW240615 113620, GW240621 195059,
GW240920 124024, and GW241127 061008.

The main results for the analysis of GW240621 195059
are shown in Figure 10. For the 221 QNM, we find that for
∆t0 < 5tMf (where tMf is defined using MIMR

f ), the detection
statistic exceeds the threshold and yields a FAP < 1% relative
to the noise background, with D − D1%≤ 2.46. This sug-
gests evidence for the presence of the 221 mode. While other
subdominant modes also have D −D1% > 0, the 221 QNM
improves pIMR the most at times when D − D1% > 0. The
caveats discussed in Section 7.1 still apply for early times right
after ∆t0 > 0: (i) at such an early time, systematic uncertain-
ties due to time-dependent effects, unaccounted for in QNM
superpositions, may affect the results; (ii) there is a statistical
uncertainty in the merger time itself (tgeo

+1.7tMf
−1.4tMf

). We also find
qualitatively similar behaviour for the 440 mode in this event.
The QNMRF statistic supports a 440-like component, in ad-
dition to the {220, 221} modes, in the early post-merger data,
consistent with the ringdown analysis. However, applying the
same analysis procedure to the NRSur7dq4 waveform without
additive noise does not yield a corresponding preference for
the 440 mode. This is consistent with the interpretation that
the apparent 440 content in the data may be due to a noise
artifact; future studies of similar systems may help determine
the origin of such features. No evidence for a subdominant
QNM is found in the other three events.

8. CONCLUSIONS

The second part of the fourth observing run of the LVK
network has substantially expanded the sample of GW sig-
nals from GWs. In this work we analyze 72 events detected
during O4b and five events from O4a, together with previ-
ously observed events from earlier observing runs that satisfy
the selection criteria adopted for tests of GR. This brings
the total number of analyzed events for tests of GR in the
cumulative GWTC to 168. These signals were subjected to
a set of seven complementary analyses probing different as-
pects of GW generation, propagation, and the properties of
the remnant BH.

Within the set of tests considered in this paper we find no
significant evidence for deviations from the predictions of
GR. The residual tests show that the reconstructed signals
leave noise-like residuals in the detector data, while no sig-
nificant evidence is found for additional polarization content
beyond the one predicted by GR. Additionally, we improve
the constraints on deviations from the GR PN coefficients by
factors of 1.2–2.6. Similarly, the ringdown analyses improve
the constraint on the dominant quadrupolar (` = m = 2, n = 0)
mode by a factor of 1.95 and 1.48 for the fractional deviation
in the frequency and damping time, respectively. When events
are combined by multiplying likelihoods (hierarchically), the
frequency-domain ringdown analysis places the GR predic-
tion at the edge of the 98.1+1.9

−6.9% (98.7+1.3
−13.1%) credible region,

where the quoted intervals are obtained via bootstrapping to
account for the finite number of analyzed events. The agree-
ment with GR is improved relative to GWTC-4.0, primarily
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due to the inclusion of GW250114. Furthermore, we infer a
nonzero amplitude of the (` = m = 2, n = 1) overtone for
GW240621 195059, though content beyond the two-mode
template biases the inferred deviations from the Kerr spectrum
in the overtone. Moreover, we do not find evidence for ad-
ditional subdominant ringdown modes in the events. Finally,
Tables 7 and 10 provide illustrative mappings of inspiral and
ringdown constraints onto parameters of selected modified
gravity theories.

In a few individual cases, the posterior distributions of devi-
ation parameters place the GR value outside the 90% credible
interval. Given the number of events analyzed, such occur-
rences are expected and do not constitute evidence for a break-
down of GR. The growing number of high-significance detec-
tions also highlights the importance of carefully accounting
for potential systematic effects in tests of strong-field gravity.
In particular, instrumental artifacts, non-Gaussian noise fea-
tures, and waveform-modeling uncertainties can influence PE
and may mimic apparent deviations from GR. Continued im-
provements in detector characterization, waveform modeling,
and analysis methodologies will therefore remain essential as
the sensitivity of the detector network increases and louder
signals become more common.

Several exceptional events from O4b have already mo-
tivated dedicated studies of strong-field gravity and BH
dynamics. For example, the asymmetric high-spin bi-
nary GW241011 233834 (Abac et al. 2025b), the very
loud event GW250114 (Abac et al. 2025c, 2026f), as well
as GW240925 005809 and GW250207 11564 (Abac et al.
2026g) provide particularly stringent probes of relativistic
dynamics and the properties of the remnant BH. Such events
demonstrate the scientific potential of the current observing
run and motivate the continued development of increasingly
precise tests of gravitational theory.

Future analyses will incorporate detections from the remain-
der of the fourth observing run and subsequent observing runs
as the global detector network continues to improve in sen-
sitivity (Abbott et al. 2020b). 1 The increasing catalog of
gravitational-wave events, together with advances in model-
ing and inference techniques, will enable progressively more
stringent tests of GR in the strong-field, highly dynamical
regime.

All strain data analyzed in this paper are publicly available
through the Gravitational Wave Open Science Center (Abac
et al. 2026k). The data products used to generate the fig-
ures and tables in this work are available through the LVK
Document Control Center, while the configuration files and
posterior samples for the analyses will be released through
Zenodo.
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gle 2020). PESummary was used to postprocess and collate
parameter-estimation results (Hoy & Raymond 2021). The
various stages of the parameter-estimation analysis were man-
aged with the Asimov library (Williams et al. 2023) together
with CBCFlow (Ashton et al. 2025a). Plots were prepared
with Matplotlib (Hunter 2007), seaborn (Waskom 2021) and
GWpy (Macleod et al. 2021b). NumPy (Harris et al. 2020) and
SciPy (Virtanen et al. 2020) were used in the preparation of
the manuscript. SEOBNRv5PHM waveforms used in param-
eter estimation were generated using pySEOBNR (Mihaylov
et al. 2025). FTI, TIGER, and pSEOBNR waveforms used
for testing GR were generated using BilbyTGR (Ashton et al.
2025b). Other analyses used IGWN Wave Compare (Sullivan
et al. 2025), nullpol (Ng et al. 2026), and ringdown (Isi &
Farr 2021, 2024). Quasinormal mode frequencies were com-
puted using QNM (Stein 2019). The QNMRF analysis used
Ma et al. (2026). The multi-dimensional hierarchical analysis
results were produced using hierfit (Zhong et al. 2026).
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S. Salvador ,179, 178 A. Salvarese,156 A. Samajdar ,76, 37 P. M. Samir,186 A. Sanchez,3 E. J. Sanchez,11 J. Sanchez,68 D. Sanchez-Cid ,45

N. Sanchis-Gual ,146 J. R. Sanders,187 E. M. Sänger ,1 F. Santoliquido ,47, 48 E. Sapkin,41 F. Sarandrea,64 T. R. Saravanan,85

P. Sarkar ,9, 10 A. Sasli,18 P. Sassi ,82, 81 B. Sassolas ,181 B. S. Sathyaprakash ,8, 32 O. Sauter ,49 R. L. Savage ,3 T. Savicheva,177

T. Sawada ,53 H. L. Sawant,85 D. Schaetzl,11 M. Scheel,157 A. Schiebelbein,201 M. G. Schiworski ,84 K. Schluterman,50 P. Schmidt ,132

R. Schnabel ,27 M. Schneewind,9, 10 R. M. S. Schofield,121, 3 M. Schoor,35 K. Schouteden ,99 B. W. Schulte,9, 10 M. Schulz ,47, 48

B. F. Schutz,32, 9, 10 E. Schwartz ,197 M. Scialpi ,317 J. Scott ,91 S. M. Scott ,69 R. M. Sedas ,68 T. C. Seetharamu,91

M. Seglar-Arroyo ,166 Y. Sekiguchi ,318 D. Sellers,68 N. Sembo,2 E. G. Seo ,91 J. W. Seo ,99 G. Seong,260 V. Sequino,31, 5

M. Serra ,38 C. K. Sethi,145 A. Sevrin,196 T. Shaffer,3 U. S. Shah ,61 M. A. Shaikh ,319 L. Shao ,320 J. Sharkey ,91

A. K. Sharma ,83 Preeti Sharma,12 Priyanka Sharma,107 Sushant Sharma-Chaudhary,18 P. Shawhan ,137 T. Shen,69 Z.-H. Shi,150

K. Shimode ,53 H. Shinkai ,321 S. Shirke,85 D. H. Shoemaker ,34 D. M. Shoemaker ,156 R. W. Short,3 S. ShyamSundar,107

H. Siegel ,198 V. Sierra ,292 D. Sigg ,3 L. Silenzi ,36, 37 P. J. S. Silva ,289 L. Silvestri ,39, 176 M. Simmonds,124 L. P. Singer ,322

A. Singh,89 D. Singh ,33 M. K. Singh ,32 N. Singh ,83 S. Singh ,245, 25 M. R. Sinha ,41 A. M. Sintes ,83 V. Skliris ,32

B. J. J. Slagmolen ,69 T. J. Slaven-Blair,7 J. Smetana,132 D. A. Smith,68 J. R. Smith ,57 J. Smith,32 L. Smith ,188, 189 W. J. Smith ,54

S. Soares de Albuquerque Filho ,65, 66 M. Soares-Santos ,45 K. Somiya ,245 I. Song ,282 S. Soni ,46 V. Sordini ,60

F. Sorrentino ,28 H. Sotani ,323 N. E. Sovitzky,324 F. Spada ,87 V. Spagnuolo ,37 A. P. Spencer ,91 M. Spera ,189, 325

P. Spinicelli ,67 A. K. Srivastava,96 F. Stachurski ,91 V. V. Stanford,108 A. Stanton,32 D. A. Steer ,326 J. Steinhoff ,1

N. Steinle ,175 J. Steinlechner,36, 37 S. Steinlechner ,36, 37 C. Stephens,32 N. Stergioulas ,265 M. StPierre,130 J. Stremiz,57

M. D. Strong,12 A. Strunk,3 M. Suchenek ,98 S. Sudhagar ,98 R. Sugimoto ,43 L. Suleiman ,57 K. D. Sullivan,12 J. Sun ,262, 79

L. Sun ,69 S. Sunil,96 J. Suresh ,119 P. J. Sutton ,32 K. Suzuki,245 M. Suzuki ,221 A. Svizzeretto ,81 B. L. Swinkels ,37
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15Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
16Queen Mary University of London, London E1 4NS, United Kingdom

17University of California, Davis, Davis, CA 95616, USA
18University of Minnesota, Minneapolis, MN 55455, USA

19Instituto Nacional de Pesquisas Espaciais, 12227-010 São José dos Campos, São Paulo, Brazil
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