
Black Hole Spectroscopy and Tests of General Relativity with GW250114
(The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration)∗

(Dated: September 8, 2025)

The binary black hole signal GW250114, the loudest gravitational wave detected to date, offers a unique op-
portunity to test Einstein’s general relativity (GR) in the high-velocity, strong-gravity regime and probe whether
the remnant conforms to the Kerr metric. Upon perturbation, black holes emit a spectrum of damped sinu-
soids with specific, complex frequencies. Our analysis of the post-merger signal shows that at least two quasi-
normal modes are required to explain the data, with the most damped remaining statistically significant for
about one cycle. We probe the remnant’s Kerr nature by constraining the spectroscopic pattern of the dominant
quadrupolar (` = m = 2) mode and its first overtone to match the Kerr prediction to tens of percent at multi-
ple post-peak times. The measured mode amplitudes and phases agree with a numerical-relativity simulation
having parameters close to GW250114. By fitting a parameterized waveform that incorporates the full inspiral–
merger–ringdown sequence, we constrain the fundamental (` = m = 4) mode to tens of percent and bound the
quadrupolar frequency to within a few percent of the GR prediction. We perform a suite of tests—spanning
inspiral, merger, and ringdown—finding constraints that are comparable to, and in some cases 2–3 times more
stringent than those obtained by combining dozens of events in the fourth Gravitational-Wave Transient Catalog.
These results constitute the most stringent single-event verification of GR and the Kerr nature of black holes to
date, and outline the power of black-hole spectroscopy for future gravitational-wave observations.

Introduction— On January 14, 2025, the LIGO detec-
tors [1] recorded the loudest gravitational-wave (GW) signal
to date, GW250114 082203 (hereafter GW250114) [2]. The
Virgo [3] and KAGRA [4] interferometers were offline at the
time. The high network signal-to-noise ratio (SNR) of 76
makes GW250114 an especially powerful probe of whether
Einstein’s theory of general relativity (GR) [5], and, in par-
ticular, its rotating black hole (BH) solution [6], accurately
describe the observed gravitational radiation.

The non-linearity of Einstein’s field equations, coupled
with the interdependence of metric and matter, the inherent
gauge freedom, and the complexity of the initial-value prob-
lem [7, 8] have made solving these equations notoriously chal-
lenging. Following the spherically symmetric solution [9]
in 1916, the search for an exact rotating axisymmetric solu-
tion in vacuum spanned nearly 50 years, until the Kerr met-
ric breakthrough [6]. This was followed by efforts to estab-
lish the uniqueness of static and stationary solutions, includ-
ing their full characterization by conserved quantities, such
as mass, spin, and charge [10–15]. The Kerr metric’s sim-
plicity has enabled the derivation of unexpected properties,
including integrability for geodesic motion [16], the Penrose
process [17, 18], and the four laws of BH mechanics [19].
The solution’s application to rotating BHs has had a profound
impact on astrophysics, particularly once quasars were dis-
covered [20]. The Kerr solution underpins waveform models
used to detect GWs and infer properties of dark objects. Thus,
finding that these objects do not conform to Kerr BHs would
have far-reaching implications for both astrophysics and fun-
damental physics.

From shortly after its inception, the theory of GR has with-
stood a broad array of experimental probes. Nevertheless,
there are open questions associated to BHs, such as their
stability [21–24], the existence of singularities inside their
event horizon [25], and Hawking’s information-loss para-
dox [26, 27]. Furthermore, GR is known to be incomplete in
the quantum domain and requires a dark sector (dark matter

and dark energy) to explain cosmological observations, moti-
vating continued searches for possible deviations and viable
extensions of the theory [28]. Some gravity theories alterna-
tive to GR admit the Kerr metric as a solution [29, 30], thus
tests of GR and tests of Kerr spacetime are complementary.

In the last ten years, GW observations from binary black
hole (BBH) coalescences [31, 32] (as well as, from binary
neutron stars and mixed binaries) have provided a unique lab-
oratory for testing GR in the strong-gravity, dynamical and
high-velocity regime, where potential departures from GR are
expected to be most pronounced [28–30, 33]. Since the first
detection of a BBH coalescence [34, 35], the growing cata-
log of GW events [32, 36–39] has enabled increasingly strin-
gent bounds of the inspiral, merger, and ringdown phases [40–
43]. These results complement other GR investigations—
Solar System tests, binary-pulsar experiments, observations of
massive BHs at galactic centers, and cosmological measure-
ments [28, 44–49]—which span low-velocity, quasi-static,
weak-field regimes and, in some cases, strong-field environ-
ments with self-gravitating bodies.

In vacuum, BHs in binaries adiabatically and steadily ap-
proach each other during the inspiral until they merge, driven
by GW emission, a purely tensorial radiation in GR, domi-
nated by the quadrupolar multipole [50]. According to GR,
after the two BHs merge, a highly distorted remnant BH is
formed, which equilibrates by emitting gravitational radia-
tion [51–53]. In the 1970s, Vishveshwara and Press [54, 55],
using results from Regge, Wheeler, and Zerilli [56, 57], made
a significant discovery. In response to an incoming pulse of
radiation, BHs ring the spacetime, emitting a superposition of
damped sinusoids with discrete frequencies and decay times,
depending solely on the intrinsic properties of the BH, no-
tably its mass and spin. This follows from the no-hair theo-
rem [6, 10–15], which states that in four-dimensional vacuum
GR, a stationary BH that is non-singular outside the horizon
is fully characterized by its mass and spin. Since those pio-
neering works [54, 55], using sophisticated analytical and nu-
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merical methods in BH perturbation theory [58–62], the full
first-order BH spectrum has been computed for rotating BHs,
revealing also the presence of GW tails [63, 64] at late times.
It was also noted [61] that with the advent of GW astronomy,
detecting BH’s quasi-normal mode (QNM) frequencies could
confirm their existence with a certainty comparable to the way
the 21 cm line unequivocally identifies interstellar hydrogen.
This started the BH-spectroscopy program [61, 65–71]. A
measurement of the frequency and damping rate of a single
mode suffices to constrain the final-state mass and spin. Mea-
surements of multiple mode frequencies and damping times
enable a test of the no-hair theorem [17, 72–74] through the
consistency of the modes’ properties with the Kerr predic-
tion [6]. In principle, the QNMs are affected by electromag-
netic charges, but we expect the latter to be negligible for as-
trophysical BHs [75–78]. Several studies in the last few years
have investigated the presence of QNMs in GW data claiming
different levels of significance [35, 43, 79–84].

In this Letter, we perform several studies of GW250114,
aimed at constraining deviations from the GR predictions
throughout the inspiral, merger and ringdown; the Kerr nature
of the components in the binary, and of the remnant via BH
spectroscopy. Extending the recent work in Abac et al. [2],
we investigate the post-merger stage with different ringdown
models and methods. We corroborate our findings for the am-
plitudes and phases of the quadrupolar QNMs with results of a
numerical-relativity (NR) simulation having parameters close
to GW250114. We bound the spectroscopic pattern of the
dominant quadrupolar mode and its first overtone to match
the Kerr prediction at multiple post-peak times, while con-
straining, for the first time, the hexadecapolar fundamental-
mode frequency. We set the most stringent bounds on the
post-Newtonian (PN) parameters determining the GW phas-
ing during the inspiral, perform signal consistency tests and
use them to assess the increase of the BHs area from the in-
spiral to the ringdown at high credibility. Overall, GR and the
Kerr metric once again remain empirically unshaken.

GW250114— Using the inspiral–merger–ringdown (IMR)
quasi-circular, spin-precessing NRSur7dq4 model [85], Abac
et al. [2] found that the wave morphology is consistent with
a BBH with component masses 33.6+1.2

−0.8 M� and 32.2+0.8
−1.3 M�

and dimensionless spin magnitudes ≤ 0.24 and ≤ 0.26 (90%
credible intervals). Its eccentricity is constrained to e ≤ 0.03
at a reference frequency of 13.33 Hz, using eccentric aligned-
spin models [86, 87].

BH spectroscopy of the remnant alone— In GR, after
a dynamical phase surrounding a BBH merger, the post-
merger signal is dominated by a superposition of exponen-
tially damped sinusoids corresponding to QNMs of the final
Kerr remnant with redshifted mass Mf (1 + z), where z is the
cosmological redshift, and dimensionless spin χf [51–53].

While the prompt response [65, 88, 89], dynamical ef-
fects [90–92], higher-order perturbative terms [93–96], and
nonlinearities [51] are expected to contribute to the early post-
merger signal, they are subdominant to the QNMs at suffi-
ciently late times [97, 98]. Gravitational-wave tails [63, 64,
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FIG. 1. Consistency of post-merger data with two QNMs. Top: The
inferred amplitude of the most rapidly decaying damped sinusoid
for the 2DS model at different fit times as measured by ringdown.
The dots indicate posterior medians, while the thick (thin) bars in-
dicate the 50% (90%) credible interval; for each time, they have
been offset slightly for clarity. The gray bands predict the median,
50%, and 90% credible ranges of amplitudes over time from the
t> = 6tMf fit, marked by the first dotted line. The second dotted
line at t> = 9tMf indicates the latest time that the 90% credible range
of the amplitude is distinct from zero. The hatched region shows the
greater than 3σ-equivalent credible region for the amplitude being
strictly positive. Bottom: The inferred amplitude of the 221 mode
for the 220+221 (pink) and 220+221+222 (green) models as mea-
sured by pyRing. The first dotted line indicates t> = 3 tMf , beyond
which 220+221+222 fits yield 221 amplitudes consistent with that at
t> = 6tMf . The second dotted line indicates t> = 6 tMf . The hatched
curve shows the > 2σ-equivalent credible region.

99–102] dominate at much later times. Here, because of the-
oretical modeling uncertainties, we neglect these other con-
tributions, focusing on the exponentially decaying sinusoidal
QNM component and assume that the plus and cross polar-
izations of the post-merger signal at the detectors take the
form [35, 68]

h+ − ih× =
∑
`≥2

0≤m≤`
n≥0

e−t/τ`mn
(
AR
`mne−2πi f`mnt + AL

`mne2πi f`mnt
)
, (1)

where the complex numbers AR
`mn and AL

`mn encode the am-
plitudes and phases of the right- and left-circularly polarized
components of the mode, and depend on the excitations im-
printed on the spacetime by the progenitors’ dynamics [103–
108]. The frequency f`mn and the damping time τ`mn cor-
respond to the Kerr QNM frequencies and damping times,
and are indexed by the angular-mode numbers ` and m, and
the radial-overtone number n [58–60]. The amplitude of the
elliptically polarized mode at time t = 0, which we take
to be the starting time of fits of Eq. (1) to GW250114, is
A`mn = |AR

`mn|+ |A
L
`mn| [109]. Given GW250114’s properties, in

Eq. (1) we have neglected retrograde modes, which are known
to be less excited and less important than prograde modes for
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this type of system [105, 110, 111].
We employ ringdown [80, 109] and pyRing [79, 112]

to fit Kerr models of the form Eq. (1), as well as mod-
els with agnostic complex frequencies, to the post-peak sig-
nal from GW250114, starting at a range of times, t>, af-
ter tpeak: the time at which NRSur7dq4’s maximum likeli-
hood strain magnitude over the two-sphere achieves its max-
imum [2, 79, 80, 85, 109, 113]. We adopt the reference peak
time, mass, and sky location from the ringdown fits in Abac
et al. [2], with tMf = (1 + z)GMf/c3 = 0.337 ms. Henceforth,
we refer to the Kerr modes in Eq. (1) as `mn, and a sum of
multiple modes is denoted as `mn+`′m′n′. The ringdown and
pyRing codes have different native priors and run settings,
and therefore produce results for this analysis that differ [2].
The results from both codes are sufficiently qualitatively simi-
lar, however, that in most cases we show results from only one
or the other code throughout.

As shown in Abac et al. [2], the post-peak data of
GW250114 is consistent with the 220 and 221 QNMs. Here,
we further motivate this identification, extend this study using
other ringdown models and methods, and test the remnant’s
Kerr nature at different post-peak times. In the Supplemental
Material, we also validate the use of Eq. (1) at the times at
which we apply our QNM models by comparing to NR wave-
forms. We start by adopting an agnostic sum of two damped
sinusoids (2DS) whose complex amplitudes, frequencies, and
damping times are arbitrary [35, 42, 43]. In the top panel of
Fig. 1, we show that the amplitude of the more rapidly decay-
ing damped sinusoid at various fit start times t> is bounded
away from zero at > 3σ until t> > 9 tMf , and it is non-zero at
3.5σ at t> = 6 tMf . By examining the frequencies and damping
times of the two damped sinusoids shown by the red contours
in Fig. 2 (the other contours will be discussed later), we find
that they are broadly consistent with the 220 and 221 QNMs
predicted from the remnant mass and spin inferred from the
IMR analysis of GW250114 in GR. This motivates fitting
GW250114 with the 220+221 model. In the bottom panel
of Fig. 1, which shows the amplitude of the 221 QNM at vari-
ous fit start times, we see that for the 220+221 model the 221
QNM’s amplitude is not only bounded away from zero, but
is consistent with the exponential decay expected within the
error bounds of the 221 QNM fit at t> = 6tMf for t> ≥ 6tMf . At
earlier times, the amplitude deviates from its expected value,
suggesting a breakdown of the 220+221 model. Motivated by
analysis of NR simulations [114], we find that if the 222 QNM
is added to the fit, then consistency at the 90% level with the
amplitude at t> = 6tMf is obtained until t> ≥ 3tMf , even though
the amplitude of the 222 QNM is never confidently measured
away from zero in these fits. These findings suggest that the
data is indeed consistent with the 220 and 221 QNMs over a
range of times.

In the Supplemental Material, we corroborate these re-
sults using a NR simulation in GR. Specifically, we demon-
strate that the results in Fig. 1 are broadly consistent with
that of a simulated signal of a NR simulation with parame-
ters close to GW250114; we show that the relative amplitudes
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FIG. 2. BH spectroscopy with different QNMs. The 90% credible
regions for the 220 (solid) and 221 (dashed) QNM frequencies and
damping times as measured when fitting the 220+δ221 model at t> ∈
{3, 6, 9}tMf (green, pink, blue) and the 2DS model at t> = 9tMf (red).
In orange, the constraints from the pSEOBNR analysis for the 220
(solid) and 440 (dot–dashed) QNMs. Black curves indicate the 220,
221, and 440 frequencies and damping times inferred from the IMR
remnant mass and spin posteriors.

and phases of GW250114’s 220 and 221 QNMs are consistent
with those of the NR simulation at the ≥ 38% credible level
for t> ∈ [3, 9]tMf . Separately, using GW250114 we also find
consistency among the final mass and spin computed with the
IMR analysis and the various QNM models we fit.

In Fig. 2, we probe the Kerr nature of the remnant. We
examine the fit to the post-peak data of GW250114 with a
220+δ221 model whose 221 QNM’s frequency and damp-
ing time ( f221 and τ221) are allowed to vary from their Kerr
values ( f221,Kerr and τ221,Kerr) by δ f̂221 = ln( f221/ f221,Kerr)
and δτ̂221 = ln(τ221/τ221,Kerr). As suggested by the 2DS
fit, the data are particularly consistent with the 220 and
221 QNMs predicted by the remnant mass and spin inferred
by the full IMR analysis. More specifically, we constrain
δ f̂221 = −0.13+0.61

−0.16 at t> = 3tMf , δ f̂221 = 0.09+0.29
−0.30 [2]

at t> = 6tMf , and δ f̂221 = −0.07+0.72
−0.53 at t> = 9tMf , all

at the 90% credible level. However, the recovered ampli-
tude of the 221 QNM is not consistent with values at later
times in the 3tMf fit, indicating that the model may be fitting
other content at these times. Previously, analysis using the
third Gravitational-Wave Transient Catalog (GWTC-3.0) [43]
set δ f̂221 = 0.01+0.27

−0.28 by analyzing the data from the peak
onward using pyRing, and hierarchically combining results
from 21 events [115]. In the following section, we will return
to this figure to discuss the pSEOBNR analysis.

Additionally, we perform an analysis that does not measure
the mode amplitudes, but filters out successive Kerr QNMs
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FIG. 3. Filtering out two QNMs in the post-merger data. Detection
statistics for the QNMRF analysis with varying mode content relative
to the 1% FAP threshold over time [119]. At times t> ≤ 10 tMf , the
QNMRF finds strong support for the 220+221 model over the single-
mode 220 model. The 220+221+222 model is weakly preferred over
the 220+221 model from t< = 1 tMf to t< = 5 tMf .

from the data in the frequency domain: the QNM rational
filter (QNMRF) [116–118]. We adopt a hybrid Bayesian-like
approach, with a detection statistic D that is analogous to a
logarithmic Bayes factor, yet differs from the Bayes factors
used in other time-domain ringdown analyses (see details in
Supplemental Material). Figure 3 shows the difference be-
tween the QNMRF detection statistic and the detection statistic
corresponding to a 1% false-alarm probability (FAP) for the
220+221 and 220+221+222 models. Like the other analyses,
the QNMRF finds strong support for the 220+221 model over
the single-mode 220 model for times t> ≤ 10 tMf . Addition-
ally, the three-mode 220+221+222 model is more weakly pre-
ferred over the 220+221 model from t< = 1 tMf to t< = 5 tMf .
This provides independent evidence that GW250114 is con-
sistent with the 220 and 221 QNMs.

BH spectroscopy with full signal– So far, we have treated
the complex amplitudes of the QNMs in Eq. (1) as free pa-
rameters, and directly constrained them from the data using
only the post-peak signal. When these amplitudes are in-
stead predicted from the binary’s properties using NR simu-
lations in GR, consistency tests are feasible even with a sin-
gle mode [43, 84, 120]. This results in a more stringent test
of GR, at the cost of stronger assumptions about the emis-
sion process: most existing amplitude models assume the per-
turbed BH originates from a binary merger, and are restricted
to quasi-circular orbits [103–108].

Including additional pre-merger information, one can test
for deviations in QNM frequencies by analyzing a full IMR
waveform calibrated to NR simulations. The pSEOBNR anal-
ysis [120–123] introduces fractional deviations (δ f̂`m0, δτ̂`m0)
to the frequency and decay time of the fundamental QNMs in
the ringdown description of SEOBNRv5PHM [124, 125] as:

f`m0 = f GR
`m0 (1 + δ f̂`m0) , τ`m0 = τGR

`m0 (1 + δτ̂`m0) . (2)

The GR predictions for these quantities are obtained us-

ing the final mass and spin of the remnant BH, estimated
using NR fits based on the measured component masses
and spins [126, 127]. Rather than isolating the post-merger
stage, excluding the inspiral and merger phases, the analy-
sis uses the full IMR signal, assuming GR holds up to the
merger. The merger–ringdown model is based on a factorized
ansatz: the contributions of the fundamental QNMs, mod-
ified via the parametrization in Eq. (2), are multiplied by
phenomenological, time-dependent amplitudes calibrated to
NR [125, 128, 129]. These amplitudes aim to capture the ring-
down prompt response [65, 88, 89] and dynamical phase [90–
92]. As for now, this approach enables constraints on funda-
mental QNMs, but not on overtones, whose effects are implic-
itly absorbed by the time-dependent amplitudes rather than
being parameterized explicitly.

We first perform an analysis allowing for deviations in the
dominant 220 QNM only, which has been the focus of pre-
vious constraints [42, 43, 121, 123]. Owing to GW250114’s
high SNR (∼ 65 up to merger and ∼ 40 post-merger), we also
extend the analysis to probe higher fundamental QNMs. The
nearly equal masses and low spins of the binary’s components
imply that multipoles with odd m are suppressed due to rota-
tional symmetry, while even-m multipoles are expected to be
more prominent [98, 130, 131]. The inclination (Θ = 0.78+0.19

−0.23
rad [2] at a reference frequency of 20 Hz, when folded to
[0, π/2]) and azimuthal phase inferred from GW250114 favor
the excitation of the (`, |m|) = (4, 4) multipoles [2], which con-
tribute an SNR of 3.6+1.4

−1.5 to the full IMR signal [132]. There-
fore, we perform an analysis including deviations in both the
220 and 440 QNMs. We find minimal correlation between the
deviation parameters of the two modes, and in the following
we report constraints on (δ f̂220, δτ̂220) from the joint fit.

The results are summarized in Fig. 4. The frequencies and
damping times of both modes are consistent with the predic-
tions of GR, based on the Kerr remnant parameters inferred
from the inspiral. The dominant 220 QNM is especially well
constrained, with δ f̂220 = 0.02+0.02

−0.02 and δτ̂220 = −0.01+0.10
−0.09.

Owing to the exceptional SNR of this signal, these con-
straints are roughly twice as stringent as those obtained by
hierarchically combining [115, 133] results from 17 events in
the fourth Gravitational-Wave Transient Catalog (GWTC-4.0)
[134], which have SNR above 8 in the inspiral and post-
inspiral stages. That analysis yielded δ f̂220 = 0.00+0.06

−0.06 and
δτ̂220 = 0.16+0.18

−0.16. A measure of consistency with GR is pro-
vided by the GR quantile QGR [42], which corresponds to
the cumulative posterior probability enclosed by the isoprob-
ability surface passing through the GR prediction. A lower
(higher) value of QGR indicates better (worse) consistency
with GR. For GW250114, the GR quantile is 54.2%, lower
than for the combined constraints from GWTC-4.0 [134],
85.1%. The GWTC-4.0 results show a mild tension with
GR [134], potentially due to non-Gaussian or non-stationary
noise [42, 123], parameter correlations amplified by unrealis-
tic astrophysical priors [43, 135], intrinsic variance due to the
limited number of events in the catalog [136], or unmodeled
selection effects that could systematically influence which sig-
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GW250114. Hierarchically combined results from GWTC-4.0 [134]
are also shown. Triangles mark the median values and vertical bars
the symmetric 90% credible interval.

nals are included in the analysis.
We also constrain, for the first time, the frequency of

the subdominant 440 QNM, obtaining δ f̂440 = −0.06+0.25
−0.35.

The damping time remains weakly constrained, with δτ̂440 =

0.20+0.53
−0.69. Since the pSEOBNR method employs the entire IMR

signal, it enforces continuity across the waveform and does
not allow the mode amplitudes to vanish. As a result, the anal-
ysis cannot by itself establish whether the 440 QNM is present
in the data. However, similar constraints do not appear in sim-
ulated signals that exclude this mode or in lower-SNR events
(see details in the Supplemental Material), lending support to
the interpretation that the constraint is driven by the presence
of the 440 QNM in the ringdown signal of GW250114.

Beyond testing whether each mode is individually consis-
tent with GR, one can also test whether both are consistent
with originating from the same Kerr remnant, as in classi-
cal no-hair-theorem tests [61, 65–69]. In the pSEOBNR frame-
work, this is done by reconstructing the complex frequencies
of the two modes from Eq. (2), giving f220 = 251.7+5.1

−5.0 Hz,
τ220 = 4.09+0.42

−0.38 ms, f440 = 503+130
−185 Hz, and τ440 = 4.7+2.1

−2.7 ms.
Their 90% credible regions are shown as the orange solid and
dot–dashed curves in Fig. 2. These are then inverted to obtain
two separate estimates of the remnant’s mass and spin using
fitting formulas [68], shown in Fig. 9. We find that the esti-
mates are mutually consistent, and agree with both the IMR-
inferred values and with results from ringdown remnant-alone
analyses.

The presence of the (4, 4) multipole is independently sup-
ported by isolating the post-peak data in time domain, with the
KerrPostmergermodel in pyRing [84]. This model has also
amplitudes calibrated to NR simulations at merger [129, 137,

138]. Including the (4, 4) mode is mildly favored by a log10
Bayes factor of 0.54+0.18

−0.18 compared to a model with only the
dominant (2, 2) mode. Allowing for deviations from GR with
the parametrization in Eq. (2), we constrain the 220 QNM as
δ f̂220 = 0.09+0.34

−0.22 and δτ̂220 = −0.14+0.25
−0.23, while the 440 mode

remains unconstrained. While less stringent than pSEOBNR,
this analysis quantifies the constraints achievable when isolat-
ing the remnant’s relaxation.

The stringent pSEOBNR results can improve current con-
straints on gravity theories beyond GR [139–143], and
constrain properties of exotic compact objects [144, 145].
As a concrete example, we consider dynamical Chern–
Simons (dCS) gravity [146], a parity-violating extension
of GR in which the QNM spectrum receives corrections
controlled by a coupling length

√
αdCS [147]. Mapping

the bound on the 220 QNM frequency to the predicted
dCS correction yields an approximate constraint on the
dCS coupling length of

√
αdCS < 32.2 (40.1) km, as-

suming purely axial (polar) perturbations [147] (using the
conventions therein). These single-event bounds are com-
petitive with recent ringdown-only analyses of GW150914,
GW190521 074359, and GW200129 065458 [143]. The es-
timate is based on the posteriors for δ f̂220 and remnant mass
and spin from the pSEOBNR analysis, reweighted to a prior
uniform in the dCS coupling length. More robust constraints
could be obtained from a Bayesian analysis that directly uses
waveform predictions in dCS gravity [141, 143].

Bounding post-Newtonian inspiral parameters— The inspi-
ral regime can be treated perturbatively within the PN frame-
work [148], an expansion in powers of v/c where the nPN
order corresponds to O([v/c]2n). As the intrinsic parameters
of the binary uniquely determine the PN coefficients ϕi in the
GW phase at each order, we can construct a consistency test
of GR by introducing deformation parameters at each PN or-
der [149–155]. We only consider variations in the individ-
ual PN coefficients independently, treating them as free coef-
ficients that constrain the degree to which deviations from GR
agree with the data. The inspiral deviations are constructed
so as to represent a shift to the non-spinning PN coefficient,
i.e., ϕi → (1 + δϕ̂i)ϕNS

i + ϕS
i , where ϕNS

i denotes the non-
spinning coefficient and ϕS

i is the spin-dependent part of the
PN coefficient. In GR, the coefficients at −1PN and 0.5PN
are explicitly zero and should be interpreted as absolute devi-
ations, while the other coefficients are expressed as fractional
deviations.

As in the GWTC-4.0 analysis [134], we use two indepen-
dent pipelines: Flexible Theory Independent (FTI) [40, 156]
and Test Infrastructure for GEneral Relativity (TIGER) [157–
159]. The pipelines have several methodological dif-
ferences, including the cut-off frequency at which cor-
rections are turned off and choice of waveform models
used. The FTI pipeline employs the SEOBNRv5HM ROM
model [125], which is restricted to aligned-spin configura-
tions, whereas TIGER utilizes the precessing-spin waveform
model IMRPhenomXPHM SpinTaylor [160, 161]. Due to
technical changes in the pipelines, only events first reported
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FIG. 5. Constraints on the inspiral phase from GW250114. The
90% upper bounds on the magnitude |δϕ̂i| 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
δϕ̂0 = 0.00+0.03

−0.03 and δϕ̂3 = −0.01+0.03
−0.02 for GW250114 com-

pared to δϕ̂0 = −0.00+0.09
−0.09 and δϕ̂3 = 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 ϕ−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 δϕ̂(1)

PCA =

−0.01+0.02
−0.02 (slightly better constrained than δϕ̂3 = −0.01+0.03

−0.02)
and the sub-leading component to δϕ̂(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 χf 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 ∆χf/χ̄f = 2(χinsp
f −

χ
postinsp
f )/(χinsp

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

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

−0.06 and ∆χf/χ̄f = −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 ∆χf/χ̄f = −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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area of a BH cannot decrease over time. Our analysis yields
a credibility of 4.8σIMRCT, 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].
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Illes Balears through the Conselleria d’Educació i Universi-
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SUPPLEMENTAL MATERIAL

Significance estimation for a non-negative QNM amplitude

In the main text we quote the significance with which the
amplitude A of a given QNM is shown to be > 0. We use the
one-dimensional highest posterior density (HPD) credible re-
gions based on samples drawn from the posterior density. The
one dimensional p HPD is the shortest interval that contains
a fraction p of the samples. It can be computed by consid-
ering the b(1 − p) Nc intervals in the sorted samples that each
include dpNe samples, where N is the total number of samples
available, and choosing the shortest one (i.e. the one with the
highest estimated density). Using sample-based HPD inter-
vals in this way can produce significant differences between
the true and estimated interval when p ' 1/N [2], but in all
cases in this paper, we have sufficient samples so that pN � 1,
and this is not an issue.

To convert a p HPD into a significance level, xσ, we relate
these quantities through the Gaussian distribution, via

p =

∫ x

−x
dy φ(y), (3)

where φ(y) is the standard normal density. For example, a 3σ
interval contains a fraction p = 0.9973 of the samples.

Validity regimes of QNM models

Analyses of NR simulations of BBH mergers, like
GW250114, with Eq. (1) show that the time interval in which
fits at consecutive start times yield exponentially consistent
amplitudes varies based on the mode content [106, 221, 222].
To determine when Eq. (1) is valid for the models we con-
sider, we study the equal-mass, non-spinning NR BBH sim-
ulation SXS:BBH:3617 [223, 224], whose intrinsic parame-
ters lie within the 90% credible region of GW250114. For
each QNM model, we perform a linear least-squares fit to
the (2, 2) mode with the start times t> ∈ [0, 40]tMf in steps
of 0.1tMf and measure the complex amplitude of each QNM
at tpeak [225]. We define a stability window of size 10tMf as
a region in which the QNMs in the model have amplitudes
whose fractional variation is comparable to our 50% credi-
ble level measurement uncertainties in GW250114 (14% for
the 220 at t> = 11tMf with the 220 model, 24% for the 221
at t> = 6tMf with the 220+221 model, and 40% for the 222
at t> = 3tMf with the 220+221+222 model; these times are
chosen based on the value used in Abac et al. [2] and the
times identified in Fig. 7) and whose values agree with the
most stable value to the same uncertainty. We define the sta-
bility regime as the union of all such windows. For the 220,
220+221, 220+221+222 models, we find these regimes to be
approximately [11, 40]tMf , [6, 34]tMf , and [3, 22]tMf .
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FIG. 7. Consistency of a NR-simulation’s post-merger data with two
QNMs. Identical to Fig. 1, but instead for a simulated signal using
the equal-mass, non-spinning NR BBH simulation SXS:BBH:3617
with Gaussian noise; fits are performed with ringdown.

Comparison to NR-informed predictions

In Fig. 1, we have found that at least two agnostic damped
sinusoids are required to explain the post-merger signal, and
when assuming a Kerr remnant, we have observed that the
221 amplitudes remain non-zero at > 3σ up to 9tMf after the
peak. Here, we find similar results when employing a simu-
lated signal of the NR simulation SXS:BBH:3617 [223, 224].
The signal is injected into Gaussian noise generated using the
power spectral density estimated from GW250114, with ex-
trinsic parameters set to the preliminary-reference maximum-
likelihood values inferred using NRSur7dq4 [2]. We generate
10 different noise realizations and choose the one such that the
analysis of the simulated signal most closely resembles that
obtained for GW250114. Like in Fig. 1, we find (see upper
panel in Fig. 7) that at around t> & 9tMf the amplitude of the
more rapidly decaying damped sinusoid becomes consistent
with zero at the 90% level. Furthermore, at around t> . 6tMf

(lower panel), the amplitude of the 221 mode in the 220+221
model also starts to deviate from its extrapolated values; but,
by adding the 222 mode to the fit one can again recover am-
plitude consistency at early times around t> & 3tMf .

We perform another test to verify that the relative ampli-
tudes and phases of the 220 and 221 QNMs are consistent
with predictions from NR. This requires mapping the detec-
tor QNM amplitudes in Eq. (1) to the remnant-frame QNM
amplitudes, with which the strain over the two-sphere in the
remnant frame can be written as

h ≡ h+ − ih×

=
∑
`≥2
−`≤m≤`

n≥0

C`mne−iω`mnt
−2S `mn(Mfχfω`mn, θJN , ϕ), (4)

where ω`mn ≡ 2π f`mn− i/τ`mn and −2S `mn(Mfχfω`mn, θJN , ϕ) is
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the spin-weight −2 `mn spheroidal harmonic with oblateness
Mfχfω`mn and evaluation point on the two-sphere (θJN , ϕ).
The complex amplitudes C`mn in Eq. (4) are related to the
complex amplitudes in Eq. (1) via [109]

C`+|m|n −2S `+|m|n(θJN , ϕ) = AR
`mn, (5a)

C`−|m|n −2S `−|m|n(θJN , ϕ) = AL
`mn. (5b)

However, because AR
220 is measured to be larger than AL

220 for
this event, from here on we focus exclusively on the `|m|n
QNMs. Using the QNM amplitudes over the two-sphere, we
can compare the relative amplitudes and phases of the 220 and
221 QNMs via

A221 =
∣∣∣∣C221

C220

∣∣∣∣, (6a)

∆φ221 = arg
[
C221

C220

]
. (6b)

The quantities A`mn and ∆φ`mn should be interpreted as the
amplitude ratio and phase difference between the 220 and 221
QNMs on the two-sphere extrapolated to tpeak. Each con-
tour in Fig. 8 shows the 50% credible region for the fit per-
formed at the start time indicated in the legend. For t> ∈
{6, 9}tMf the 220+221 model is used, while for t> = 3tMf ,
the 220+221+222 model is used. The corresponding crosses
represent the values extracted from fits to the NR simulation
SXS:BBH:3617 performed using a linear least-squares fit to
the (2, 2) mode [225]. The marker with error bars is obtained
by fitting the 220+221+222 model over a 10tMf window in
which these quantities have stabilized. That is, we fit the NR
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show results for the 220 and 440 modes with the pSEOBNR analysis,
as well as the IMR results of the full signal.

waveform at times t> ∈ [12, 22] tMf —the latest 10tM f con-
tained in the regime of validity for the 220+221+222 model,
measure the mean and standard deviation of C220 and C221
over said 10tMf window, and then compute A221 and ∆φ221 ac-
cordingly. As can be seen, from t> ∈ [3, 9] tMf the amplitudes
and phases extracted from the data are broadly consistent with
the values predicted. More specifically, they are consistent
with the most stable value to ≥ 38% credibility. Their values
evolve because the amplitudes of the exponentially damped-
sinusoid model that are used are insufficient to recover partic-
ularly stable overtone amplitudes for these t> values at effec-
tively infinite SNR.

Overall, these results indicate that the 221 amplitudes and
phases measured from GW250114 when using different ring-
down models at different starting times are consistent with ex-
pectations from a BBH in GR.

Final mass and spin consistency

In Fig. 9 we show the mass and spin posteriors obtained
from the 220, 220+221, and 220+221+222 model fits at t> =

11 tMf , t> = 6 tMf , and t> = 3 tMf , and from the 220 and 440
pSEOBNR model. For all these fits, the inferred mass and spin
are consistent with that from the full IMR analysis at 90%
credibility.
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Detectability of quadrupolar first overtone via model selection

In the main text, we have assessed QNM detectability
based on the posterior amplitude support away from zero.
A complementary criterion is represented by the Bayes fac-
tor, which quantifies the ratio of the evidences of compet-
ing models, with each evidence defined as the integral of the
likelihood weighted by the prior [226]. In Fig. 10, we show
the log10 Bayes factors of the two-mode model compared to
the one-mode model over time. The results from pyRing
are obtained from the cpnest nested sampler used in infer-
ence [192], while the ones from ringdown are estimated from
the 221 amplitudes using the Savage–Dickey ratio [227]. For
nested models, these two approaches are equivalent [228]. For
Savage–Dickey, we derive the amplitude maximum prior from
the pyRingmaximum priors on the right- and left-handed po-
larized contributions of the modes (between [0, 5 × 10−20])
combined with the spin-weighted spherical harmonics [2].
The reported values correspond to the median and 90% credi-
ble interval of 1000 Bayes factor estimates with bootstrap re-
samples of the amplitude samples. The pyRing uncertainties
are not displayed since they are comparable to the marker size;
they represent the half-width of the 90% credible interval es-
timated from the four nested sampling chains.

We find positive evidence for the presence of the 221 as
late as 8tMf (9tMf ) from pyRing (ringdown), with log10 Bayes
factors of 0.56+0.26

−0.26 (2.51+0.36
−0.26) at 6tMf , 2.38+0.31

−0.31 (3.47+2.02
−0.50) at

8tMf and −0.53+0.31
−0.31 (0.20+0.09

−0.08) at 9tMf . A similar trend is ob-
served using agnostic sinusoids. The presence of a second
overtone 222 is not significantly preferred at any time. These
results are in agreement with the QNMRF detection statistics in
Fig. 3, as well as with the non-zero amplitude consistency in
Fig. 1, as discussed in the main text. They are also in accord
with predictions from analysis of similarly loud simulated sig-
nals [229].

The difference between the two pipelines is due to different
prior volumes and data length used. In fact, we are able to ob-
tain the same values within the Bayes factor uncertainty when
analyzing with pyRing 0.6 s of data with similar priors to
ringdown, and when running ringdown on the same pyRing
settings. For a complete description of the differences in set-
tings between the codes, see Supplemental Material in Abac
et al. [2].

QNM rational filter

The QNMRF analysis [116] is designed to isolate and remove
specific complex-valued QNMs from the ringdown signal in
the frequency domain. The resulting residual is then com-
pared to pure colored Gaussian noise [117, 118]. The filter is
constructed for a given set of QNMs, corresponding to spe-
cific BH masses and spins.
QNMRF computes the mode detection statistic,D, defined as

a comparison between two ringdown model hypotheses: H ,
which includes an additional mode, and H ′, which excludes
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FIG. 10. Consistency of post-merger data with two QNMs via model
selection. The Bayes factors comparing the analyzed QNM model to
a nested model with one fewer mode. Dots indicate the estimated
ringdown Bayes factor and plus the pyRing Bayes factor.

it. D is analogous to a logarithmic Bayes factor, yet differs
from the Bayes factors used in other time-domain ringdown
analyses [119]. To assess statistical significance, we then take
a frequentist approach to estimate FAPs due to the background
noise, and determine a threshold,D1%, corresponding to a 1%
FAP. Given the data d, the statistic is expressed as:

D(H : H ′) = log10
Z(d|H)
Z(d|H ′)

, (7)

where Z(d|H) and Z(d|H ′) denote the evidences under hy-
pothesesH andH ′.

In Fig. 3, the pink crosses represent the offset ofD[H(220+

221) : H ′(220)] relative to the 1% FAP threshold evaluated
on background noise, while the green plus indicate the offset
of D[H(220 + 221 + 222) : H ′(220 + 221)] relative to its
corresponding threshold.

For each ringdown model hypothesis, we also compute
the joint posterior quantile p(MIMR

f , χIMR
f ) of the remnant BH

mass and spin, inferred from the full IMR analysis, using
NRSur7dq4. This credible contour represents the region on
which the inferred parameters (MIMR

f , χIMR
f ) lie, serving as a

consistency check with the IMR results [119]. A lower p value
indicates a better match between the IMR analysis and the
given QNM hypothesis. Among all possible additional modes
added to the nested model, one at a time, the mode that (i)
yields a detection statisticD above the threshold and simulta-
neously (ii) results in the greatest reduction in p(MIMR

f , χIMR
f )

is considered confidently identified for a given starting time.
In Fig. 3, when the two-mode modelH(220 + 221) is favored
over the single-mode model H ′(220), i.e. when D[H(220 +

221) : H ′(220)] > D1%, we find that the corresponding joint
posterior quantile p(MIMR

f , χIMR
f ) also decreases across start-

ing times from 4 tMf to 10 tMf , indicating improved consis-
tency with the IMR-inferred remnant parameters. Similarly,
when the three-mode modelH(220 + 221 + 222) is preferred
overH ′(220+221) withD > D1% from starting times 1 tMf to
5 tMf , we observe a reduction in p(MIMR

f , χIMR
f ). These results
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FIG. 11. Validation of the 440-mode constraint using simulated sig-
nals. Posterior distributions for the fractional deviation in the 440
QNM frequency, δ f̂440, obtained from simulated NR signals consis-
tent with GW250114. The blue curve shows results for a simulated
signal that includes the (`, |m|) = (4, 4) multipoles, while the orange
curve corresponds to a simulated signal with the modes removed.
Triangles mark the median values and vertical bars the symmetric
90% credible interval.

suggest that these additional modes enhance the fit to the data
and also improve the IMR consistency.

Validation of the (4, 4) fundamental-mode frequency constraint

To validate the constraint on the 440 QNM frequency, we
perform targeted simulated-signal studies, recovering the sig-
nals using the pSEOBNR model. We analyze a synthetic sig-
nal generated using the equal-mass, non-spinning NR simula-
tion SXS:BBH:3617 [217, 223, 224], with extrinsic parame-
ters compatible with GW250114, and injected into Gaussian
noise. Several features observed in the real GW250114 data,
particularly those associated with the 440 QNM, can be quali-
tatively reproduced in this Gaussian noise injection. As shown
in Fig. 11, the 440 QNM frequency is recovered with compa-
rable precision to the real-signal analysis, while the damping
time remains largely unconstrained.

In both the real event and Gaussian-noise injections, the
posterior for δ f̂440 can exhibit a multimodal structure, espe-
cially under a wide, uninformative prior for δτ̂440. By con-
trast, an analogous injection into zero-noise data yields poste-
riors peaked at δ f̂440 = 0 with no significant substructure. The
observed multimodality in δ f̂440 is primarily driven by sam-
ples with large values of δτ̂440, corresponding to long-lived,
nearly sinusoidal modes. Indeed, for a purely sinusoidal sig-
nal, the likelihood is expected to exhibit secondary maxima
with regular spacing in frequency [230]. When using an ex-
tended prior allowing for δτ̂440 values up to 4, multimodality
in δ f̂440 is clearly associated with large δτ̂440 samples. The
maximum-likelihood parameters lie near the GR-consistent
central mode, indicating that the secondary peaks are not fa-
vored by the data. Given the low SNR in the 440 mode, we
do not expect to constrain deviations to its damping time. For

the main results shown in Fig. 4, we adopt a uniform prior on
δτ̂440 ∈ [−0.8, 0.8] consistent with that used for the ringdown
constraints on the 221 mode.

Finally, we repeat the Gaussian-noise injection, using the
same NR simulation and parameters, but with the (`, |m|) =

(4, 4) multipoles explicitly removed from the signal. In this
case, the resulting constraint on δ f̂440 is uninformative (orange
curve in Fig. 11) suggesting that the posteriors recovered in
the full injections are driven by the presence of the (4, 4) mul-
tipoles in the data. These findings reinforce the interpretation
that the constraint on δ f̂440 obtained from GW250114 reflects
a genuine physical feature of the signal rather than an artifact
of the analysis or noise.

Principal component analysis

A limitation of the FTI and TIGER results presented above
is that individual PN deformation parameters are varied one at
a time with all other parameters being fixed to the GR base-
line. Whilst robust [158], single-parameter tests do not probe
correlations across multiple PN orders, potentially missing
more complex departures from GR. An alternative scheme
was proposed in [164, 165], in which six PN deformation
parameters are simultaneously varied, taken to be the 1.5PN
to the 3.5PN parameters. The −1PN, 0PN, 0.5PN, and 1PN
terms are fixed to their GR values. The approach is to estimate
the joint posterior for the standard binary parameters plus the
6 PN deformation parameters. Then, one marginalizes over
the GR parameters to yield a six-dimensional posterior for
the PN deformations that captures correlated deviations [162–
165], though strong parameter correlations can often render
the posteriors uninformative or weakly constrained. Priors on
the deformation parameters are taken to be uniform, such that
δϕ̂(i)

prior ∼ U(−20, 20).

To mitigate against this potential shortcoming, we ap-
ply a PCA to the six-dimensional posteriors, diagonalize
the covariance matrix and identify the linear combination
of PN deformation parameters that are best constrained
by the data [164, 165]. The new basis, δϕ̂(i)

PCA, pro-
vides orthogonal directions that minimize posterior widths.
The PCA analysis is applied to the TIGER framework, us-
ing IMRPhenomXPHM SpinTaylor [160, 161], and the FTI
framework, using SEOBNRv5HM ROM [125]. We find that the
leading two PCA parameters are informative using the TIGER
pipeline, and the leading three when using FTI, with all tests
being consistent with zero. The 90% credible bounds on the
leading PCA parameter δϕ̂(1)

PCA for GW250114 are −0.01+0.02
−0.02

(FTI) and 0.02+0.05
−0.05 (TIGER) respectively. The leading and

sub-leading PCA parameters can be re-expressed as weighted
combinations of the PN deformation coefficients. From the
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FTI analysis of GW250114, we find

δϕ̂(1)
PCA = 0.7482 δϕ̂3 − 0.1337 δϕ̂4 + 0.4910 δϕ̂5l

− 0.3797 δϕ̂6 + 0.0240 δϕ̂6l + 0.1908 δϕ̂7, (8a)

δϕ̂(2)
PCA = 0.6387 δϕ̂3 + 0.0139 δϕ̂4 − 0.4136 δϕ̂5l

+ 0.5397 δϕ̂6 + 0.0235 δϕ̂6l − 0.3592 δϕ̂7. (8b)

The PCA coefficients are dominated by the 1.5PN, 2.5PN log,
and 3PN terms, in broad agreement with the individual PN co-
efficient analysis, as seen in Fig 5. This analysis demonstrates
that even when allowing for correlated deviations across mul-
tiple PN orders, the deviations away from GR inferred from
GW250114 alone are constrained to be negligible.

Bounds on the black hole area theorem

A key outcome of Abac et al. [2] was a precision constraint
on Hawking’s area theorem [172], a fundamental consequence
of the second law of BH mechanics stating that the horizon
area of a BH cannot decrease over time. In practice, this im-
plies that for BH mergers, the area of the final remnant must
exceed the combined area of the two progenitor BHs [172].
Analogously to Abac et al. [2], we test this prediction by inde-
pendently estimating the initial and final BH areas using dif-
ferent portions of the signal; however, differently from Abac
et al. [2], we employ the entire signal, whereas in the other
analysis the data around merger are excluded. Our approach
closely follows the IMR consistency test. We constrain the
masses and spins of the BHs in the inspiral and post-inspiral
phases, which we directly map to the initial and final areas.

The areas are calculated using the Kerr formula [19]

A(m, χ) = 8π
(Gm

c2

)2 (
1 +

√
1 − χ2

)
, (9)

where m and χ are the BH mass and dimensionless spin. For
the initial area Ai, we infer the individual BH masses and
spins from the inspiral, and the total area is calculated as
Ai = A1 + A2. For the final area Af , we employ NR cal-
ibrated fits to estimate the remnant BH mass and spin from
the progenitor parameters [126, 127], emphasizing that the
initial BH source properties used in this calculation are in-
ferred exclusively from post-inspiral data. In Fig. 12, we show
the fractional difference between the final and initial areas,
(Af −Ai)/Ai. We find that GW250114 is consistent with the
area theorem at the 4.8σIMRCT credibility level. Here, the sig-
nificance XσIMRCT is calculated from the difference in areas
and defined as the ratio of the difference in means to the stan-
dard deviation of the differences [2],

X =
µf − µi√
σ2

f + σ2
i

, (10)

which expresses how many standard deviations the observed
mean deviates from zero. Here µi and µf denote the means
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FIG. 12. BH area-law test using the entirety of GW250114. The
fractional difference between the area of the final BHAf and the total
area of the initial BH’s Ai as calculated using the IMR consistency
test on GW250114. The grey shaded region on the left marks the
region in which the area theorem is violated, (Af −Ai)/Ai < 0. The
grey shaded region on the right highlights the region excluded by en-
ergy conservation Mf ≤ m1 + m2. The vertical green band is the 90%
credible interval inferred from the full-signal analysis in Abac et al.
[2]. The inset schematically shows a reconstructed (grey) signal in
LIGO Livingston using the full-signal analysis [2], along with the in-
spiral (orange) and post-inspiral (light blue) regions used in the IMR
consistency test, such that the time tIMR

c corresponds to the transition
frequency f IMR

c , noting that the data is split in the frequency-domain
and not the time-domain.

of the initial and final areas respectively, while σi and σf are
their corresponding standard deviations. As discussed in Abac
et al. [2], this estimate is less sensitive to sampling errors in
the distribution tails since it relies only on the first two cu-
mulants. This bound is slightly more stringent than that pre-
sented in Abac et al. [2], due to stronger GR assumptions and
use of the complete signal. Moreover, the test performed here
splits the data in the frequency-domain, which is not equiv-
alent to the time-domain analysis done in Abac et al. [2].
Using the fractional difference to calculate the significance,
we find 3.7σIMRCT, with differences being driven by uncer-
tainty in the initial area normalization. In Fig. 12, we also
show the 90% credible interval from the full-signal analysis
using NRSur7dq4 [2], which coherently describe the com-
plete signal assuming both GR and the area theorem. It yields
the most stringent bound because it employs the full SNR of
GW250114, instead of using a smaller portion associated ei-
ther to the inspiral or the post-inspiral phases.

Residuals test

The residuals test [35] is a statistical analysis that checks for
the presence of excess coherent power remaining in the detec-
tor network after subtracting the best-fit waveform from the
data [173, 174]. Significant residual power could indicate the



14

presence of additional physical effects that are not captured by
current BBH models, modeling systematics, or unaccounted
instrumental noise artifacts.

We perform the residual data by subtracting from the
original data the maximum-likelihood NRSur7dq4 waveform
model. If the model adequately captures the GW signal,
the resulting residuals should be consistent with stationary
Gaussian noise. The residual data is then analyzed using
BayesWave [188], and the 90% credible upper limit on the
network SNR ρ90 is calculated. To compare this ρ90 with
its expected distribution, segments of data around the signal
(with no injected signal) are also analyzed and the probabil-
ity of obtaining an ρ90 higher than that of the residual data is
calculated and reported as the p-value = P(ρn

90 ≥ ρ90), where
ρn

90 is the 90% credible upper limit on the coherent SNR of the
background, noise-only segments.

A higher p-value suggests that the residual power is more
consistent with instrumental noise, indicating insufficient ev-
idence to reject the null hypothesis that the residual power
originates from noise. For a single event, we also expect the
p-value to be a random draw from a uniform distribution on
the interval (0,1]. Furthermore, the goodness of fit of the GR
template for the signal in the data can be quantified by calcu-
lating the 90% credible lower limit on the fitting factor (FF),
given by:

FF90 =
ρGR√

ρ2
GR + ρ2

90

, (11)

where ρGR is the optimal network SNR for the maximum-
likelihood waveform [134].

For GW250114, we find that ρ90 = 6.86 with a p-value of
0.34. The calculated FF90 is 0.996. Based on this, we do not
find any significant coherent power beyond what is expected
from noise.
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and S. Ossokine, Enriching the Symphony of Gravitational
Waves from Binary Black Holes by Tuning Higher Harmonics,
Phys. Rev. D 98, 084028 (2018), arXiv:1803.10701 [gr-qc].

[132] C. Mills and S. Fairhurst, Measuring gravitational-wave
higher-order multipoles, Phys. Rev. D 103, 024042 (2021),
arXiv:2007.04313 [gr-qc].

[133] H. Zhong, M. Isi, K. Chatziioannou, and W. M. Farr, Mul-
tidimensional hierarchical tests of general relativity with
gravitational waves, Phys. Rev. D 110, 044053 (2024),
arXiv:2405.19556 [gr-qc].

[134] A. G. Abac et al., GWTC-4.0: Tests of General Relativity,
arXiv:2509.0000 [gr-qc] (2025).

[135] E. Payne, M. Isi, K. Chatziioannou, and W. M. Farr, Forti-
fying gravitational-wave tests of general relativity against as-
trophysical assumptions, Phys. Rev. D 108, 124060 (2023),
arXiv:2309.04528 [gr-qc].

[136] C. Pacilio, D. Gerosa, and S. Bhagwat, Catalog variance of
testing general relativity with gravitational-wave data, Phys.
Rev. D 109, L081302 (2024), arXiv:2310.03811 [gr-qc].

[137] W. Del Pozzo and A. Nagar, Analytic family of post-
merger template waveforms, Phys. Rev. D 95, 124034 (2017),
arXiv:1606.03952 [gr-qc].

[138] A. Nagar, G. Riemenschneider, G. Pratten, P. Rettegno, and
F. Messina, Multipolar effective one body waveform model
for spin-aligned black hole binaries, Phys. Rev. D 102, 024077
(2020), arXiv:2001.09082 [gr-qc].

[139] N. Yunes, K. Yagi, and F. Pretorius, Theoretical Physics Im-
plications of the Binary Black-Hole Mergers GW150914
and GW151226, Phys. Rev. D 94, 084002 (2016),
arXiv:1603.08955 [gr-qc].

[140] A. Maselli, P. Pani, L. Gualtieri, and E. Berti, Parametrized
ringdown spin expansion coefficients: a data-analysis frame-
work for black-hole spectroscopy with multiple events, Phys.
Rev. D 101, 024043 (2020), arXiv:1910.12893 [gr-qc].

[141] H. O. Silva, A. Ghosh, and A. Buonanno, Black-hole ring-
down as a probe of higher-curvature gravity theories, Phys.
Rev. D 107, 044030 (2023), arXiv:2205.05132 [gr-qc].

[142] E. M. Sänger et al., Tests of General Relativity with
GW230529: a neutron star merging with a lower mass-gap
compact object, arXiv:2406.03568 [gr-qc] (2024).

[143] A. K.-W. Chung and N. Yunes, Probing quadratic gravity with
black-hole ringdown gravitational waves measured by LIGO-
Virgo-KAGRA detectors, (2025), arXiv:2506.14695 [gr-qc].

[144] V. Cardoso, S. Hopper, C. F. B. Macedo, C. Palenzuela, and
P. Pani, Gravitational-wave signatures of exotic compact ob-

https://arxiv.org/abs/2408.05300
https://arxiv.org/abs/2504.17021
https://arxiv.org/abs/2107.05609
https://doi.org/10.1103/PhysRevD.103.104048
https://arxiv.org/abs/2010.08602
https://doi.org/10.1103/PhysRevD.105.024016
https://doi.org/10.1103/PhysRevD.105.024016
https://arxiv.org/abs/2110.03116
https://doi.org/10.5281/zenodo.8165508
https://doi.org/10.5281/zenodo.8165508
https://git.ligo.org/lscsoft/pyring
https://doi.org/10.1103/PhysRevD.98.104020
https://doi.org/10.1103/PhysRevD.98.104020
https://arxiv.org/abs/1805.04760
https://doi.org/10.1103/PhysRevD.111.084041
https://arxiv.org/abs/2411.11269
https://doi.org/10.1103/PhysRevLett.123.121101
https://doi.org/10.1103/PhysRevLett.123.121101
https://arxiv.org/abs/1904.08011
https://doi.org/10.1103/PhysRevD.106.084036
https://doi.org/10.1103/PhysRevD.106.084036
https://arxiv.org/abs/2207.10870
https://doi.org/10.1103/PhysRevLett.130.141401
https://arxiv.org/abs/2301.06705
https://doi.org/10.1103/PhysRevD.107.084010
https://doi.org/10.1103/PhysRevD.107.084010
https://arxiv.org/abs/2301.06639
https://arxiv.org/abs/2505.18560
https://doi.org/10.1103/PhysRevD.98.084038
https://arxiv.org/abs/1805.00293
https://arxiv.org/abs/1805.00293
https://doi.org/10.1103/ng8w-98sz
https://doi.org/10.1103/ng8w-98sz
https://arxiv.org/abs/2504.10130
https://doi.org/10.1103/PhysRevD.108.024043
https://arxiv.org/abs/2212.09655
https://doi.org/10.1103/PhysRevD.103.124041
https://doi.org/10.1103/PhysRevD.103.124041
https://arxiv.org/abs/2104.01906
https://doi.org/10.1103/PhysRevD.108.124037
https://doi.org/10.1103/PhysRevD.108.124037
https://arxiv.org/abs/2303.18046
https://doi.org/10.1103/PhysRevD.108.124035
https://arxiv.org/abs/2303.18039
https://doi.org/10.1103/PhysRevD.95.064024
https://doi.org/10.1103/PhysRevD.95.064024
https://arxiv.org/abs/1611.00332
https://doi.org/10.3847/2041-8205/825/2/L19
https://doi.org/10.3847/2041-8205/825/2/L19
https://arxiv.org/abs/1605.01938
https://doi.org/10.1103/PhysRevD.78.044046
https://doi.org/10.1103/PhysRevD.78.044046
https://arxiv.org/abs/0805.1428
https://doi.org/10.1103/PhysRevD.90.024054
https://arxiv.org/abs/1406.0401
https://arxiv.org/abs/1406.0401
https://doi.org/10.1007/s41114-024-00050-z
https://arxiv.org/abs/1310.1528
https://doi.org/10.1103/PhysRevD.98.084028
https://arxiv.org/abs/1803.10701
https://doi.org/10.1103/PhysRevD.103.024042
https://arxiv.org/abs/2007.04313
https://doi.org/10.1103/PhysRevD.110.044053
https://arxiv.org/abs/2405.19556
https://arxiv.org/abs/2509.0000
https://doi.org/10.1103/PhysRevD.108.124060
https://arxiv.org/abs/2309.04528
https://doi.org/10.1103/PhysRevD.109.L081302
https://doi.org/10.1103/PhysRevD.109.L081302
https://arxiv.org/abs/2310.03811
https://doi.org/10.1103/PhysRevD.95.124034
https://arxiv.org/abs/1606.03952
https://doi.org/10.1103/PhysRevD.102.024077
https://doi.org/10.1103/PhysRevD.102.024077
https://arxiv.org/abs/2001.09082
https://doi.org/10.1103/PhysRevD.94.084002
https://arxiv.org/abs/1603.08955
https://doi.org/10.1103/PhysRevD.101.024043
https://doi.org/10.1103/PhysRevD.101.024043
https://arxiv.org/abs/1910.12893
https://doi.org/10.1103/PhysRevD.107.044030
https://doi.org/10.1103/PhysRevD.107.044030
https://arxiv.org/abs/2205.05132
https://arxiv.org/abs/2406.03568
https://arxiv.org/abs/2506.14695


18

jects and of quantum corrections at the horizon scale, Phys.
Rev. D 94, 084031 (2016), arXiv:1608.08637 [gr-qc].

[145] E. Maggio, L. Buoninfante, A. Mazumdar, and P. Pani, How
does a dark compact object ringdown?, Phys. Rev. D 102,
064053 (2020), arXiv:2006.14628 [gr-qc].

[146] S. Alexander and N. Yunes, Chern-Simons Modified General
Relativity, Phys. Rept. 480, 1 (2009), arXiv:0907.2562 [hep-
th].

[147] A. K.-W. Chung, K. K.-H. Lam, and N. Yunes, Quasinormal
mode frequencies and gravitational perturbations of spinning
black holes in modified gravity through METRICS: The dy-
namical Chern-Simons gravity case, Phys. Rev. D 111, 124052
(2025), arXiv:2503.11759 [gr-qc].

[148] L. Blanchet, Gravitational radiation from post-Newtonian
sources and inspiralling compact binaries, Living Rev. Rel. 17,
2 (2014), gr-qc/0202016.

[149] L. Blanchet and B. S. Sathyaprakash, Detecting the tail effect
in gravitational wave experiments, Phys. Rev. Lett. 74, 1067
(1995).

[150] L. Blanchet and B. S. Sathyaprakash, Signal analysis of grav-
itational wave tails, Class. Quantum Grav. 11, 2807 (1994).

[151] K. G. Arun, B. R. Iyer, M. S. S. Qusailah, and B. S.
Sathyaprakash, Probing the non-linear structure of general rel-
ativity with black hole binaries, Phys. Rev. D 74, 024006
(2006), arXiv:gr-qc/0604067.

[152] N. Yunes and F. Pretorius, Fundamental Theoretical Bias in
Gravitational Wave Astrophysics and the Parameterized Post-
Einsteinian Framework, Phys. Rev. D 80, 122003 (2009),
arXiv:0909.3328 [gr-qc].

[153] C. K. Mishra, K. G. Arun, B. R. Iyer, and B. S. Sathyaprakash,
Parametrized tests of post-Newtonian theory using Advanced
LIGO and Einstein Telescope, Phys. Rev. D 82, 064010
(2010), arXiv:1005.0304 [gr-qc].

[154] T. G. F. Li, W. Del Pozzo, S. Vitale, C. Van Den Broeck,
M. Agathos, et al., Towards a generic test of the strong field
dynamics of general relativity using compact binary coales-
cence, Phys. Rev. D 85, 082003 (2012), arXiv:1110.0530 [gr-
qc].

[155] M. Agathos, W. Del Pozzo, T. G. F. Li, C. Van Den Broeck,
J. Veitch, and S. Vitale, TIGER: A data analysis pipeline for
testing the strong-field dynamics of general relativity with
gravitational wave signals from coalescing compact binaries,
Phys. Rev. D 89, 082001 (2014), arXiv:1311.0420 [gr-qc].

[156] A. K. Mehta, A. Buonanno, R. Cotesta, A. Ghosh,
N. Sennett, and J. Steinhoff, Tests of general relativity
with gravitational-wave observations using a flexible theory-
independent method, Phys. Rev. D 107, 044020 (2023),
arXiv:2203.13937 [gr-qc].

[157] M. Agathos, W. Del Pozzo, T. G. F. Li, C. Van Den Broeck,
J. Veitch, and S. Vitale, TIGER: A data analysis pipeline for
testing the strong-field dynamics of general relativity with
gravitational wave signals from coalescing compact binaries,
Phys. Rev. D 89, 082001 (2014), arXiv:1311.0420 [gr-qc].

[158] J. Meidam et al., Parametrized tests of the strong-field dynam-
ics of general relativity using gravitational wave signals from
coalescing binary black holes: Fast likelihood calculations and
sensitivity of the method, Phys. Rev. D 97, 044033 (2018),
arXiv:1712.08772 [gr-qc].

[159] S. Roy, M. Haney, G. Pratten, P. T. H. Pang, and C. Van
Den Broeck, An improved parametrized test of general rel-
ativity using the IMRPhenomX waveform family: Including
higher harmonics and precession, (2025), arXiv:2504.21147
[gr-qc].

[160] G. Pratten et al., Computationally efficient models for the

dominant and subdominant harmonic modes of precess-
ing binary black holes, Phys. Rev. D 103, 104056 (2021),
arXiv:2004.06503 [gr-qc].

[161] M. Colleoni, F. A. R. Vidal, C. Garcı́a-Quirós, S. Akçay,
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