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Figure 1. Top: Central 90% credible bounds on the dimensionless primary spins ωε1 of GW241011 (blue) and GW241110
(green), projected parallel to the direction L̂N of each binary’s Newtonian orbital angular momentum. Shown in grey for
comparison are 90% credible bounds on the projected primary spins of previously-published compact binary coalescences in
the fourth Gravitational-Wave Transient Catalog (GWTC-4.0; Abac et al. 2025a), sorted by their median posterior values of
ε1,z → ωε1 ·L̂N. We specifically show events with false alarm rates (FARs) below 1 yr→1, consistent with the significance threshold
adopted for compact binary population studies in GWTC-3.0 and GWTC-4.0 (Abbott et al. 2023b; Abac et al. 2025d). The
source of GW241011 contains one of the most rapidly spinning black holes observed by LIGO–Virgo–KAGRA to date, possessing
the largest lower limit on both its primary spin magnitude and projected spin ωε1,z. GW241110, conversely, yields the most
confident measurement to date of a black hole spinning retrograde with respect to its orbit, with ε1,z < 0 at 97.7% credibility.
Bottom: 90% credible posterior bounds on the primary masses and mass ratios of GW241011 and GW241110, together with all
binary mergers in GWTC-4.0 with FAR < 1 yr→1. Despite the opposite nature of their spins, GW241011 and GW241110 are
likely to have very similar masses, each favoring a primary of 15–20M↑ and unequal mass ratios.

these searches report candidates in low latency seen in
only one LIGO instrument (Abac et al. 2025e). LIGO
Hanford and Virgo were each operating normally at
the time of detection, with stable angle-averaged binary
neutron star inspiral ranges of approximately 160 and
50Mpc, respectively (Finn & Cherno! 1993; Chen et al.
2021). In subsequent high-latency searches, for which
more comprehensive data quality assessment and precise
background estimates were available,GstLAL,MBTA,
and PyCBC each detected GW241011 with false alarm
rates below 3 → 10→5 yr→1. GW241011’s high network
SNR makes it the third-loudest gravitational-wave event

published to date, behind GW230814 230901 (Abac
et al. 2025a) and GW250114 082203 (Abac et al. 2025f).

2.2. GW241110

GW241110 arrived at Earth on November 10, 2024
at 12:41:23.6 UTC. It was identified in low latency in
LIGO Hanford, LIGO Livingston, and Virgo data (Ligo
Scientific Collaboration et al. 2024b), assigned FAR =
0.15 yr→1 by the GstLAL search pipeline and lower
significances by MBTA and PyCBC. At the time of
GW241110, the LIGO instruments had angle-averaged
binary neutron star inspiral ranges of approximately
160Mpc, while Virgo’s inspiral range was near 50Mpc.

[LVK, arXiv:2510.26931]
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parameterized post-Einsteinian (ppE) Formalism

waveform phase:

 (insp) =  (insp)
GR + � (v/c)2n�5

[Yunes & Pretorius (2009)]

ppE parameter
relative velocity

nth post-Newton (PN) 
correction

PN approximation:
v/c ⌧ 1

Kent Yagi

[LVC, PRL 116, 221101 (2016)]

beyond GR
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FIG. 5. Constraints on the inspiral phase from GW250114. The
90% upper bounds on the magnitude |ωε̂i| of the PN inspiral devia-
tion coefficients from →1PN to 3.5PN and the first two leading PCA
parameters. For GW250114, blue filled (unfilled) stars are for FTI
(TIGER). The horizontal red stripes mark the results from individual
events from GWTC-4.0 using FTI. Bounds obtained by hierarchi-
cally combining the results from GWTC-4.0 are shown in the filled
(unfilled) red squares for FTI (TIGER) [134]. The right panel shows
constraints on the two leading PCA parameters that capture the dom-
inant modes of deviation across the 1.5–3.5 PN parameter space.

in GWTC-4.0 that meet the FTI or TIGER selection criteria
are analyzed [134]. For FTI, we use 18 events and for TIGER,
we use 24 events.

The results are summarized in Fig. 5. Due to the signif-
icantly higher SNR of GW250114 during the inspiral phase
compared to the rest of the observed BBH population, the
FTI analysis of GW250114 provides constraints on a subset
of deviations that are 2–3 times more stringent than the joint
constraints derived from a hierarchical analysis [115, 133] of
the GWTC-4.0 results [134]. The bounding fractional de-
viations to the leading-order PN and 1.5PN coefficients are
ωε̂0 = 0.00+0.03

→0.03 and ωε̂3 = →0.01+0.03
→0.02 for GW250114 com-

pared to ωε̂0 = →0.00+0.09
→0.09 and ωε̂3 = 0.00+0.07

→0.07 for GWTC-4.0.
GW250114 being a shorter signal, we do not place com-
petitive constraints on the dipole ε→2 compared to those ob-
tained from GW170817 [40]. Overall, the TIGER pipeline
yields constraints that are less stringent than the combined
GWTC-4.0 results [134], likely due to the differing treatment
of the cutoff frequency and transition to merger–ringdown be-
tween the pipelines [134], and the inclusion of spin-precession
in the TIGER analysis.

To address the limitation of varying individual PN coef-
ficients independently, we perform a Principal-Component
Analysis (PCA) to probe correlated deviations across multi-
ple PN orders [162–165], focusing on the 1.5 to 3PN coeffi-
cients [164, 165].

The PCA analysis identifies the principal directions of pa-
rameter covariance, with the leading component correspond-
ing to the linear combination of PN coefficients that is best

constrained by the data. The leading PCA component can
therefore yield tighter bounds than the individual PN coef-
ficients, while the sub-leading component, being orthogonal
to this optimal direction, can have weaker constraints than
the best measured PN coefficients. We find that the FTI
pipeline constrains the leading PCA component to ωε̂(1)

PCA =
→0.01+0.02

→0.02 (slightly better constrained than ωε̂3 = →0.01+0.03
→0.02)

and the sub-leading component to ωε̂(2)
PCA = 0.04+0.13

→0.13, consis-
tent with GR (see Fig. 5). A comparison of the PCA results
to GWTC-4.0 is technically challenging as the PCA compo-
nents correspond to different linear combinations of PN pa-
rameters for each event. This means that hierarchical infer-
ence requires modelling the joint distribution across all six PN
coefficients [165]. Further details are presented in the Supple-
mental Material.

Signal consistency tests— We now construct an analysis
complementary to the other tests, focusing on the consistency
between different portions of the signal, by employing dimen-
sionless deviation parameters that quantify the fractional dif-
ference between the remnant mass Mf and spin ϑf inferred
from the low- ( f < f IMR

c ) and high-frequency ( f > f IMR
c )

portions of the GW signal [166–168]. The cutoff f IMR
c is

taken to be the GW frequency of the (2, 2)-mode at the in-
nermost circular orbit of the remnant Kerr BH [169]. The
remnant properties are calculated using NR-calibrated fits for
the final-state [127, 170, 171] applied to the median val-
ues of the redshifted component masses, spin magnitudes,
and spin angles as inferred from the full IMR analysis [41–
43]. Inference is performed in each of the frequency regimes
using IMRPhenomXPHM SpinTaylor [160, 161], with priors
that are uniform in component mass and spin magnitude, and
isotropic in the spin orientation. This choice of priors leads
to highly non-uniform priors on the deviation parameters, and
we therefore reweight the posteriors to impose uniform priors
on them [42, 43].

If GR is valid, and our waveform models are suffi-
ciently accurate, the analysis in each of these regimes
should yield consistent results. Thus, we have ∆Mf/M̄f =

2(Minsp
f →Mpostinsp

f )/(Minsp
f +Mpostinsp

f ), and ∆ϑf/ϑ̄f = 2(ϑinsp
f →

ϑpostinsp
f )/(ϑinsp

f + ϑpostinsp
f ), such that the GR limit is given by

∆Mf/M̄f = ∆ϑf/ϑ̄f = 0. The core results are summarized in
Fig. 6. We infer ∆Mf/M̄f = 0.02+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.01+0.11
→0.11

from GW250114. We compare these results with the ones ob-
tained by hierarchically combining 30 events, of which 12 are
first reported in GWTC-4.0 [134], which yields ∆Mf/M̄f =
0.01+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.04+0.07
→0.07. Remarkably, the con-

straints derived from GW250114 alone yield a consistency
test of comparable stringency to the combined analysis of
GWTC-4.0 [134]. The GR quantile for the two-dimensional
posteriors from GW250114 is 49.5%, compared to 51.1% for
the GWTC-4.0 analysis [134].

We also exploit the results of the consistency test to deter-
mine at what statistical significance the Hawking area theo-
rem [172], a fundamental consequence of the second law of
BH mechanics, holds. This theorem states that the horizon
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FIG. 5. Constraints on the inspiral phase from GW250114. The
90% upper bounds on the magnitude |ωε̂i| of the PN inspiral devia-
tion coefficients from →1PN to 3.5PN and the first two leading PCA
parameters. For GW250114, blue filled (unfilled) stars are for FTI
(TIGER). The horizontal red stripes mark the results from individual
events from GWTC-4.0 using FTI. Bounds obtained by hierarchi-
cally combining the results from GWTC-4.0 are shown in the filled
(unfilled) red squares for FTI (TIGER) [134]. The right panel shows
constraints on the two leading PCA parameters that capture the dom-
inant modes of deviation across the 1.5–3.5 PN parameter space.

in GWTC-4.0 that meet the FTI or TIGER selection criteria
are analyzed [134]. For FTI, we use 18 events and for TIGER,
we use 24 events.

The results are summarized in Fig. 5. Due to the signif-
icantly higher SNR of GW250114 during the inspiral phase
compared to the rest of the observed BBH population, the
FTI analysis of GW250114 provides constraints on a subset
of deviations that are 2–3 times more stringent than the joint
constraints derived from a hierarchical analysis [115, 133] of
the GWTC-4.0 results [134]. The bounding fractional de-
viations to the leading-order PN and 1.5PN coefficients are
ωε̂0 = 0.00+0.03

→0.03 and ωε̂3 = →0.01+0.03
→0.02 for GW250114 com-

pared to ωε̂0 = →0.00+0.09
→0.09 and ωε̂3 = 0.00+0.07

→0.07 for GWTC-4.0.
GW250114 being a shorter signal, we do not place com-
petitive constraints on the dipole ε→2 compared to those ob-
tained from GW170817 [40]. Overall, the TIGER pipeline
yields constraints that are less stringent than the combined
GWTC-4.0 results [134], likely due to the differing treatment
of the cutoff frequency and transition to merger–ringdown be-
tween the pipelines [134], and the inclusion of spin-precession
in the TIGER analysis.

To address the limitation of varying individual PN coef-
ficients independently, we perform a Principal-Component
Analysis (PCA) to probe correlated deviations across multi-
ple PN orders [162–165], focusing on the 1.5 to 3PN coeffi-
cients [164, 165].

The PCA analysis identifies the principal directions of pa-
rameter covariance, with the leading component correspond-
ing to the linear combination of PN coefficients that is best

constrained by the data. The leading PCA component can
therefore yield tighter bounds than the individual PN coef-
ficients, while the sub-leading component, being orthogonal
to this optimal direction, can have weaker constraints than
the best measured PN coefficients. We find that the FTI
pipeline constrains the leading PCA component to ωε̂(1)

PCA =
→0.01+0.02

→0.02 (slightly better constrained than ωε̂3 = →0.01+0.03
→0.02)

and the sub-leading component to ωε̂(2)
PCA = 0.04+0.13

→0.13, consis-
tent with GR (see Fig. 5). A comparison of the PCA results
to GWTC-4.0 is technically challenging as the PCA compo-
nents correspond to different linear combinations of PN pa-
rameters for each event. This means that hierarchical infer-
ence requires modelling the joint distribution across all six PN
coefficients [165]. Further details are presented in the Supple-
mental Material.

Signal consistency tests— We now construct an analysis
complementary to the other tests, focusing on the consistency
between different portions of the signal, by employing dimen-
sionless deviation parameters that quantify the fractional dif-
ference between the remnant mass Mf and spin ϑf inferred
from the low- ( f < f IMR

c ) and high-frequency ( f > f IMR
c )

portions of the GW signal [166–168]. The cutoff f IMR
c is

taken to be the GW frequency of the (2, 2)-mode at the in-
nermost circular orbit of the remnant Kerr BH [169]. The
remnant properties are calculated using NR-calibrated fits for
the final-state [127, 170, 171] applied to the median val-
ues of the redshifted component masses, spin magnitudes,
and spin angles as inferred from the full IMR analysis [41–
43]. Inference is performed in each of the frequency regimes
using IMRPhenomXPHM SpinTaylor [160, 161], with priors
that are uniform in component mass and spin magnitude, and
isotropic in the spin orientation. This choice of priors leads
to highly non-uniform priors on the deviation parameters, and
we therefore reweight the posteriors to impose uniform priors
on them [42, 43].

If GR is valid, and our waveform models are suffi-
ciently accurate, the analysis in each of these regimes
should yield consistent results. Thus, we have ∆Mf/M̄f =

2(Minsp
f →Mpostinsp

f )/(Minsp
f +Mpostinsp

f ), and ∆ϑf/ϑ̄f = 2(ϑinsp
f →

ϑpostinsp
f )/(ϑinsp

f + ϑpostinsp
f ), such that the GR limit is given by

∆Mf/M̄f = ∆ϑf/ϑ̄f = 0. The core results are summarized in
Fig. 6. We infer ∆Mf/M̄f = 0.02+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.01+0.11
→0.11

from GW250114. We compare these results with the ones ob-
tained by hierarchically combining 30 events, of which 12 are
first reported in GWTC-4.0 [134], which yields ∆Mf/M̄f =
0.01+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.04+0.07
→0.07. Remarkably, the con-

straints derived from GW250114 alone yield a consistency
test of comparable stringency to the combined analysis of
GWTC-4.0 [134]. The GR quantile for the two-dimensional
posteriors from GW250114 is 49.5%, compared to 51.1% for
the GWTC-4.0 analysis [134].

We also exploit the results of the consistency test to deter-
mine at what statistical significance the Hawking area theo-
rem [172], a fundamental consequence of the second law of
BH mechanics, holds. This theorem states that the horizon
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related to PPE � [LVK, arXiv:2509.08099]
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FIG. 5. Constraints on the inspiral phase from GW250114. The
90% upper bounds on the magnitude |ωε̂i| of the PN inspiral devia-
tion coefficients from →1PN to 3.5PN and the first two leading PCA
parameters. For GW250114, blue filled (unfilled) stars are for FTI
(TIGER). The horizontal red stripes mark the results from individual
events from GWTC-4.0 using FTI. Bounds obtained by hierarchi-
cally combining the results from GWTC-4.0 are shown in the filled
(unfilled) red squares for FTI (TIGER) [134]. The right panel shows
constraints on the two leading PCA parameters that capture the dom-
inant modes of deviation across the 1.5–3.5 PN parameter space.

in GWTC-4.0 that meet the FTI or TIGER selection criteria
are analyzed [134]. For FTI, we use 18 events and for TIGER,
we use 24 events.

The results are summarized in Fig. 5. Due to the signif-
icantly higher SNR of GW250114 during the inspiral phase
compared to the rest of the observed BBH population, the
FTI analysis of GW250114 provides constraints on a subset
of deviations that are 2–3 times more stringent than the joint
constraints derived from a hierarchical analysis [115, 133] of
the GWTC-4.0 results [134]. The bounding fractional de-
viations to the leading-order PN and 1.5PN coefficients are
ωε̂0 = 0.00+0.03

→0.03 and ωε̂3 = →0.01+0.03
→0.02 for GW250114 com-

pared to ωε̂0 = →0.00+0.09
→0.09 and ωε̂3 = 0.00+0.07

→0.07 for GWTC-4.0.
GW250114 being a shorter signal, we do not place com-
petitive constraints on the dipole ε→2 compared to those ob-
tained from GW170817 [40]. Overall, the TIGER pipeline
yields constraints that are less stringent than the combined
GWTC-4.0 results [134], likely due to the differing treatment
of the cutoff frequency and transition to merger–ringdown be-
tween the pipelines [134], and the inclusion of spin-precession
in the TIGER analysis.

To address the limitation of varying individual PN coef-
ficients independently, we perform a Principal-Component
Analysis (PCA) to probe correlated deviations across multi-
ple PN orders [162–165], focusing on the 1.5 to 3PN coeffi-
cients [164, 165].

The PCA analysis identifies the principal directions of pa-
rameter covariance, with the leading component correspond-
ing to the linear combination of PN coefficients that is best

constrained by the data. The leading PCA component can
therefore yield tighter bounds than the individual PN coef-
ficients, while the sub-leading component, being orthogonal
to this optimal direction, can have weaker constraints than
the best measured PN coefficients. We find that the FTI
pipeline constrains the leading PCA component to ωε̂(1)

PCA =
→0.01+0.02

→0.02 (slightly better constrained than ωε̂3 = →0.01+0.03
→0.02)

and the sub-leading component to ωε̂(2)
PCA = 0.04+0.13

→0.13, consis-
tent with GR (see Fig. 5). A comparison of the PCA results
to GWTC-4.0 is technically challenging as the PCA compo-
nents correspond to different linear combinations of PN pa-
rameters for each event. This means that hierarchical infer-
ence requires modelling the joint distribution across all six PN
coefficients [165]. Further details are presented in the Supple-
mental Material.

Signal consistency tests— We now construct an analysis
complementary to the other tests, focusing on the consistency
between different portions of the signal, by employing dimen-
sionless deviation parameters that quantify the fractional dif-
ference between the remnant mass Mf and spin ϑf inferred
from the low- ( f < f IMR

c ) and high-frequency ( f > f IMR
c )

portions of the GW signal [166–168]. The cutoff f IMR
c is

taken to be the GW frequency of the (2, 2)-mode at the in-
nermost circular orbit of the remnant Kerr BH [169]. The
remnant properties are calculated using NR-calibrated fits for
the final-state [127, 170, 171] applied to the median val-
ues of the redshifted component masses, spin magnitudes,
and spin angles as inferred from the full IMR analysis [41–
43]. Inference is performed in each of the frequency regimes
using IMRPhenomXPHM SpinTaylor [160, 161], with priors
that are uniform in component mass and spin magnitude, and
isotropic in the spin orientation. This choice of priors leads
to highly non-uniform priors on the deviation parameters, and
we therefore reweight the posteriors to impose uniform priors
on them [42, 43].

If GR is valid, and our waveform models are suffi-
ciently accurate, the analysis in each of these regimes
should yield consistent results. Thus, we have ∆Mf/M̄f =

2(Minsp
f →Mpostinsp

f )/(Minsp
f +Mpostinsp

f ), and ∆ϑf/ϑ̄f = 2(ϑinsp
f →

ϑpostinsp
f )/(ϑinsp

f + ϑpostinsp
f ), such that the GR limit is given by

∆Mf/M̄f = ∆ϑf/ϑ̄f = 0. The core results are summarized in
Fig. 6. We infer ∆Mf/M̄f = 0.02+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.01+0.11
→0.11

from GW250114. We compare these results with the ones ob-
tained by hierarchically combining 30 events, of which 12 are
first reported in GWTC-4.0 [134], which yields ∆Mf/M̄f =
0.01+0.07

→0.06 and ∆ϑf/ϑ̄f = →0.04+0.07
→0.07. Remarkably, the con-

straints derived from GW250114 alone yield a consistency
test of comparable stringency to the combined analysis of
GWTC-4.0 [134]. The GR quantile for the two-dimensional
posteriors from GW250114 is 49.5%, compared to 51.1% for
the GWTC-4.0 analysis [134].

We also exploit the results of the consistency test to deter-
mine at what statistical significance the Hawking area theo-
rem [172], a fundamental consequence of the second law of
BH mechanics, holds. This theorem states that the horizon
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[LVK, arXiv:2510.26931]
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Figure 9. Deviations from the Kerr prediction for the
spin-induced quadrupole moment of GW241011’s primary
black hole, ωε1, as well as the deviation ωεs in the symmetric
combination εs = (ε1+ε2)/2 (Krishnendu et al. 2017, 2019;
Abbott et al. 2021b). We bound ωε1 = 0.10+0.82

→0.82 and ωεs =
0.10+0.09

→0.11, consistent with expectations from GR. The next-
most informative event, GW190412 (Abbott et al. 2020d),
yielded a constraint ωεs = 0+2

→91 (Divyajyoti et al. 2024a).

given by Q = →ωS2/(mc2). Here, m is the black hole’s
mass, S is its spin angular momentum, c is the speed of
light, and ω = 1 exactly (Hansen 1974). Non-black hole
spacetimes, including neutron stars (Laarakkers & Pois-
son 1999; Pappas & Apostolatos 2012a,b; Harry & Hin-
derer 2018), boson stars (Ryan 1997; Herdeiro & Radu
2014; Baumann et al. 2019; Chia & Edwards 2020), and
other exotic compact objects, may in contrast exhibit
significantly di!erent values of ω owing to di!erences in
internal structure and composition. Gravitational-wave
sources containing rapidly-spinning black holes enable
direct measurements of the spin-induced quadrupole
moment and tests of the Kerr hypothesis (Arun et al.
2009; Mishra et al. 2016); any measured deviation from
ω = 1 would strongly suggest the presence of non-black
hole constituents or indicate new physics beyond the
predictions of GR.
We define ω1 = 1+ εω1 and ω2 = 1+ εω2 as the spin-

induced quadrupole coe”cients of each compact object
in GW241011’s source binary. We repeat parameter esti-
mation with a modified IMRPhenomXPHM waveform
model (Pratten et al. 2021), allowing for non-zero εω1

and εω2 (Divyajyoti et al. 2024a). The resulting poste-
rior is shown in Fig. 9. The spin-induced quadrupole
coe”cient of GW241011’s primary deviates from the
Kerr prediction by εω1 = 0.10+0.82

→0.82, consistent with
GR (constraints on εω2 are uninformative). This is the
most stringent constraint to date on the spin-induced

quadrupole of a compact object. The constraints o!ered
by GW241011 on εω1 are unusual, enabled by the event’s
high SNR, large primary spin, and unequal mass ratio.
Typically, gravitational-wave signals primarily constrain
only the symmetric combination ωs = (ω1 + ω2)/2 (Kr-
ishnendu et al. 2017, 2019; Abbott et al. 2021b; Divya-
jyoti et al. 2024a). GW241011 constrains this symmet-
ric combination to be within εωs = 0.10+0.09

→0.11 of the
Kerr hypothesis, under the assumption that ω1 = ω2.
The previous best constraint on ωs was obtained from
the binary black hole GW190412 (Divyajyoti et al.
2024a), which gave εωs = 0+2

→91. GW241011 improves on
this constraint by approximately three orders of mag-
nitude. A di!erent implementation for the estimation
of the spin-induced quadrupole moment, utilizing the
SEOBNRv5HM ROM (Pompili et al. 2023) waveform
model, yields consistent results and is discussed in Ap-
pendix F.1.
Measurement of GW241011’s spin-induced

quadrupole moment may rule out a wide range of exotic
compact objects or black hole mimickers. Massive bo-
son star models (Ryan 1997; Pacilio et al. 2020) predict
spin-induced quadrupole moment parameters of order
↑ 10–150 for self-interacting spinning boson stars with
quadratic coupling. The measurement of εωs ↓ 0.17
at 90% credibility from GW241011 likely rules out all
the massive boson star models described in e.g. Pa-
cilio et al. (2020). Other models, such as minimal boson
stars (Kaup 1968; Ru”ni & Bonazzola 1969; Vaglio et al.
2022) and solitonic boson stars (Friedberg et al. 1987),
remain poorly understood in terms of their spin-induced
multipole moments (Cardoso et al. 2017; Cardoso &
Pani 2019). Another class of exotic compact objects are
the gravastars (Mottola 2023), where the spin-induced
multipole moments can take negative values due to the
prolate deformation induced by their spinning motion.
Although spin-induced quadrupole moment values have
been predicted for thin-shell gravastar models (Uchikata
& Yoshida 2016), the GW241011 data is insu”cient to
make definitive conclusions.

5.2. Radiation beyond the quadrupole approximation

Gravitational-wave radiation may be generically de-
composed into an expansion over spin-weight →2 spher-
ical harmonics, →2Ylm. The gravitational waves from
merging compact binaries are dominated by the (ϑ,m) =
(2,±2) spherical harmonic, sourced by a binary’s mass
quadrupole moment. As discussed in Section 3, however,
GW241011 exhibits significant radiation in the (ϑ,m) =
(3,±3) mode sourced by the current quadrupole and
mass octupole moments. General relativity fixes the
relative amplitudes of gravitational radiation received
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prolate deformation induced by their spinning motion.
Although spin-induced quadrupole moment values have
been predicted for thin-shell gravastar models (Uchikata
& Yoshida 2016), the GW241011 data is insu”cient to
make definitive conclusions.
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Gravitational-wave radiation may be generically de-
composed into an expansion over spin-weight →2 spher-
ical harmonics, →2Ylm. The gravitational waves from
merging compact binaries are dominated by the (ϑ,m) =
(2,±2) spherical harmonic, sourced by a binary’s mass
quadrupole moment. As discussed in Section 3, however,
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agreeing with the Kerr spectrum for some mass and
spin. Black hole spectroscopy [182–184] started in earnest
with searches for l ¼ jmj ¼ 2 modes in GW150914
[7,164,170,172–178,185] and has since been extended to
further events and modes [100,153,179,186–191]. To
constrain deviations away from the Kerr spectrum, we
enhance our model with two additional parameters that
allow for deviations in the frequency and damping rate of
the overtone, respectively: f221¼ fðKerrÞ221 ðMf ;χfÞexpðδf221Þ
and γ221 ¼ γðKerrÞ221 ðMf ; χfÞ expðδγ221Þ. The frequencies and
damping rates of both modes are now parametrized via
the remnant mass and spin, Mf and χf , and the deviations,
δf221 and δγ221. The Kerr spectrum is recovered
for δf221 ¼ δγ221 ¼ 0.
With this setup, we constrain deviations from the Kerr

spectrum at t> ¼ 6tM to be δf221 ¼ 0.1þ0.3
−0.3 , as seen in

Fig. 4, while δγ221 remains uninformative within its prior.
This bolsters confidence in the identification of this mode
as the overtone, and establishes consistency with Kerr
frequencies to%30%. Results for a variety of start times are
presented in a forthcoming paper [181]. This is the first
constraint of this kind derived from data confidently
removed from the signal peak [153,170,179].
Hawking’s area law—
Background: The second law of black hole mechanics,

originally proven by Hawking [75] (but previously
explored as irreducible mass by Christodoulou [192],
Christodoulou and Ruffini [193], and stated by Penrose

and Floyd [194]), states that the black hole horizon area
cannot decrease in time. A direct consequence is an upper
limit of 50% on the efficiency of gravitationally radiating
processes in systems with initially vanishing binding
energy; this is further limited to ∼29% for nonspinning
black holes [75].
The area law relies on three conditions. The first is the

null-energy condition, a restriction on the properties of
matter. It is violated, for example, by Hawking radiation
which extracts energy from a black hole and causes its
horizon to shrink [46]—in this case, the area law is
superseded by a generalized law that considers both the
entropy of the black hole and that of the radiation [45,195].
The second is the premise that the observed objects are
black holes and weak cosmic censorship holds, i.e., no
naked singularities. Alternative compact objects [196–199]
have modified entropy and violate the null-energy con-
dition; their interactions could violate the area law. The
third is general relativity; the area law can be violated in
alternative theories [142,145,200–202]. Testing the area
law thus amounts to testing for physical behavior that
violates at least one of these conditions.
In the context of a binary merger, the area law imposes

an increase in the horizon area of the remnant with respect
to the total area of the initial black holes [75], providing a
testable prediction [203–207]. However, since black hole
areas are not direct observables, extracting them hinges on
certain assumptions: (i) GW250114 originated from a
quasicircular merging binary, (ii) general relativity is a
good approximation away from highly dynamical regions,
and (iii) the black holes are well described by the Kerr
metric. The latter guides the black hole states we probe: the
initial black holes are considered at wide separations, while
the final black hole is considered in its asymptotic state. We
thus adopt the Kerr area formula [41],

Aðm; χÞ ¼ 8π

!
Gm
c2

"
2
!
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − χ2

q "
; ð1Þ

for a black hole of mass m and spin χ. This need not hold
beyond vacuum general relativity [142,145,208,209].
Method: We extract the properties of the initial and

final black holes independently from the premerger and
postmerger signal respectively, discarding data in between.
Our test, therefore, probes for violations during the most
nonlinear and dynamical portion of the signal, which it
excludes. It is sensitive to any nonstandard process that
may alter the radiated energy or momentum, or any physics
that modifies the ringdown spectrum sufficiently to bias the
inferred remnant mass and spin, e.g., electromagnetic
charge or other deviations from Kerr. Most generally, it
is sensitive to physics that breaks any of the premises above
and leads the inspiral and ringdown regimes to be better
described independently than coherently [205]. Comparing
the inspiral to the ringdown in this fashion can provide

FIG. 4. Spectroscopic test of the Kerr nature of the remnant
black hole for t> ¼ 6tMf

. Left: 90% posterior for the observed
fundamental and overtone frequencies, compared to the range
allowed by the Kerr spectrum (black shaded region) for any black
hole mass (vertical span) and spin (horizontal span). The cross
marks reference values from the full-signal analysis. Right:
posterior on the deviation δf221 of the frequency of the first
overtone from the Kerr spectrum, with shading and a line
showing the 90% credible region and the median respectively,
a vertical line showing the Kerr prediction of δf221 ¼ 0, and a
horizontal line showing the prior. The PYRING analysis (orange)
starts ∼0.5tMf

after RINGDOWN (green), which is why the
posteriors are not identical, see Supplemental Material [112].
The observed spectrum is consistent with Kerr to %30%.
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complementary constraints to those derived from the ring-
down alone [210–216]. We truncate the data in the time
domain [162,204,205,217,218] rather than the frequency
domain [219,220], as there is no exact one-to-one corre-
spondence between signal time and Fourier frequency
beyond the adiabatic inspiral [98,221].
The initial horizon area: The initial black holes are

considered at wide separations, where they obey the Kerr
metric and the total area is the sum of the individual areas.
The quantities reported in data analysis differ by the
amount of energy and angular momentum absorbed by the
black holes throughout the binary evolution, which is
negligible for comparable-mass systems [222,223]. We
therefore infer the black hole properties from the inspiral
signal and interpret them directly as the infinite-separation
quantities. Assuming that general relativity describes the
inspiral [7,153,179,224–226] and the binary orbit is
quasicircular [227], we model the signal with
NRSur7dq4, up to a preselected time, t<, that is quoted
in units of the total mass from the full-signal analysis,
tM ≡ ð1þ zÞGM=c3 ¼ 0.354 ms. We then infer (among
other parameters) the masses and spins of the initial black
holes, informed only by data before t< using the TDINF
inference package [205,217,218], and from them the
initial area Ai ¼ A1 þA2. See Supplemental Material
for details [112].
To interpret the premerger truncation times, we use the

gravitational-wave luminosity to proxy how relativistic the
system is [68]. Based on the full-signal analysis, in
Supplemental Material [112] we show that the luminosity
is sharply peaked at merger and drops to 10% of its
maximum at −36tM before tpeak [112]. We present results
for an array of t< in Fig. 5 and further highlight
t< ¼ −40tM, a choice that excludes the two loudest signal
cycles. For reference, the total SNR before t< ¼ −40tM is
55; even truncated, GW250114 has a higher SNR than any
other signal to date [18].
The final horizon area: The mass and spin of the

remnant are inferred through the postmerger signal.
Picking an analysis start time requires balancing: (i) inde-
pendence from the full-signal analysis that assumes the area
law, (ii) maximizing the amount of data and thus the SNR,
and (iii) using a model within its regime of validity. Since
modes are not orthogonal, the more complex two-mode
model is not universally preferable, as the overtone may
degrade the inference especially if it is not detectable.
Therefore, we adopt the most parsimonious model (single
l ¼ jmj ¼ 2, n ¼ 0 mode) at its earliest time of appli-
cability (conservatively, t> ¼ 10.5tMf

when the overtone
significance is < 1σ) thus minimizing potential contami-
nation [228]. We then use the mode’s inferred frequency
and damping rate to calculate the mass and spin of the final
Kerr black hole and hence its area, Af.
Results: Figure 5 shows the fractional difference

between the final and initial areas, ðAf −AiÞ=Ai, where

cosmological redshift factors cancel out because the
area is proportional to the mass squared. For t< ¼ −40tM,
Af > Ai at the 4.4σ level, computed as described in
Supplemental Material [112]. We find consistency
with an increase in the area to at least 3.4σ for all times
t< > −250tM, exceeding 5σ for t< ≥ −10tM. In
Supplemental Material we present results for more times
and models [112]; the two-mode model at its earliest time
of applicability, t> ¼ 6tMf

, also agrees with the area law at
3.6σ. All results are further consistent with the general

FIG. 5. Fractional difference between the area of the final black
hole, Af, and the initial black holes, Ai. Top: posterior as a
function of the premerger truncation time, t< ¼ t − tpeak. Bars
represent 90% (thin line) and 50% (thick line) credible intervals
around the median (circle). The vertical orange band denotes
t< ¼ −40tM, when the gravitational-wave luminosity is at 10% of
its maximum. Bottom: posterior (histogram) and prior (dotted
line) for t< ¼ −40tM. The histogram is produced from all
pairwise combinations of RINGDOWN and PYRING postmerger
samples with TDINF premerger samples. The shading on the right
highlights configurations that would violate energy conservation
Mf ≤ m1 þm2, a bound saturated for maximally spinning initial
black holes that merge into a nonspinning remnant [75,229,230].
The shading on the left highlights configurations that would
violate the area law, ðAf −AiÞ=Ai < 0. The vertical gray band is
the 90% credible interval from the full-signal analysis used in
Fig. 2, i.e., the general relativity expectation for GW250114. The
inset illustrates the analysis via the signal reconstruction in LIGO
Livingston from the full signal (gray), and when split into the
premerger (orange) and postmerger (blue) stages; the merger
phase is included in neither analysis. We find that Af > Ai to
high credibility, indicating that GW250114 obeys Hawking’s
area law.
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in units of the total mass from the full-signal analysis,
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other parameters) the masses and spins of the initial black
holes, informed only by data before t< using the TDINF
inference package [205,217,218], and from them the
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for details [112].
To interpret the premerger truncation times, we use the

gravitational-wave luminosity to proxy how relativistic the
system is [68]. Based on the full-signal analysis, in
Supplemental Material [112] we show that the luminosity
is sharply peaked at merger and drops to 10% of its
maximum at −36tM before tpeak [112]. We present results
for an array of t< in Fig. 5 and further highlight
t< ¼ −40tM, a choice that excludes the two loudest signal
cycles. For reference, the total SNR before t< ¼ −40tM is
55; even truncated, GW250114 has a higher SNR than any
other signal to date [18].
The final horizon area: The mass and spin of the

remnant are inferred through the postmerger signal.
Picking an analysis start time requires balancing: (i) inde-
pendence from the full-signal analysis that assumes the area
law, (ii) maximizing the amount of data and thus the SNR,
and (iii) using a model within its regime of validity. Since
modes are not orthogonal, the more complex two-mode
model is not universally preferable, as the overtone may
degrade the inference especially if it is not detectable.
Therefore, we adopt the most parsimonious model (single
l ¼ jmj ¼ 2, n ¼ 0 mode) at its earliest time of appli-
cability (conservatively, t> ¼ 10.5tMf

when the overtone
significance is < 1σ) thus minimizing potential contami-
nation [228]. We then use the mode’s inferred frequency
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cosmological redshift factors cancel out because the
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Mf ≤ m1 þm2, a bound saturated for maximally spinning initial
black holes that merge into a nonspinning remnant [75,229,230].
The shading on the left highlights configurations that would
violate the area law, ðAf −AiÞ=Ai < 0. The vertical gray band is
the 90% credible interval from the full-signal analysis used in
Fig. 2, i.e., the general relativity expectation for GW250114. The
inset illustrates the analysis via the signal reconstruction in LIGO
Livingston from the full signal (gray), and when split into the
premerger (orange) and postmerger (blue) stages; the merger
phase is included in neither analysis. We find that Af > Ai to
high credibility, indicating that GW250114 obeys Hawking’s
area law.
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FIG. 6. Consistency of GW250114 with a BBH in GR using
data from the inspiral and merger–ringdown. The 90% credible re-
gions of the two-dimensional posteriors on ∆Mf/M̄f and ∆ωf/ω̄f for
GW250114 (filled blue), with (0, 0) being the expected value for GR.
The side panels show the marginalized posteriors. The gray two-
dimensional posteriors show the results from individual events in
GWTC-4.0 [134], while the red shaded posteriors denote constraints
derived from a hierarchical inference on these events. Triangles mark
the median values and vertical bars the symmetric 90% credible in-
terval.

area of a BH cannot decrease over time. Our analysis yields
a credibility of 4.8εIMRCT, representing the statistical signif-
icance in standard deviations of the difference between the
mean total area of the initial BHs and the mean final-BH’s
area. This test differs from the more agnostic strategy fol-
lowed in Abac et al. [2], where the initial and final areas of
the objects are computed excluding the GW data around the
merger signal. In addition, the test performed here splits the
data in the frequency-domain, which is not equivalent to the
time-domain analysis in Abac et al. [2]. See the Supplemental
Material for the main results in Fig. 12 and further details.

Finally, in the Supplemental Material we also report the re-
sults of a residuals test [35, 173, 174], which looks for excess
coherent power in the detector network after the maximum-
likelihood waveform has been subtracted from the data. The
upper limit for the residual network SNR is 6.86 at 90% cred-
ibility (p-value 0.34, see Supplemental Material). Thus, we
do not find any statistically significant coherent power beyond
what is expected from the noise background.

Conclusion— The outstanding improvement of the LIGO
detectors in the last decade [175–177] has enabled unprece-
dented observations [32, 178]. In particular, GW250114 was
observed with the largest SNR to date (65 up to merger and 40
post-merger) [2], approximately three times that of the similar
event GW150914 [179]. We have performed the most strigent

suite of tests of GR and the Kerr nature for a BBH coalescence
to date. Probing the inspiral, merger and ringdown stages, we
have set constraints comparable, and in some cases 2–3 times
more stringent, than the ones obtained combining tens loudest
events of GWTC-4.0 [134]. At least three QNMs have been
identified or constrained with several methods and models:
the quadrupolar 220 fundamental and first overtone 221, and
the hexadecapolar 440 mode. We have found that their spec-
troscopic pattern [61, 65–69] aligns with the Kerr metric pre-
diction, and their amplitudes are consistent with those mea-
sured in a NR simulation of GW250114-like systems in GR.
In summary, the single, loud event GW250114 has yielded
the scientific return of dozens of previous detections, offering
a preview of the unprecedented science that upcoming LIGO–
Virgo–KAGRA observing runs [180] will unlock.

Strain data from the LIGO detectors for GW250114 are
available from the Gravitational Wave Open Science Center
[181]. All the material required for reproducing the figures,
including scripts and posterior distributions from the analy-
ses, is available in the data release [182].

Acknowledgements— This work made use of the follow-
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Asimov [184], astropy [185–187], BayesWave [188], Bilby
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gwpy [194, 195], h5py [196], IMRPhenomXPHM SpinTaylor
[160, 161], jupyter and ipython [197–199], lalsuite
[200, 201], matplotlib [202, 203], NRSur7dq4 [85], numpy
[204], pandas [205, 206], pesummary [207], pyRing [79,
112], pySEOBNR [208], python [209], qnm [210], ringdown
[109, 211], scipy [212, 213], seaborn [214], SEOBNRv5PHM
and SEOBNRv5HM ROM [124, 125, 215, 216], sxs [217], tqdm
[218],

Late in the preparation of this manuscript, an error in the
likelihood function used in the Bilby inference code was dis-
covered, leading to an overly constrained likelihood [219].
The impact of this error is discussed in detail in the GWTC-
4.0 methods paper [220]. Following from investigations pre-
sented therein, we expect differences in the inferred posterior
distributions due to this error to be small. A full correction
of the results was not possible for the current version of the
manuscript. Results for pSEOBNR, FTI, and TIGER have been
corrected. For the IMR consistency test, only events analyzed
before GWTC-4.0 remain to be corrected. Updated results for
PCA and the IMR consistency test using a corrected likelihood
function will be provided in a future revision, before publica-
tion. Other analyses are unaffected by this error.

This material is based upon work supported by NSF’s LIGO
Laboratory, which is a major facility fully funded by the Na-
tional Science Foundation. The authors also gratefully ac-
knowledge the support of the Science and Technology Facili-
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Something to keep in mind…
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Figure 1: The diagram illustrates the principal false causes of GR violation in GW
data. They are classified into three main classes: (a) noise artifacts, (b) waveform
systematics, and (c) astrophysical effects.

To keep the discussion coherent, we group the causes only into these three scenarios even
if this classification, or the distinction between any two causes, may seem somewhat arbitrary.
For example, we keep the overlapping signals under noise artifacts even if this is not, strictly
speaking, an instrumental noise source. Similarly, we divide issues related to waveform sys-
tematics into two main themes (missing physics and inaccurate modeling), even if the distinction
between the two is not always obvious. By “missing physics” we mean cases when a particular
effect is not included at all, or only partially included in the waveform models (e.g., tides and
higher-order ringdown modes), while “inaccurate modeling” refers to intrinsic limitations of
the waveform models in fully describing the known features of GR (e.g., waveform truncation
errors).

While most of the scenarios discussed below could lead to confusion with a GR violation
in a given event or subset of events, any GR deviation should be consistent across the dataset,
e.g., a given theory should explain why there is evidence for deviations in certain events and
not in others in a similar region of the parameter space. The ever-increasing number of events
expected in the future will help sort out these situations.

2 Noise Systematics

Current interferometric GW detectors are limited by fundamental noise sources [13] which
causes the noise to appear as stationary and Gaussian only over short time scales and ranges of
frequency [41]. In reality, however, noise from the detectors is neither Gaussian nor stationary
(see, e.g., [41–43]). It can be relatively easy to spot times of extremely bad data quality in GW
data, but the challenge lies with times of subtle data quality issues. The origin of noise sources
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1-1. Parameterized tests

1-2. No-hair tests (inspiral)

2-1. No-hair tests (ringdown)

3-1. Hawking’s area law

3-2. Inspiral-merger-ringdown consistency tests

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

ü most stringent bound on deviation from Kerr quadrupole 
moment with GW241011

ü first overtone mode detected with GW250114  
ü frequency consistent with Kerr to ~30%

ü confirmed with GW250114

ü current accuracy of tests: ~10%
ü improves to a % level with future detectors
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5 When Does a Cause Become Important?

Not all effects discussed in this paper are created equal, with some being always important
for understanding false GR violations, such as non-stationary noise artifacts and glitches (see
Sections 2.1 and 2.2) while some will not be important until XG detectors or beyond, such
as unaccounted effects of the physics of gas and dust in the environment of binary black hole
mergers (see Section 4.2). In this Section, we gauge when each of these causes will become
important in terms of the generation of GW observatory.

It is worth stressing that some level of systematics is unavoidable. For example, waveform
models are intrinsically imperfect: even without missing any physics and removing current
waveform systematics, there will always be intrinsic limitations due to truncation errors in per-
turbative schemes, calibration inaccuracy with NR waveforms, phenomenological modelling
of the merger, unavoidable numerical errors in NR simulations. Thus, we will have to always
face some degree of waveform systematics, noise artifact, or astrophysical uncertainty, whose
potential impact will grow for high SNR events. The point here is to control such systematics as
much as possible, to a level that make them negligible with respect to a putative GR deviation.

We summarize the discussion in Table 1. We note that this is intended as a rough guide as
exact predictions for the size of relative effects can depend on a number of factors, and one
expects improvements in the coming years (e.g., one expects waveform systematics to improve
in the coming years, however, we do not consider this here). Below we give our reasoning for
why we think these causes will be important (or not) for a given detector sensitivity.

Cause O4 A+ A# XG
Non-Stationary Noise ✁ ✁ ✁ ✁
Non-Gaussian Noise/Glitches ✁ ✁ ✁ ✁
Overlapping Signals ✂ ✂ ✂ ✁
Data Gaps ✂ ✂ ✂ ✁
Detector Calibration ✂ ✂ ✂ ✁
Eccentricity ✁ ✁ ✁ ✁
Tidal Effects ✂ ✁ ✁ ✁
Kick-induced Effects ✂ ✂ ✂ ✁
Ringdown Modes ✁ ✁ ✁ ✁
Precession and Higher-order Modes ✁ ✁ ✁ ✁
Memory ✂ ✂ ✁ ✁
Sub-optimal Waveform Calibration ✂ ✂ ✁ ✁
Lensing ✂ ✂ ✂ ✁
Environmental Effects ✂ ✂ ✂ ✁
Source Misclassification ✁ ✁ ✁ ✁
Astrophysical Population Assumptions ✁ ✁ ✁ ✁

Table 1: Summary of the causes discussed in this paper that can potentially mimic
a GR deviation while performing tests of GR. The tick means the effect should be
accounted for in the waveform models and/or analysis methods when analyzing data
of a GW detector of a given sensitivity. The cross means the effect is sub-dominant
to show up as a false GR violation with that detector sensitivity.

5.1 Noise Systematics

Non-stationarities, non-Gaussianities, overlapping signals Non-stationary and non-Gaussian
noise artifacts are an ever-present analysis burden in the current generation of observatories
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