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We present observational confirmation of Hawking’s black-hole area theorem based on data from

GW150914, finding agreement with the prediction with 97% (95%) probability when we model the

ringdown including (excluding) overtones of the quadrupolar mode. We obtain this result from a new time-

domain analysis of the pre- and postmerger data. We also confirm that the inspiral and ringdown portions of

the signal are consistent with the same remnant mass and spin, in agreement with general relativity.
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Introduction.—The second law of black hole (BH)

mechanics, also known as Hawking’s area theorem, states

that the total horizon area of classical BHs cannot decrease

over time [1]. This is a fundamental consequence of general

relativity (GR) and the cosmic censorship hypothesis [2,3],

with far-reaching implications for classical and quantum

gravity (see [4] for a review).

If the area theorem is obeyed by binary BH mergers

observed by LIGO [5] and Virgo [6], then the combined

horizon area of the two progenitor BHs must not exceed

that of the remnant BH produced by the merger. Therefore,

gravitational waves (GWs) could provide observational

confirmation of Hawking’s prediction. Although this pros-

pect has been discussed in the literature [7–10], so far no

analysis explicitly targeting the BH area has been carried

out conclusively on real LIGO-Virgo data.

In this Letter, we present observational confirmation of

Hawking’s area law based on data from LIGO’s first

detection, GW150914 [11]. We do this by analyzing the

inspiral and ringdown portions of the signal independently

so as to measure the change in the total horizon area caused

by the merger. We carry out the analysis fully in the time

domain, circumventing issues with Fourier frequency

mixing and nonperiodic boundary conditions [12,13].

We find the theorem is obeyed with 97% (95%) probability

if we model the ringdown including (excluding) overtones

of the quadrupolar mode. We obtain slightly weaker,

albeit consistent, results if we truncate the inspiral at earlier

times.

Method.—The horizon areaA of a Kerr BH with massM
and spin angular momentum J⃗ is

AðM; χÞ ¼ 8π
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where χ ≡ jJ⃗jc=ðGM2Þ is the dimensionless spin magni-

tude. For two well-separated inspiraling BHs, the total

horizon area is simply A0 ≡Aðm1; χ1Þ þAðm2; χ2Þ,
where m1;2 and χ1;2 are the masses and spins of the two

components. The merger produces a remnant BH with

mass and spin mf and χf, whose horizon area is

Af ≡Aðmf; χfÞ. Our goal is to independently extract

A0 and Af from the GW signal in order to compute the

change in the total area, ΔA≡Af −A0.

To obtain independent pre- and postmerger measure-

ments, we split the LIGO time-series data at the inferred

peak of the GW signal and analyze the two resulting

FIG. 1. GW150914 reconstruction. Hanford waveforms drawn

randomly from the posterior of the premerger (blue) and

postmerger (orange) analyses, compared to a draw from the full

inspiral-merger-ringdown analysis (black). The bottom panel

shows the corresponding whitened residuals obtained by sub-

tracting the maximum a posteriori (MAP) piecewise waveforms

from the data. The detector data are sampled at 2048 Hz,

and the time origin corresponds to the truncation time

(t ¼ 1 126 259 462.423 s GPS).
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segments separately. We are able to do so by adapting the

time-domain Bayesian analysis we developed in [12] to

apply to the inspiral signal, in addition to the ringdown. For

the premerger data, we estimate m1;2 and χ⃗1;2 using the

NRSUR7DQ4 waveform model to obtain an accurate repre-

sentation of the signal up to the peak [14]. We place

uniform priors on the binary’s total mass, mass ratio, spin

magnitudes, luminosity volume, and cosine of the inclina-

tion, as well as an isotropic prior on the spin orientations;

we fix the sky location to the values in [12]. We show the

resulting reconstruction in Fig. 1.

For the postmerger data, we take advantage of our mf

and χf measurements from [12]. In that work, we used BH

perturbation theory to infer the remnant parameters from

the frequency and damping times of its quasinormal modes,

as imprinted on the later portion of the GW150914 signal.

By including overtones in our model [15], we were able to

begin our analysis immediately after the peak of the

complex strain—at the same exact point where we have

now truncated our inspiral analysis (cf. Fig. 1). In [12], we

also repeated the analysis without overtones but starting at a

later time, when we expect only the longest-lived mode to

be measurable. The two types of measurement (multimode

at the peak vs single mode after the peak) yielded

comparable inferences on mf and χf (see Fig. 3 in

[12]). Below we use both measurements, computing Af

based first on a model with one overtone at the peak

(N ¼ 1, Δt0 ¼ 0 ms) and then on one without any over-

tones 3 ms after the peak (N ¼ 0, Δt0 ¼ 3 ms),

which should be sufficiently late for this signal (e.g., see

[15]). We label the measurements based on the number of

overtones included N and the delay after the inferred

peak Δt0.
We contextualize our measurements by comparing them

to predictions for the remnant properties based on a

coherent analysis of the full inspiral-merger-ringdown

(IMR) signal. As in [12], we produce this from the

LIGO-Virgo posterior samples released in [16–18], using

numerical-relativity fits to derive mf and χf [19,20].

Results.—Figure 2 summarizes the main result of our

analysis. Whether we infer the remnant parameters with

two modes at the peak (green) or a single mode 3 ms after

the peak (orange), our measurement favors ΔA ≥ 0, in

agreement with Hawking’s area theorem. We can assert that

ΔA ≥ 0 with 97% credibility if relying on the overtone or

95% if not. The second measurement is less constraining

because of the rapid decay of the signal after peak

amplitude [12].

We check the robustness of our analysis by truncating the

inspiral at progressively earlier times. This leads to slightly

weaker but consistent results, showing agreement with

Hawking’s theorem even for truncation times significantly

before the peak (Fig. 3). All measurements confidently

imply ΔA < 3A0, as would be required by conservation of

energy (mf < m1 þm2) [9].

The independent pre- and postmerger measurements can

also be used to more broadly evaluate the consistency of the

signal with the prediction from GR. In Fig. 4 we do this by

comparing the properties of the remnant as inferred from

the different portions of the signal, as is regularly done for

LIGO-Virgo data [21–25]: if GR is valid and the signal was

produced by Kerr BHs, the different measurements should

all be consistent with some overlapping set of mf and χf

values. This is the case in Fig. 4, which shows that the 90%-

credible contours for the inspiral (blue) and ringdown

(green and orange) measurements all agree with the each

other, as well as with the result from analyzing the full IMR

FIG. 2. Fractional change in the horizon area before and after

the GW150914 merger, ΔA=A0 ¼ ðAf −A0Þ=A0. We infer the

premerger area A0 from the inspiral alone (Fig. 1). We infer the

postmerger area Af from the remnant mass and spin as estimated

from an analysis of the ringdown using the fundamental mode

and one overtone at the peak (green), as well as solely the

fundamental mode 3 ms after the peak (orange). For the former

(latter), we measure ΔA=A0 ¼ 0.52þ0.71
−0.47 ð0.60

þ0.82
−0.60 Þ at 90%

credibility and find agreement with Hawking’s area theorem

with 97% (95%) probability.

FIG. 3. Measurements of ΔA=A0 (ordinate) obtained by

truncating the inspiral at different times before the peak (ab-

scissa), and with respect to two ringdown measurements (color).

Bars show the symmetric 90% credible interval around the

median, itself indicated by a marker. The rightmost points

correspond to the distributions in Fig. 2. All measurements

support the area theorem, with probabilities within 88% − 97%.
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signal coherently (black); Table I shows the corresponding

90%-credible measurements for the individual parameters.

Discussion.—Figure 2 shows that the GW150914 data

highly support agreement with Hawking’s theorem,

whether we extract the properties of the remnant starting

at peak strain with an overtone (N ¼ 1, Δt0 ¼ 0) or at a

later time without it (N ¼ 0, Δt0 ¼ 3 ms). Although the

measurement at the peak is slightly more constraining, it is

computed under the assumption that BH perturbation

theory can offer a complete description of the data starting

right at the peak. This expectation is based on recent studies

of numerical relativity simulations for nonprecessing

systems, with particular focus on a high-accuracy numeri-

cal simulation of a GW150914-like system [15]. Exploring

the extent of overtone models beyond nonprecessing

systems, the resolvability of overtones in data analysis,

and the apparent lack of nonlinearities in binary black-hole

mergers, remain active research topics [26–28]. In this

respect, the measurement using only the fundamental mode

serves as a more conservative approach.

A caveat to our analysis lies in the choice of truncation

time, which is itself informed by a GR-based reconstruction

of the IMR signal, and is affected by statistical noise. This

means that our chosen truncation time may not agree

exactly with the true signal peak. However, for waveforms

reasonably close to GR, we should expect the correspond-

ing posterior error to be smaller than the statistical

uncertainty. Again, the N ¼ 0 measurement is more robust

in this respect thanks to the 3-ms gap of buffer data after the

peak. Similarly, the shortened-inspiral measurements in

Fig. 3 are also more conservative.

The consistency test based on the properties of the

remnant (Fig. 4) is comparable to previous analyses in

[21–25]. However, it is novel in being implemented fully in

the time domain, for both the pre- and postmerger mea-

surements. Working in the time domain allows for a better-

defined separation between the two regimes, without risk of

being affected by Fourier frequency mixing. It also allows

us to apply a postmerger model manifestly based on

perturbation theory alone, without relying on phenomeno-

logical waveform approximants that could suffer from

modeling systematics.

In summary, we have confirmed that the GW150914 data

agree with Hawking’s area theorem with high probability

(> 95% or ∼2σ). This result stems from separately analyz-

ing the data before and after the merger, which can also be

used to carry out a GR consistency test in the space of

remnant parameters (mf, χf). Our measurements further

demonstrate the potential of time-domain analyses of

LIGO-Virgo data and pave the way for more stringent

tests of Einstein’s theory with future GW detections.
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