
Supplement to “GW250114: testing Hawking’s area law and the Kerr nature of black holes”
(The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA Collaboration)∗

I. OBSERVATION AND INFERENCE DETAILS

Here we describe additional details relevant to the detection and parameter inference of GW250114. See also Ref. [1] for
more details on the methods for identifying and characterizing gravitational-wave transients.

The GstLAL [2–13] search pipeline was the first to report that it had identified GW250114 with high confidence 15 seconds
after the signal arrived. Within 75 s of the signal crossing the Earth, all operating low-latency search pipelines reported detections,
including those targeting unmodelled transient events: MLy [14], SPIIR [15], MBTA [16, 17], PyCBC [18], and cWB [19, 20].
All pipelines assigned a false alarm rate of 1 per 100 years or lower. The modeled pipelines reported network matched-filter
SNRs [21] ranging from 77 to 80. The variation is due to the discreteness in the sets of filter waveforms used [1] as well as
differences in the estimation of the detector noise power spectral density at that time. This signal has by far the highest SNR yet
recorded, with the previous highest being the single-detector signal GW230814 230901 with a matched-filter SNR of 42 [22, 23].
The two-detector sky localization was released publicly at 08:22:35 UTC, 32 s after the signal reached the detectors. Based on
the classification reported by the search pipelines [24], GW250114 was determined to have a greater than 99% probability of
having a binary black hole origin. The data-quality report noted no issues in LIGO Hanford. Some excess power was reported
in LIGO Livingston, although glitch subtraction [25–27] was not needed due to the power being confined to low frequencies.

We infer the source properties following standard procedures [1] using the Asimov workflow package [28]. We analyze 8 s of
data in the 20−896 Hz frequency range. The detector noise power spectral density is obtained with BayesWave [25, 29]. We use
the inference library bilby [30, 31] and the dynesty nested sampler [32] to sample from the posterior distribution of the source
parameters for the main analyses that assume quasicircular orbits. We further use bilby and RIFT [33–35] for analyses that allow
for eccentric orbits, but are restricted to aligned spins. We marginalize over the luminosity distance with a prior that corresponds
to a uniform merger rate in co-moving volume using the Planck 2015 ΛCDM cosmology model [36]. We further marginalize
over uncertainties in the detector calibration; the 1σ bounds on the calibration uncertainty remain within 4% in the amplitude
and 2 degrees in phase for both detectors within the analysis band.

We model the signal with four waveform models that include the effects of spin-precession and higher-order radiation modes
but are restricted to quasi-circular orbits: NRSur7dq4 [37], PhenomXPHM [38, 39], SEOBNRv5PHM [40–43], and Phe-
nomXO4a [44, 45]. Analysis settings for PhenomXPHM, SEOBNRv5PHM, and PhenomXO4a ensure that modes up to ℓ = 4
are fully accounted for. Due to the finite length of NRSur7dq4, the ℓ = 3 and ℓ = 4 modes enter above 22.5 Hz and 30 Hz re-
spectively. Priors are uniform in detector-frame component masses and spin magnitudes, isotropic in spin orientations, isotropic
in the binary’s orientation, uniform in merger time and coalescence phase, uniform in comoving volume, and isotropic in sky
location. Figure 1 shows the two-dimensional posterior for the component masses and effective inspiral and precessing spin
parameters obtained from each model. Even though the posteriors are not identical, they all lead to a similar interpretation of
GW250114 as an equal-mass system with small spins. We list the 90% credible intervals for further parameters in Table I.

We additionally consider two models that allow for eccentric orbits but are restricted to aligned spins: SEOBNRv5EHM [46]
and TEOBResumS-DALI [47]. We use identical settings to the main runs, and adopt uniform priors for the orbital eccentricity
and relativistic (mean) anomaly for SEOBNRv5EHM (TEOBResumS-DALI). Both analyses yield no evidence for eccentricity,
with 90% upper limits of e≤ 0.03 at an orbit-averaged gravitational-wave frequency [48] of 13.33 Hz.

II. TECHNICAL DETAILS AND FURTHER RESULTS FOR THE POST-MERGER ANALYSIS

IIA. Reference parameters

The ringdown analyses in the main text are set up based on a number of reference parameters derived from a preliminary
full-signal NRSur7dq4 analysis, which are also consistent with the final production analysis. The first input needed is some
guidance on the inferred merger time. As a proxy for this, we adopt the inferred peak of the gravitational-wave strain, integrated
over the celestial sphere around the source; this quantity is independent of the observer’s orientation and is commonly adopted as
a reference in numerical-relativity studies [e.g., 49, 50]. This is also the quantity adopted by the NRSur7dq4 approximant as the
definition of the coalescence time [37]. For a waveform decomposed in terms of spin-weighted spherical harmonics −2Yℓm(θ, ϕ)
such that

h+ − ih× =
∑
ℓm

hℓm(t) −2Yℓm(θ, ϕ) , (1)
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TABLE I. Source properties of GW250114 for various parameters and four waveform models for spin-precessing, quasicircular systems. We
report the median values together with the 90% symmetric credible intervals at a reference frequency of 20 Hz. For parameters that rail against
the minimum (maximum) possible values we display upper (lower) limits at the 90% credible level.

Parameter NRSur7dq4 SEOBNRv5PHM PhenomXPHM PhenomXO4a
Primary mass m1/M⊙ 33.6+1.2

−0.8 33.5+1.2
−0.8 33.7+1.2

−0.9 33.5+1.3
−0.9

Secondary mass m2/M⊙ 32.2+0.8
−1.3 32.2+0.9

−1.3 32.3+0.9
−1.4 32.1+0.9

−1.5

Mass ratio q = m2/m1 ≥ 0.91 ≥ 0.91 ≥ 0.91 ≥ 0.91
Total mass M/M⊙ 65.8+1.1

−1.2 65.7+1.1
−1.1 66.0+1.2

−1.1 65.5+1.3
−1.3

Detector-frame total mass (1 + z) M/M⊙ 71.5+0.9
−1.0 71.1+1.1

−1.1 71.6+1.0
−1.1 70.9+1.3

−1.2

Chirp massM/M⊙ 28.6+0.5
−0.5 28.6+0.5

−0.5 28.7+0.5
−0.5 28.5+0.6

−0.6

Detector-frame chirp mass (1 + z)M/M⊙ 31.1+0.4
−0.4 30.9+0.5

−0.5 31.2+0.4
−0.5 30.8+0.6

−0.5

Final mass Mf/M⊙ 62.7+1.0
−1.1 62.6+1.0

−1.0 62.9+1.1
−1.0 62.5+1.2

−1.1

Detector-frame final mass (1 + z) M f /M⊙ 68.1+0.8
−0.9 67.8+1.0

−1.0 68.2+0.9
−1.0 67.6+1.1

−1.1

Primary spin magnitude χ1 ≤ 0.24 ≤ 0.32 ≤ 0.32 ≤ 0.30
Secondary spin magnitude χ2 ≤ 0.26 ≤ 0.34 ≤ 0.36 ≤ 0.35
Effective inspiral-spin χeff −0.03+0.03

−0.04 −0.05+0.04
−0.05 −0.03+0.04

−0.05 −0.07+0.06
−0.05

Effective precessing-spin χp 0.11+0.15
−0.11 0.15+0.19

−0.15 0.15+0.21
−0.15 0.16+0.16

−0.13

Final spin χf 0.68+0.01
−0.01 0.67+0.01

−0.01 0.68+0.01
−0.01 0.67+0.02

−0.01

Luminosity distance DL/Mpc 403+74
−70 385+75

−69 399+79
−72 381+77

−72

Viewing angle Θ/rad 0.78+0.19
−0.23 0.82+0.19

−0.22 0.78+0.20
−0.23 0.82+0.21

−0.23

Source redshift z 0.09+0.01
−0.01 0.08+0.01

−0.01 0.09+0.02
−0.01 0.08+0.02

−0.01

Network (ℓ = 4, |m| = 4) mode SNR ρ44 3.6+1.4
−1.5 3.9+1.4

−1.5 3.6+1.5
−1.6 4.0+1.5

−1.6

the peak of the strain over the celestial sphere is given by

tpeak = argmaxt

∑
ℓm

|hℓm(t)|2
 , (2)

which is manifestly invariant under rotations. This is equivalent to the peak of the strain norm integrated over the celestial sphere
because the angular harmonics are orthonormal.

For each sample in the NRSur7dq4 reference posterior, we use Eq. (2) to infer the arrival time of the peak strain at geocenter,
or any given detector. This results in a posterior on the merger time at each detector. For the NRSur7dq4 run in the main text,
the measured GPS peak times are tLHO

peak = 1420878141.2190+0.0001
−0.0001 s at LIGO Hanford and tLLO

peak = 1420878141.2165+0.0001
−0.0001 s at

LIGO Livingston. We select the maximum-likelihood sample from the preliminary reference posterior as a representative value
for the ringdown analysis. This is the reference time tpeak = 1420878141.235932 s at geocenter, with the corresponding sky
location (α = 2.333, δ = 0.190) implicitly encoding the individual detector times. We list all reference values in Table II.

To guide the analysis and report results, it is useful to define a reference timescale in units of the final black hole mass. We
derive a posterior on the redshifted final black hole mass (1 + z)Mf and spin χf by applying the NRSur7dq4Remnant model
[37] to NRSur7dq4 posterior samples. As reference to quote timescales in the ringdown analysis, we adopt the same maximum-
likelihood sample mentioned above, which is quoted in Table II together with the corresponding timescale tMf . Relative to
the chosen reference times, the peak distributions inferred by the NRSur7dq4 analysis in the main text are tLHO

peak − tLHO
ref =

−0.07+0.37
−0.37 tMf at LIGO Hanford and tLLO

peak−tLLO
ref = 0.07+0.38

−0.38 tMf at LIGO Livingston. The standard deviations of those distributions
are 0.22 tMf and 0.23 tMf respectively.

IIB. Ringdown analyses

IIB1. Parameterization and priors

Each quasinormal mode is described by four parameters besides its frequency and damping rate: an overall amplitude Aℓmn, a
polarization ellipticity ϵℓmn, a polarization angle θℓmn, and a fiducial phase ϕℓmn [51, 52]. These parameters control the amplitude
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FIG. 1. Marginal posterior distributions for the source-frame component masses (left) and effective inspiral and precessing spin parameters
(right) of GW250114 using four waveform models for spin-precessing, quasicircular systems. All models favor an equal-mass system with
small spins.

TABLE II. Reference parameters for the ringdown analysis.

Parameter Value Description

tpeak (geocenter) 1420878141.235932 s Reference time at geocenter
α 2.333 rad Right ascension of source
δ 0.190 rad Declination of source
ψ 1.329 rad Polarization angle

tLHO
peak 1420878141.2190118 s Reference time at LIGO Hanford

tLLO
peak 1420878141.2165165 s Reference time at LIGO Livingston

(1 + z) Mf 68.409 M⊙ Reference final black hole mass
tMf 0.337 ms Reference (1 + z)Mf in units of time

(1 + z) M 71.849 M⊙ Reference total mass
tM 0.354 ms Reference (1 + z)M in units of time

and phase of the two gravitational-wave polarizations (+ and ×) for each mode:

h+ = A
[
cos θ cos(2π f t − ϕ) − ϵ sin θ sin(2π f t − ϕ)

]
exp(−γt) , (3a)

h× = A
[
sin θ cos(2π f t − ϕ) + ϵ cos θ sin(2π f t − ϕ)

]
exp(−γt) , (3b)

suppressing mode indices (ℓ, |m|, n) for brevity. This is the most generic expression for a quasinormal-mode signal and sub-
sumes both positive and negative frequency contributions, which jointly encode the polarization content of each mode [51, 52].
Assuming prograde modes with nonvanishing m, the sign of the frequency is related to the sign of the azimuthal number by
sgn(m) = sgn( f ), so that the positive and negative frequencies encode the right- and left-handed polarized components of the
mode. The same would be true for retrograde modes, except that sgn(m) = −sgn( f ). This paper only considers prograde modes.

Without information about the expected intrinsic amplitudes of the quasinormal modes, ringdown analyses cannot infer a
luminosity distance and the only mass scale to which they are sensitive is the product (1 + z)Mf . In the case of a Kerr fit, all
frequencies and damping rates are derived from a given (1 + z)Mf and χf , such that fℓ|m|n = fℓ|m|n[(1 + z)Mf , χf] and γℓ|m|n =
γℓ|m|n[(1 + z)Mf , χf]. For beyond-Kerr fits, we introduce additional parameters δ fℓ|m|n and δγℓ|m|n such that fℓ|m|n = fℓ|m|n[(1 +
z)Mf , χf] exp(δ fℓ|m|n) and γℓ|m|n = γℓ|m|n[(1 + z)Mf , χf] exp(δγℓ|m|n). The exponential parameterization avoids a singularity as the
deviation parameter approaches −1 [51].

The ringdown code places priors that are flat in (1 + z)Mf , χf , A, θ, and ϕ as well as, when applicable, δ f221 and δγ221; the
ellipticity prior peaks at ϵ = 0 but has broad support over the entire domain (Fig. 16 in [52]). The amplitude prior is flat in
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A over the interval [0, 5 × 10−20] and is broad enough to always offer full support to the posterior without truncating it. The
priors in δ f221 and δγ221 are flat over the intervals [−0.8, 0.8] and [−0.5, 0.5] respectively. The quasinormal-mode polarization
angle θ is fully degenerate with the source polarization angle ψ [51, 52], which defines the orientation of the source’s angular
momentum relative to the celestial North pole and is used to compute the antenna pattern response functions for each detector
[53, 54]. Given this exact degeneracy, the ringdown analysis chooses a fiducial angle ψ = 1.329 to compute antenna patterns,
based on the same maximum-likelihood reference sample used to derive tpeak as explained above, although any arbitrary choice
of ψ would be valid. The prior in the ringdown code is independent for each mode in all parameters.

The pyRing code natively parameterizes the modes slightly differently. For a given (ℓ, |m|, n) mode, it uses

h+ − ih× = Cℓ,+m,n −2Yℓ+m(ι, φ = 0) exp
[
i
(
2π fℓ|m|nt + ϕℓ,+m,n

)]
exp
[
−γℓ|m|nt

]
+

Cℓ,−m,n −2Yℓ−m(ι, φ = 0) exp
[
i
(
−2π fℓ|m|nt + ϕℓ,−m,n

)]
exp
[
−γℓ|m|nt

]
, (4)

where ι is an inclination parameter that is sampled from a prior uniform in cos ι, at the same time as the free amplitudes Cℓ,+m,n and
Cℓ,−m,n, which can be interpreted as the amplitude of the right and left-handed polarized contributions to the mode respectively;
the corresponding phases, ϕℓ,+m,n and ϕℓ,−m,n, combine in difference and sum to produce θ and ϕ in Eq. (3) [52], and are fully
degenerate with the polarization angle ψ, which pyRing also samples over a flat prior. The pyRing prior is also flat on (1 + z)Mf
and χf .

The pyRing prior on the mode amplitude A is implicitly defined by the priors on Cℓ,±m,n, which are uniform over the interval
[0, 5 × 10−20], and the prior on ι; because of prior volume effects, it amounts to a density that has no support at the origin and
disfavors A → 0 (cf. Fig. 16 in [52]). Additionally, since all modes share cos ι, the prior correlates the different modes. For a
two-mode model with ℓ = |m| = 2 and n = 0, 1, the Jacobian to a flat prior in {A, ϵ} can be computed analytically and is given by

J =
(1 − cos2 ι)4

4
[
C2,−2,0 (1 − cos ι)2 +C2,+2,0 (1 + cos ι)2

] [
C2,−2,1 (1 − cos ι)2 +C2,+2,1 (1 + cos ι)2

] . (5)

In the main text, we reweight the pyRing posterior to a flat prior in {A, ϵ} by applying this Jacobian and truncating to the
appropriate bounds.

The pyRing code implements deviations from the Kerr spectrum by writing

ω221 = ω221[(1 + z)Mf , χf] (1 + δω221) , (6a)
τ221 = τ221[(1 + z)Mf , χf] (1 + δτ221) , (6b)

where ω221 ≡ 2π f221 and τ221 ≡ 1/γ221. For small deviation parameters, this parameterization is equivalent to the ringdown
one, except with a singularity at δω = −1 and δτ = −1. The above implies the following relationship between the ringdown
parameters (δ f221, δγ221) and the pyRing parameters (δω221, δτ221):

δ f221 = log(1 + δω221) , δγ221 = − log(1 + δτ221) . (7)

To go from a uniform prior in (δω221, δτ221) to a uniform prior in (δ f221, δγ221) we must apply a Jacobian given by

J = |1 + δω221|
−1 |1 + δτ221|

−1 . (8)

In the main text, we reweight the pyRing posterior to a flat prior in δ f221 and δγ221 by applying this Jacobian and truncating to
the appropriate bounds.

IIB2. Data conditioning

Both the pyRing and ringdown analyses are based on data sampled at 4096 Hz with a covariance matrix derived from the
same estimate of the power spectral density used in the main analysis described in Sec. I of this Supplement. Before obtaining
the covariance matrix, the power spectral density is treated to censor frequencies below 20 Hz and above 1830 Hz to match the
integration band for the likelihood in the full-signal analysis [55].

Additionally, pyRing applies a Butterworth bandpass filter to the data, suppressing frequencies below 20 Hz and above
2043 Hz; the filtering is applied to 64 s of data around the event. ringdown only applies a high-pass Butterworth filter at 10 Hz to
remove zero-frequency offsets; there is no low-pass filtering other than truncation of the frequency series at Nyquist (the digital
filter described in Ref. [55]); the conditioning is applied to 634 s of data around the event time. Neither code applies any filtering
to the signal templates in the likelihood calculation [55]. The difference in conditioning at high frequencies between ringdown
and pyRing is understood to cause a subdominant (but measurable) systematic difference in the two posterior distributions.
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Estimates of the SNR accumulated after the signal peak indicate that an integration time of T = 0.6 s is sufficient to capture
the entirety of the post-merger signal; therefore, this is the analysis duration used in all runs by the ringdown code. For reasons
of computational efficiency, the pyRing analysis is run with a shorter integration time of T = 0.2 s, leading to slightly broader
posterior distributions. Also to reduce computational cost, the pyRing analysis was run on a sparser grid of start times.

The main root of the systematic differences between the two codes is understood to be in the selection of the analysis data.
For each choice of analysis start time t>, the ringdown code selects the first sample of the data to be analyzed at each detector
based on the native sampling rate of 16384 Hz provided by the LIGO detectors; once the sample closest to the requested start
time is identified in the 16384 Hz data, the ringdown code downsamples to 4096 Hz while preserving the selected sample. The
effective timing precision of ringdown is thus δt ≈ 1/(16384 Hz) = 0.06 ms ≈ 0.18 tMf . The pyRing code, on the other hand, first
downsamples the data to 4096 Hz and then selects the first sample of the data to be analyzed at each detector, meaning that the
effective timing precision is δt ≈ 1/(4096 Hz) = 0.24 ms ≈ 0.72 tMf . The effect of this coarse graining varies for each requested
start time and for each detector: if the start time happens to fall on a sample at a given detector, it is unlikely to also fall on a
sample at the other.

The above means that the ringdown and pyRing results cannot be made to match by a uniform relabeling of the start times. For
example, for runs requesting t> = 10.5 tMf in the main text, the ringdown code starts the analysis at tLHO = 1420878141.222534 s
(GPS) and tLLO = 1420878141.220032 s (GPS) for Hanford and Livingston respectively, which is −0.046 tMf and −0.067 tMf

relative to the requested t> in each detector respectively. The closest available pyRing run is the one that requested t> = 10 tMf ; this
starts the analysis at tLHO = 1420878141.222412 s (GPS) and tLLO = 1420878141.219971 s (GPS) for Hanford and Livingston
respectively, which is −0.41 tMf and −0.25 tMf relative to the target time of t> = 10.5 tMf in each detector respectively. In other
words, the start time of the pyRing 10 tMf run differs from that in the ringdown 10.5 tMf run by −0.36 tMf for Hanford and
−0.18 tMf in Livingston. A similar calculation shows that the pyRing 6 tMf start time is 0.54 tMf after the ringdown 6 tMf run in
both detectors. The fact that pyRing uses less data than ringdown explains the systematic differences in the posteriors presented
in the main text, as was verified by running ringdown with the exact same data as pyRing and reproducing that code’s results.

Just as the inspiral time-domain analysis, the two sets of post-merger analyses also ignore the uncertainty over the detector
calibration, which is expected to have a negligible impact on ringdown analyses at this SNR [56].

IIB3. Computation of amplitude significance

In the main text, we provide estimates for the significance with which we can establish that the amplitude A of a given
quasinormal mode is greater than zero. This entails estimating the posterior probability density at A = 0, which represents
the boundary of the amplitude parameter space (A ≥ 0) and therefore will never be directly represented in the set of posterior
samples. Our significance estimates are based on the smallest probability p such that the highest posterior density (HPD)
interval enclosing probability mass p includes the origin. HPD intervals can produce counter-intuitive significance results when
the posterior has a sharp truncation at large amplitude, either because the prior cuts off the posterior or due to the structure of the
likelihood function, but our amplitude posteriors are not of this shape.

We choose to estimate the significance of the amplitude A > 0 by direct integration over an HPD interval of a KDE-based
representation of the posterior density, p(A). This method has an advantage over sample-based methods in that it can estimate
arbitrarily small values of p(0) (i.e. arbitrarily high significance), while direct sample-based methods bottom out at p(0) ∼
1/Nsamples. Compared to other, simpler estimates of the significance such as calculating the z-score z = µA/σA where µA and
σA are the mean and standard deviation of the posterior samples, this method has the advantage that it can account for non-
Gaussian shapes of the posterior density. We first form a standard KDE estimate of the posterior density from the samples of
the amplitude A, using automatic bandwidth estimation from the scipy.stats.gaussian kde function. This density estimate,
kraw(A) is normalized such that it integrates to unity over −∞ < A < ∞. To account for the boundary at A = 0, we reflect the
density estimate about the origin, defining

k(A) = kraw(A) + kraw(−A); (9)

this ensures that k(A) integrates to unity over 0 ≤ A < ∞, and so is a suitable density estimate over our domain.
We then evaluate k(0), the (estimated) posterior density at A = 0. We evaluate the significance of the amplitude A > 0 by

integrating the posterior density estimate, k, over A values such that k(A) > k(0), i.e., computing the smallest p such that the
highest-posterior-density interval containing probability mass p includes A = 0. Thus,

p =
∫
{A|k(A)>k(0)}

dA k(A). (10)

By construction, 0 ≤ p ≤ 1.
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Once we have an estimate for p, we communicate this as a number of σ by expressing this value in terms of tail probabilities
for the Gaussian distribution, i.e., we establish that A > 0 at xσ significance, where x is defined by∫ x

−x
dx′ ϕ

(
x′
)
= p , (11)

where ϕ is the probability density function for the standard normal distribution. Equivalently (but more stably numerically), we
can define x by ∫ −x

−∞

dx′ ϕ
(
x′
)
=

1 − p
2

. (12)

This is the quantity that we estimate and report in the main text. The quantity 1 − p can be computed by

1 − p =
∫
{A|k(A)≤k(0)}

dA k(A), (13)

which is more numerically stable to evaluate when p ≃ 1.

IIC. Further parameter posteriors

Figure 5 in the main text shows posteriors for the amplitude of the fundamental and overtone modes as a function of the
analysis start time. Amplitudes are referenced to the start time of each analysis and are presented for both the single-mode and
two-mode models. For completeness, Fig. 2 shows the posteriors for the frequency and damping rate of each mode in similar
style. In the bottom panel, we further show the network matched-filtered SNR as a function of time for both models. For the
two-mode analysis, we present the SNR of the full model, as the mode nonorthogonality makes defining the SNR of each mode
ambiguous. The inferred frequencies and damping rates are consistent across all times of applicability of their respective model,
i.e., after 6 tMf for the two-mode model. Uncertainties increase and the SNR decreases as the analysis start time is moved later, as
expected. Moreover, the SNR recovered by the two-mode and the one-mode models in their overlapping time region are highly
consistent.

III. TECHNICAL DETAILS AND FURTHER TESTS FOR THE PRE-MERGER ANALYSIS

To enable the sharp truncation of the data and gravitational-wave model at a time before the binary merger [57–59], we carry
out the analysis in the time-domain using TDinf [60, 61], guided by the reference parameters from Table II. The TDinf inference
package samples the 15-dimensional parameter space of a quasicircular black-hole binary using the emcee sampler [62]. We
adopt the same settings as the full-signal frequency-domain analyses with bilby (in terms of the data, trigger time, power
spectral density, and bandwidth), other than the amount of data considered, certain priors, and the treatment of calibration.
Time-domain analysis of the full signal is based on 1.4 s of data, which are appropriately truncated. The priors are the same as
the bilby analysis other than the masses (uniform in total mass and mass ratio), distance (uniform in luminosity distance), and
time (Gaussian centered around the geocenter trigger time with a standard deviation of 0.01 s). The distance prior has a minimal
effect on the inferred area, which is based on redshifted masses that are minimally correlated with the distance. The composite
area law prior is broad and relatively flat, as seen in Fig. 5 in the main text. We use the autocorrelation length (ACL) from
the full ensemble of walkers to determine the burn-in period and thinning of the chains. Depending on the truncation time, the
lengths of these chains range between 100,000–500,000 steps, each with 512 walkers. We use a burn-in of at least five times the
maximum ACL across sampled parameters, corresponding to > 40% the chain length, and thin by half of the minimum ACL. For
some of the truncation times, a handful of chains are not converged to the bulk of the posterior at the end of the burn-in, instead
representing a secondary mode in likelihood and sky location. For these chains, we manually extend the burn-in period until
they converge to the bulk of the posterior. We have verified that the posterior is not restricted by any of the prior edges. We have
also verified that the time-domain and bilby analyses of the full signal yield statistically identical posteriors when reweighted to
the same prior for both NRSur7dq4 and PhenomXPHM.

An additional difference is that the time-domain analysis neglects the uncertainty over the detector calibration, which bilby
marginalizes over. We have verified that this has a minimal impact by repeating the bilby analysis while neglecting calibration
uncertainty. The posteriors for the detector-frame total mass with and without marginalizing over the calibration uncertainty
differ by a Jensen–Shannon divergence [63] of 0.002 nat. For reference, changing the waveform model from NRSur7dq4 to
PhenomXPHM yields a Jensen–Shannon divergence of 0.018 nat, to SEOBNRv5PHM of 0.041 nat, and to PhenomXO4a of
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FIG. 2. Similar to Fig. 3 in the main text, but showing the frequency (left) and damping rate (right) of the fundamental (top) and overtone
(middle) modes as a function of the analysis start time. The bottom panel shows the network matched-filtered SNR as a function of time for
both the single-mode and two-mode models, which are highly consistent. In the two-mode model, both frequencies and damping rates are
inferred jointly from a common mass and spin assuming a Kerr spectrum. We show the 90% credible intervals for the frequencies and damping
times inferred from the full signal analysis as grey horizontal shaded areas. As in Fig. 3 in the main text, we show results with ringdown as
there is not exact timing correspondence between the ringdown and pyRing posteriors; we nonetheless obtain similar results with pyRing.

0.097 nat. The impact of calibration uncertainty is therefore subdominant compared to other potential sources of systematic
errors.

The main text presents results for a number of truncation times in Fig. 5. We use the gravitational-wave luminosity inferred
from the full-signal analysis (a measure of how dynamical and relativistic the system is [64]) to determine that most of the
emission occurs during the late coalescence stages. While the averaged gravitational-wave strain, defined as

(∑
ℓ,m |hℓm(t)|2

)1/2
,

peaks at tpeak by definition, the flux, proportional to
(∑

ℓ,m |ḣℓm(t)|2
)1/2

(where a dot denotes differentiation with respect to time),
peaks at 6 tM after tpeak. Specifically, the flux is 10% of its maximum −36 tM before tpeak and 1% of its maximum −232 tM

before tpeak. The former is also comparable to common estimates for the transition to merger [65–67]. Based on these time
estimates, Fig. 5 in the main text presents results for an array of truncation times after t< = −250 tM and more detailed results
for t< = −40 tM .

IV. TECHNICAL DETAILS AND FURTHER RESULTS FOR THE AREA LAW ANALYSIS

The area law test relies on the independent analyses of the pre-merger data described in Sec. III and the post-merger data
described in Sec. II of this Supplement. Both tests are carried out in the time-domain and avoid quantitative reference to the full-
signal results, which are based on waveform models within general relativity that obey the area law by construction. Since the
pre- and post-merger analyses are also independent of each other, there is no information shared between the two sets of results
and no assumption about the initial and final black holes sharing the same location in the sky. The only slight exception to this
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is that, by comparing initial and final quantities in the detector frame, we implicitly assume that the pre- and post-merger signals
were redshifted by the same factor. The recoil kick of the remnant can break this assumption by inducing a redshift; however,
this is at most 10% and only in the most extreme cases with large spins inconsistent with GW250114 [68]. An analysis in which
the extrinsic parameters are sampled jointly for both the pre- and post-merger data, such as [59], could gain by imposing the
same location in the sky for the initial and final black holes.

Our test yields independent measurements of the initial and final areas. If the posterior distributions on the final and initial
area are denoted as p f (Af) and pi(Ai) respectively, the significance σ of a non-detection of a violation of Hawking’s area law
is given by the separation between p f (Af) and pi(Ai). Following the cosmology literature estimating the significance of the
Hubble tension [69, 70], we estimate the significance as Xσ with

X =
µf − µi√
σ2

f + σ
2
i

, (14)

where µi/µf and σi/σf are the means and standard deviations respectively of the initial and final area distributions. Since this
estimate relies only on the first two cumulants, it is less sensitive to sampling error at the tails of the distribution. Empirically,
sampling the posterior tails beyond the ∼4σ level is unreliable and highly sensitive to sampler settings and minor analysis
choices, so we avoid using tail samples.

In the main text, Fig. 5 shows results where the final area has been measured via a single (ℓ = 2, |m| = 2, n = 0) mode
starting at 10.5 tMf , which is the earliest time that the overtone significance falls below 1σ. Identification of this time is based on
the post-merger data alone, without requesting consistency with the full-signal analysis. Here we show similar results obtained
for different pre- and post-merger start times, for both the single-mode and two-mode ringdown models. Figure 3 displays the
inferred initial and final areas as a function of inspiral end time t< and ringdown start time t>, respectively. Similarly to Fig. 5,
we show the 90% credible intervals for the initial and final areas as inferred from the full-signal analysis for reference. These
are consistent with both the initial and final areas within statistical uncertainties, although this comparison does not guide any
of the analysis choices in testing the area law. The significance, as defined in Eq. (14), can be assessed via the separation of the
distributions relative to their widths.

As expected, the uncertainty in the remnant area grows as the start time is pushed to later parts of the data where the signal
is weaker; for the initial area, the opposite is true and the uncertainty grows as the analysis end time is pushed earlier. The
single-mode ringdown result used in the main text corresponds to a start time of t> = 10.5 tMf and is highlighted by a vertical
blue band. Including the overtone in the model at this and later times necessarily broadens the uncertainty in the final area. This
is both because the overtone is not required to explain the data and because the overtone and the fundamental are not orthogonal:
introducing additional, unconstrained degrees of freedom broadens the posterior distribution.

The reference start time showcased in the main text was chosen independently of the full-signal analysis purely as the earliest
time at which the data are consistent with a single mode, according to our 1σ criterion. Had the SNR of this event been higher,
we would likely not have found the data to be sufficiently well-described by a single mode at t> = 10.5 tMf . This would have
led us to use a later start time for the reference ringdown analysis with a single mode. Carrying out the area law test with the
two-mode analysis instead selects 6 tMf as the earliest time at which this model explains the observed data. The area law is again
confidently satisfied at 3.6σ significance.
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