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The horizon of a black hole, the “surface of no return”, is characterized by its rotation frequency
ΩH and surface gravity κ. A striking signature is that any infalling object appears to orbit at
ΩH due to frame dragging, while its emitted signals decay exponentially at a rate set by κ as
a consequence of gravitational redshift. Recent theoretical work predicts that the merger phase
of gravitational waves from binary black hole coalescences carries direct imprints of the remnant
horizon’s properties, via a “direct wave” component that (i) oscillates near 2ΩH , reflecting the
horizon’s frame dragging and the quadrupole nature of the gravitational radiation, and (ii) decays at
an increasing rate characterized by κ, with additional screening from the black hole’s potential barrier.
In this paper, we report observational evidence for the direct wave in GW250114, with a 90% credible
matched-filter signal-to-noise ratio of 14.1+0.1

−0.3 (13.6+0.1
−0.2) in the LIGO Hanford (Livingston) detector.

The measured properties are in full agreement with theoretical predictions. These findings establish
a new observational channel to directly measure frame-dragging effects in black hole ergospheres and
explore (near-)horizon physics in dynamical, strong-gravity regimes.

INTRODUCTION

Black holes are among the most intriguing and extreme
objects in the universe. Their event horizons, one-way
boundaries in spacetime beyond which information can-
not escape to distant observers, lie at the intersection of
some of the deepest questions in modern physics, ranging
from general relativity to quantum theory. It is there-
fore desirable to measure the properties of horizons in
astrophysical black holes. Their one-way nature, however,
renders direct observation challenging. Existing electro-
magnetic probes are largely indirect, including shadows
and light rings around supermassive black holes imaged
by the Event Horizon Telescope [1], X-ray reflection spec-
troscopy of the accretion disk inner edges [2–4], and the
launch of relativistic jets via the Blandford–Znajek mech-
anism [5]. These electromagnetic signatures naturally
lead to an appealing question: can black hole horizons be
probed more directly using an alternative messenger?

Over the past decade, the LIGO–Virgo–KAGRA de-
tector network has observed gravitational waves from
hundreds of compact binary mergers [6–11]. As ripples
of spacetime itself, gravitational waves carry direct im-
prints of spacetime geometry. The “ringdown” phase
of a gravitational-wave signal is especially revealing: it
consists of a series of characteristic oscillations, known
as quasinormal modes [12–18], excited as the remnant
black hole settles into equilibrium. These quasinormal
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modes encode detailed information about the remnant
black hole’s mass and spin [19–21]. Measuring them from
gravitational wave signals, an approach termed black hole
spectroscopy [18], therefore provides a powerful way to
probe black holes. Significant efforts have been devoted
to measuring these modes in observed gravitational-wave
events [22–34].

Quasinormal modes, however, are directly tied to the
surrounding light ring [35] rather than the horizon it-
self [36]. Recent theoretical work [37], see also [38, 39],
has proposed a more direct probe for horizon properties.
These studies show that during the merger stage — the
brief transition from the late inspiral of two black holes to
the formation of the remnant — the orbital motion tran-
sitions from being dictated by the binary’s prior history
toward being governed primarily by the intrinsic proper-
ties of the horizon of the newly formed remnant black hole.
During this phase, a direct wave is emitted, oscillating at
approximately twice the rotation frequency of the horizon,
2ΩH , due to strong frame dragging in the ergosphere, and
decaying at an increasing rate governed by the horizon
surface gravity κ. This direct wave signal emerges near
the peak of the gravitational-wave strain and co-exists
with quasinormal modes. Importantly, Ref. [37] suggests
that such direct waves can already be detectable with
the current LIGO–Virgo–KAGRA network, making their
search in recently observed gravitational wave events both
timely and compelling, which can open a uniquely direct
avenue to probe ergosphere and horizon dynamics.

Among all detections to date, GW250114 [40–43] stands
out as the loudest gravitational-wave signal from a bi-
nary black hole coalescence, with a network matched-filter
signal-to-noise ratio of ∼ 80. Owing to its remarkable
loudness, GW250114 provides an exceptional opportu-
nity to explore the dynamical strong-gravity regime. This
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event has already enabled precision tests of Hawking’s area
law [40] and black hole spectroscopy of the merger rem-
nant [41, 44, 45]. Here, we demonstrate that GW250114
also serves as a powerful probe of the black hole horizon,
allowing us to measure its two fundamental properties:
the rotation frequency and the surface gravity, quantities
central to the first law of black hole thermodynamics.

MERGER DYNAMICS AND HORIZON PHYSICS

We first summarize the physical picture for the merger
stage of a binary system, as developed in theoretical stud-
ies [37–39], and show how it encodes horizon physics.
These studies build on a framework in which the pertur-
bation of the remnant black hole by an infalling point
particle is modeled, and then the predictions from this
setup are compared against full numerical-relativity simu-
lations of comparable-mass binaries. Despite its simplicity,
the point-particle framework has proven remarkably pow-
erful, offering physical insight into binary dynamics [46],
guiding tests of general relativity [47–50], and informing
waveform modeling [51–55]. Most prominently, the widely
used Effective One-Body formalism, central to binary
black hole waveform modeling, is anchored in waveforms
from a point particle orbiting a deformed black hole [51],
supplemented with perturbations of the remnant [56].

As illustrated in Fig. 1, we consider a point particle
(small filled circle) spiraling into a Kerr black hole (central
black sphere) along the curved trajectory in the equato-
rial plane, representing a nonprecessing binary system.
The red region marks the gravitational potential barrier
around the light ring, which encompasses the highly rela-
tivistic ergosphere (green area). During the early inspiral
stage, gravitational radiation is primarily driven by orbital
motion, producing waves that propagate directly to dis-
tant observers (blue arrow); this regime is well described
by post-Newtonian theory [57, 58].

As the point particle passes through the black hole’s
potential barrier and enters the ergosphere, the character-
istic free oscillations of the remnant, i.e., its quasinormal
modes (orange arrows), are excited. Simultaneously, the
source-driven emission continues but becomes increasingly
modulated by near-horizon effects. In particular, strong
frame dragging within the ergosphere governs the orbital
dynamics, effectively erasing the memory of the earlier
inspiral. This drives the angular velocity of the infalling
particle toward the horizon’s intrinsic rotation frequency
[38]:

ΩH = χ

2r+
, (1)

where χ is the dimensionless spin of the black hole and
r+ = 1 +

√
1 − χ2 is the radius of the outer horizon. As

the point particle approaches the horizon, it becomes
increasingly difficult for the outgoing waves (gray arrows)
to escape. The near-horizon redshift effectively suppresses

Figure 1: Wave emission near the merger stage of a binary
black hole coalescence, modeled as a point particle (small
filled circle) spiraling into the remnant Kerr black hole,
following the widely used Effective One-Body formalism. The
red-shaded region indicates the potential barrier near the
light ring, enclosing the ergosphere (green area), where the
trajectory experiences strong frame dragging. Wave emission
driven by the particle’s motion persists from the early inspiral
(blue arrow) through the final plunge, where waves (gray
arrows) are gradually silenced by the remnant horizon. These
waves are further screened by the potential barrier while
propagating toward distant observers (black arrows).
Simultaneously, quasinormal modes are excited during the
barrier crossing (orange arrows). The merger portion of a
gravitational-wave signal is a superposition of source-driven
direct waves (black arrows) and free quasinormal-mode
oscillations (orange arrows).

their amplitude, until the companion finally crosses the
horizon and no further outgoing radiation can be emitted.

The gravitational waves emitted in this regime (gray
arrows) encode detailed imprints of the near-horizon dy-
namics. In an earlier study [38], the signal was proposed
to asymptote to a sinusoid with an oscillation frequency at
2ΩH , and the damping timescale determined by another
fundamental horizon property, the surface gravity:

κ =
√

1 − χ2

2r+
. (2)

This contribution is known as the “horizon mode” with a
complex frequency:

ωH = 2ΩH − iκ. (3)

Subsequent studies [37, 39, 59] have further shown that
as these waves generated near the horizon propagate out-
ward, they are screened by the surrounding gravitational
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potential barrier (red region in Fig. 1), resulting in extra
time-dependent modulations. The gravitational waves
that ultimately reach distant observers (black arrows)
therefore possess evolving complex frequencies that lie
close to, but not exactly at, the horizon mode ωH . These
observable signals are referred to as the “direct waves”
[37].

The direct waves can be interpreted as the final sig-
nature of the infalling particle as it transitions from in-
spiral to merger, before being completely silenced by the
remnant black hole. They encode two fundamental prop-
erties of the remnant horizon: the rotation frequency
ΩH and the surface gravity κ. The oscillation frequency
reflects the frame-dragging enforced by the horizon and
ergosphere, while the damping reflects the gravitational
redshift set by the surface gravity. Ref. [37] has shown
that the merger portion of the signal, spanning the peak
of the gravitational-wave strain, is a superposition of
these source-driven direct waves and the free oscillations
of quasinormal modes excited during the barrier cross-
ing. Once the direct waves fade, the signal transitions
smoothly into the final ringdown stage.

MEASUREMENT OF HORIZON PROPERTIES IN
GW250114

We now analyze the merger portion of GW250114. This
event is from the coalescence of two black holes with
component masses of 33.6+1.2

−0.8M⊙ and 32.2+0.8
−1.3M⊙, pro-

ducing a remnant black hole with dimensionless spin
χf = 0.68+0.01

−0.01 and mass Mf = 62.7+1.0
−1.1M⊙ [40–42].

The detector-frame remnant mass is measured to be
Mdet

f = 68.1+0.8
−0.9M⊙. The whitened strain data recorded

by the LIGO Hanford detector is shown in panel (a) of
Fig. 2, with the merger time aligned to t = 0.

As discussed earlier, direct waves coexist with quasinor-
mal modes in the merger signal. To isolate the former, we
first remove the dominant quasinormal modes identified
in GW250114 [40] using a rational filter designed to cancel
out their characteristic frequencies [26, 27, 60]; see Meth-
ods for details. Panel (b) of Fig. 2 shows the resulting
filtered data, where the quasinormal-mode oscillations are
effectively removed. For comparison, we overlay the re-
constructed waveform (red) from the numerical-relativity
surrogate waveform model NRSur7dq4 [61], evaluated
at the maximum likelihood parameters of GW250114
inferred from the standard parameter-estimation analy-
sis [62]. Both the original and quasinormal-mode-removed
NRSur7dq4 waveforms show close agreement with the ob-
servational data.

To illustrate the presence of direct waves around the
merger time t = 0, we first examine the dominant
quadrupolar harmonic (ℓ = m = 2) in the NRSur7dq4
waveform, shown as the gray curve in Fig. 3. After remov-
ing contamination from quasinormal modes with rational
filters, the resulting waveform (solid black curve) reveals
a few cycles in the interval t ∈ [−7, 20]Mdet

f , where time
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Figure 2: Whitened strain data from the GW250114 event in
the LIGO Hanford detector. Top: Schematic illustration of
the three stages of a binary black hole coalescence: inspiral,
merger, and ringdown. (a) Observed strain data (grey) and
the corresponding NRSur7dq4 waveform reconstruction (red),
bandpass-filtered between 20–2000 Hz. (b) Residual strain
after removing the dominant quasinormal modes
(ℓ = m = 2, n = 0, 1, 2). (c) Residual strain after removing
both the quasinormal modes and the direct wave component.
The merger time is aligned to t = 0.

is expressed in units of the remnant black hole mass in the
detector frame, and t = 0 corresponds to the merger time
(the peak of the strain). We overlay an analytic model for
the direct-wave signal (dashed red curve), derived from
linear black hole perturbation theory [37]:

hDW(t) ∼ [ωG(t) − ωH ]e−i
∫

ωG(t)dt , (4)

where ωG is an effective instantaneous complex frequency
given by Eq. (5) in Ref. [37], see also the Supplemental
Material for more details. As the particle approaches the
horizon, ωG asymptotes toward ωH , driving the prefactor
[ωG(t) − ωH ] to zero and thereby screening ωH , which
prevents it from being observed at infinity. The agree-
ment between the quasinormal-mode-removed waveform
and the analytic prediction is striking, demonstrating
that, once quasinormal modes are removed, the residual
oscillations from t ≳ −7Mdet

f are clearly identified as the
direct-wave signal, which dominates over potential nonlin-
ear or subdominant effects in this regime. This provides
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Figure 3: Comparison between waveform components. Shown
are the real part of the quadrupolar harmonic (ℓ = m = 2) of
the NRSur7dq4 waveform (grey), the waveform after
removing the (ℓ = m = 2, n = 0, 1, 2) quasinormal modes
(black), and an analytic model characterizing the direct wave
signal (red). The analytic model closely matches the
quasinormal-mode-removed waveform as early as t = −7Mdet

f .

a compelling theoretical basis for identifying direct waves
in observational data. In what follows, we focus on the
time window (t ≳ −7Mdet

f ) to analyze GW250114.
As emphasized in Ref. [37], the strong frame dragging in

GW250114 causes the direct wave to behave like a damped
oscillator with a quasi-stable instantaneous oscillation
frequency. This motivates a model-agnostic strategy as
a first approximation: we represent the direct wave as a
damped sinusoid with constant frequency and damping
time, and analyze the quasinormal-mode-removed data
within the time-domain Bayesian framework originally
developed for quasinormal-mode searches [22, 26, 27, 63,
64]. Such a data-driven method minimizes dependence
on accurate theoretical templates and provides a robust
starting point for identifying the direct-wave signal. We
note, however, due to the dynamical variations of the
instantaneous frequency and damping time of direct waves
(see Fig. 5 of Ref. [37]), our inference should therefore be
interpreted as an average frequency and damping rate over
a chosen analysis segment, typically [tstart, tstart + 0.2 s]
with tstart being the analysis starting time. To track the
slowly evolving features of the direct wave, we repeat the
analysis with shifted windows. The segment length of
0.2 s is selected to follow common settings in quasinormal-
mode analyses. We have verified that our results are
robust against variations in this choice; see Methods for
details.

The 90% credible posteriors for the average frequency
and damping rate inferred from GW250114 are shown in
Fig. 4, for various starting times tstart ∈ [−9,−3]Mdet

f . As
noted in Fig. 3, the interval tstart ≳ −7Mdet

f corresponds
to the regime where the analytic model closely matches
the NRSur7dq4 waveform and the direct wave dominates
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Figure 4: Frequency and damping rate inferred from the data
after removing dominant quasinormal modes, revealing the
direct-wave signal. Results are shown as a function of analysis
starting time (color scale) tstart ∈ [−9, −3]Mdet

f , covering and
extending slightly beyond the theoretically supported regime
for direct waves (see Fig. 3). Plus symbols indicate fits to the
reconstructed NRSur7dq4 waveform, while colored solid
contours represent 90% credible regions derived from the real
event data. Colored dashed contours mark the expected
frequencies and damping rates of various quasinormal modes
(90% credible), none of which intersect with the inferred
direct-wave parameters. The red shaded region indicates the
predicted horizon mode from Eq. (3). While the direct-wave
frequencies are not expected to precisely match the horizon
mode, they are anticipated to lie nearby.

the quasinormal-mode-removed signal. We extend the
analysis slightly to earlier times (tstart ∈ [−9,−7]Mdet

f )
to explore a possible transition from the inspiral regime
to the onset of the direct-wave signal1, though we caution
that fits in this early-time region should not be interpreted
as a search for the direct wave. As a reference, we also
fit the same damped sinusoid template to the direct-wave
component in the NRSur7dq4 waveform (i.e., the residual
cycles shown in the black curve of Fig. 3). The resulting
best-fit values are marked by the plus signs in Fig. 4. The
strong agreement between these fits and the posterior
derived from GW250114 data supports the interpretation
that our analysis is indeed capturing the genuine direct-
wave signal.

For reference, the red-filled contour in Fig. 4 shows the
90% credible region for the horizon mode frequency ωH

[defined in Eq. (3)], computed from the remnant mass and
spin inferred from the full inspiral-merger-ringdown sig-
nal of GW250114. The dashed contours indicate the 90%

1 The onset of the direct wave is not sharply defined. Its regime may
extend to earlier times if nonlinear effects are included or near-
horizon approximations are relaxed. In this sense, the boundary
between the late inspiral and the direct wave can become blurred.
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credible regions for several relevant quasinormal modes,
obtained using the same remnant properties. Our results
show that the extracted average frequency and damp-
ing rate evolve and cluster around ωH as the analysis
window shifts to later times, while remaining clearly dis-
tinct from the quasinormal modes. The clustering of
the oscillation frequency near 2ΩH reflects the strong
frame dragging that forces the orbital motion during the
merger to co-rotate with the horizon’s intrinsic rotation
frequency. The increasing decay rate traces the contin-
ued radial acceleration of the object as it approaches the
horizon, in agreement with the theoretical expectation
from Eq. (4); see also Eq. (6) in Ref. [37] and the Supple-
mentary Material. Finally, the inferred frequency does
not fully asymptote to ωH , due in part to the screening
effect of the gravitational potential barrier, and in part
to the limited signal-to-noise ratio at late times, which
prevents the analysis from extending far enough into the
regime where the asymptotic behavior would become re-
solvable. Overall, the GW250114 observations closely
follow theoretical predictions for direct waves.

To verify that the fitted damped sinusoid is not an
artifact of noise, we use a detection statistic D, defined
analogously to a logarithmic Bayes factor (see Methods).
For an analysis window starting at tstart = −7Mdet

f , the
detection statistic comparing the single damped sinu-
soid model against a noise-only (null) hypothesis yields
D = 530.0. The corresponding false-alarm probability
is below 0.1% between tstart ∈ [−7,−3]Mdet

f , given a de-
tection threshold of D0.1% = 8.78 for a 0.1% false-alarm
probability.

Having established the presence and properties of the
direct wave using a model-agnostic approach, we next per-
form a matched-filtering analysis with a more physically
motivated analytic template in Eq. (4). This waveform
enhances sensitivity and sharpens the test of theoreti-
cal predictions, further supporting the detection of the
direct-wave signal in GW250114. The template includes
three free parameters: the real and imaginary amplitudes,
and a time shift relative to the event data. We per-
form the analysis using the same time-domain Bayesian
framework [22, 64]; see Methods for details. Over a 0.2 s
segment starting from −7Mdet

f , we obtain matched-filter
signal-to-noise ratios of 14.1+0.1

−0.3 and 13.6+0.1
−0.2 (90% cred-

ible) in Hanford and Livingston data, respectively, con-
sistent with expectations at Advanced LIGO design sen-
sitivity [37] (see Table I therein). Panel (c) of Fig. 2
shows the residual strain after subtracting the best-fit
analytic direct-wave template from the quasinormal-mode-
removed data. The minor dip and surrounding features
near t = 0 are artifacts of the whitening process; the full
direct-wave trough has been effectively removed by the
template, leaving only a prominent peak at t ≲ −7Mdet

f
(see also Fig. 3). This early-time peak may also originate
from direct-wave emission. A more accurate waveform
model is needed to capture its behavior. We leave a
detailed investigation of this feature to future work.

CONCLUSION

We analyzed the merger phase of GW250114 as a
superposition of free oscillations of quasinormal modes
and source-driven direct waves. Using rational filters
[26, 27, 60] as a particularly useful tool, we demonstrated
that the recently predicted direct waves [37] can indeed
be identified in this event. By modeling the direct waves
as a damped sinusoid and a physically motivated wave-
form template, we found that their measured properties,
obtained through time-domain Bayesian inference, align
closely with theoretical expectations. These results sup-
port the interpretation of direct waves as the “final sound”
of the component black holes during their transition from
inspiral to merger, just before being silenced by the hori-
zon of the remnant black hole.

Direct waves encode rich horizon physics, including: (i)
strong frame dragging, which forces the waves to oscillate
near twice the horizon’s rotation frequency ΩH , largely
independent of the binary’s inspiral history; (ii) gravi-
tational redshift, which attenuates the signal at a rate
governed by the surface gravity κ; and (iii) additional
screening by the surrounding gravitational potential bar-
rier. Together, these features enable us to probe two
fundamental horizon properties that appear in the first
law of black hole thermodynamics,2

dM = κ

8πdA+ ΩHdJ, (5)

where mass M , area A, and angular momentum J are ex-
tensive variables, while the surface gravity κ and angular
frequency ΩH serve as their conjugate intensive variables.
Our analysis of GW250114 provides the first direct obser-
vational signatures of both ΩH and κ in gravitational-wave
data.

This study extends the scope of traditional black hole
spectroscopy [18] by establishing a complementary chan-
nel for probing horizon physics in the dynamical, strong-
gravity regime. While quasinormal-mode spectroscopy
primarily targets the free oscillations of the remnant, the
observation of direct waves opens a novel window into the
local near-horizon environment and the frame-dragging
dynamics within the ergosphere. This new perspective
opens exciting avenues to test general relativity in the
most extreme regime and to explore the nature of exotic
compact objects [65].

In this work, we modeled the direct wave using a
damped sinusoid and a simplified analytic waveform tem-
plate, a practical first step, though ultimately insuffi-
cient for high-precision analyses. It is therefore timely
to develop more accurate waveform templates for di-
rect waves, applicable to precessing binaries and capable
of incorporating nonlinear effects. To date, studies of
nonlinear ringdown have largely focused on quadratic

2 We assume the black hole is neutral.



6

quasinormal modes [60, 66–78]; extending these analyses
to capture nonlinear contributions to direct waves will
be an important direction for future work. An equally
pressing question is whether direct waves must be ac-
counted for in quasinormal-mode analyses of the post-
peak regime [40, 41]. If present at a detectable level,
direct waves could bias spectroscopic inferences of black
hole parameters or mimic signatures of beyond general
relativity physics. An additional theoretically interesting
direction is to investigate the connection between the
direct wave and the dynamical excitation of quasinormal
modes, as discussed in Refs. [79, 80]. Finally, a system-
atic search for direct waves in existing gravitational-wave
events would be highly valuable [9].
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METHODS

A. Quasinormal modes

Quasinormal modes (QNMs) are the oscillatory gravita-
tional waves emitted by a Kerr black hole in response to
linear perturbations. They are solutions to the Teukolsky
equations, which governs the dynamics of perturbations
in Kerr spacetime. Each QNM is labeled by the angular
numbers ℓ and m, and the overtone number n. The time
evolution of each QNM takes the form of a damped sinu-
soid with a complex frequency ωℓmn = 2πfℓmn − i/τℓmn,
where fℓmn is the oscillation frequency and τℓmn is the
damping time. These complex frequencies depend solely
on the mass and dimensionless spin of the perturbed Kerr
black hole.

To probe the presence of direct waves around the merger
time, it is essential to first remove the dominant QNMs,
which would otherwise contaminate or obscure the fea-
tures of the direct waves. The real-valued strain of the
(ℓ,m, n) QNM observed in a gravitational-wave detector
is given by

h(t) = Aℓmne
−(t−t0)/τℓmn cos [2πfℓmn(t− t0) + ϕℓmn] ,

(6)

where t0 is a chosen reference time. Throughout this work,
we adopt the convention fℓmn > 0, with m > 0 (m < 0)
corresponding to prograde (retrograde) modes [81–83]. In
Eq. (6) and throughout this paper, we consider only the
prograde modes and neglect retrograde modes. The strain
in Eq. (6) captures the contribution from two prograde
modes, radiating towards the north and south directions
relative to the black hole’s spin axis.

B. The rational filter

The rational filter is designed to remove any complex-
valued frequency component ω′:

Fω′(ω) = ω − ω′

ω − ω′∗
ω + ω′∗

ω + ω′ , (7)

where ω is the real-valued frequency, and ∗ denotes the
complex conjugate. The filtering process is agnostic to
the amplitude and phase of the complex-valued frequency

component, but is closely related to subtracting their
maximum-likelihood estimates under the assumption of
white noise in the time domain [26, 27].

Previous studies have used the QNM rational filter to
remove specific QNMs associated with a black hole of a
particular mass and spin [26, 27, 60], i.e., a filter denoted
by Fℓmn(ω) cancels both the mode ωℓmn and its mirroring
counterpart −ω∗

ℓmn. If multiple QNMs are present, their
combined contribution can be removed by applying the
total filter:

Ftot(ω) =
∏
ℓmn

Fℓmn(ω) . (8)

We apply the QNM rational filter, constructed using the
remnant black hole mass and spin inferred from the full
signal, to pre-process the data by removing the dominant
QNM contributions prior to searching for direct waves.

Since the filter is applied in the frequency domain, we
first transform the gravitational-wave time-series data, dn,
where n indexes discrete time samples, into the frequency
domain (denoted d̃) using a discrete Fourier transform.
After applying the frequency-domain filter to d̃, the re-
sulting data are transformed back into the time domain
via an inverse discrete Fourier transform, yielding the
filtered time series dF

n , where the superscript “F ” denotes
the filtered data.

The effect of applying a QNM filter Fℓmn to low-
frequency components is equivalent to introducing a time
shift [60]:

tℓmn = 4
τℓmn|ωℓmn|2

, (9)

along with an associated phase shift. We do not write the
phase shift explicitly, as it does not impact our analysis.
We have verified that, for both inspiral and direct-wave
signals, Eq. (9) provides an accurate correction for the
time shift induced by removing the QNMs. This is illus-
trated in Fig. 2, which shows good agreement between
the original and filtered data in the inspiral phase after
applying the correction from Eq. (9).

C. Quasinormal mode removal

The ringdown spectrum of GW250114 has been thor-
oughly studied in Ref. [41], which reports strong evidence
for the (ℓ = m = 2, n = 0, 1) QNMs, with marginal
support for the (ℓ = m = 2, n = 2) mode. Meanwhile,
late-time tails are expected to be negligible in our scenario
[84–89].

Throughout this work, we first apply the QNM rational
filter to remove these three QNMs prior to searching for
the direct-wave signal. In Ref. [41], the fundamental
ℓ = m = 4 mode is constrained to within tens of percent
by fitting a parameterized waveform that models the
full inspiral–merger–ringdown sequence. However, the
signal-to-noise ratio of the (ℓ = m = 4, n = 0) mode is

https://doi.org/10.1143/PTP.95.1079
https://arxiv.org/abs/gr-qc/9603020
https://arxiv.org/abs/gr-qc/9603020
https://doi.org/10.1143/PTP.14.351
https://doi.org/10.1103/PhysRevLett.129.161101
https://doi.org/10.1103/PhysRevLett.129.161101
https://arxiv.org/abs/2209.03579
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insufficient for detection through any standalone ringdown
analysis. As such, we do not explicitly filter out the
(ℓ = m = 4, n = 0) QNM in our direct wave analysis.
The filters are constructed using the maximum-likelihood
values of the (detector-frame) final black hole mass and
spin. The time shift induced by applying the filters on
the remaining signal is corrected using Eq. (9).

D. Model-agnostic search for direct waves

After removing the dominant QNMs from the original
data and correcting for the time shift, we search for direct
waves as a damped sinusoid with an unknown complex-
valued frequency ω′ and define the likelihood function as
[26, 27]

ln L(d|ω′, tstart) = −1
2

∑
i,j>0

dF
i C

−1
ij d

F
j , (10)

with tstart denoting the starting time of the analysis, and d
is taken over an interval of [tstart, tstart+0.2 s]. The matrix
Cij is the autocovariance of the detector noise, estimated
using the Welch method [90] over 64 s of data starting
1 s after the merger time, during which no gravitational
wave signals were identified, but the noise characteristics
are expected to closely match those during the event.

The QNM-removed data are analyzed using the free-
frequency filter defined in Eq. (7). Given the low comput-
ing cost of the rational filter, we efficiently evaluate the
likelihood in Eq. (10) over a grid of real-valued frequencies
and damping times, assuming a uniform prior over the
parameter space.

The analysis is performed using multiple choices of
starting times. For each selected start time, a data seg-
ment of duration Lseg = 0.2 s is analyzed. The data are
sampled at a rate of fsamp = 8192 Hz. The LIGO Hanford
and Livingston detector data are combined incoherently
after correcting for the signal travel time between the
detectors, using the maximum-likelihood sky localization
and geocentric signal start time inferred from the inspiral-
merger-ringdown parameter estimation [40–42]. The ro-
bustness of these analysis settings is verified, as shown
in Fig. 5. The inferred frequencies and damping rates of
the direct-wave signal (at start time tstart = −7Mdet

f ) are
insensitive to variations in Lseg, fsamp, and to whether
the sky localization parameters are marginalized over or
fixed to their maximum-likelihood values.3

To quantify the preference for a direct-wave signal
model over one containing pure noise after filtering out
the QNMs from the data, we adopt a hybrid Bayesian-like

3 Ref. [91] provides a more rigorous treatment of the necessary
conditions for verifying that analysis settings do not bias the
inference results. Here, we qualitatively verify that our analysis is
unaffected by the analysis settings and leave a more quantitative
analysis to future work.
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Figure 5: Inferred frequency and damping rate of the
direct-wave signal at tstart = −7Mdet

f under different analysis
settings for Lseg, fsamp, and sky localization (with “max-L”
denoting maximum-likelihood values). The main results
presented in the paper correspond to the settings in blue.
The analysis is robust against variations in these settings.

approach [63]. The detection statistic D, analogous to
a logarithmic Bayes factor,4 is defined as a comparison
between two model hypotheses: H, which includes a
direct-wave content, and H′, which does not. Given data
d, the statistic is:

D(H : H′) = log10
Z(d|H)
Z(d|H′) , (11)

where Z(d|H) and Z(d|H′) denote the evidences under
hypotheses H and H′, respectively. To assess the statis-
tical significance of a detection, we adopt a frequentist
approach to estimate false alarm probabilities due to the
background noise. We determine a detection threshold
D0.1%, corresponding to a 0.1% false alarm probability.

E. Template-based search for direct waves

We perform matched-filtering analyses based on the
analytic direct-wave template defined in Eq. (4). To
construct the signal template htemp(t) in the detector
frame, we first benchmark the analytic waveform hDW(t)
in Eq. (4) against the NRSur7dq4 waveform (see Fig. 3),
evaluated at the maximum-likelihood remnant parame-
ters inferred for GW250114 (remnant mass, spin, and
luminosity distance). This procedure yields the bench-
marked waveform hbm(t). We then introduce three free
parameters: a complex amplitude, Ax + iAy, to rescale

4 It formally differs from a Bayes factor computed using methods
that also compute the amplitude and phase of the complex-valued
signal (see Appendix A in Ref [63]).
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hbm(t), and a time shift δt relative to the event data,
such that the quadrupolar strain waveform takes the
form (Ax + iAy) × hbm(t − δt), which is subsequently
projected to the detector-frame to obtain htemp(t), using
the maximum-likelihood extrinsic parameters (inclination
angle, sky location, and polarization angle). Finally, we fit
htemp(t) separately to the LIGO Hanford and Livingston
data, after removing the QNMs. The fit is performed
within the time-domain Bayesian framework [22, 64], us-
ing a 0.2 s window starting at t = −7Mdet

f , where the
direct-wave signal is expected to emerge. Uniform priors
are adopted for Ax and Ay over the range [−20, 20], and
for δt over the interval [−20, 20]Mdet

f . The matched-filter
signal-to-noise ratio is defined as

ρmf = ⟨dF
n |htemp⟩√

⟨htemp|htemp⟩
, (12)

where ⟨·|·⟩ denotes the usual noise-weighted inner product
in the time domain. We compute the recovered signal-
to-noise ratio from the Hanford and Livingston detectors
independently.

SUPPLEMENTAL MATERIAL

A. Near-horizon wave emission and horizon modes

Direct waves and horizon modes are outgoing waves
emitted near a black hole’s horizon. The appearance of
this emission, however, depends on the observer’s frame.
Below, we take a pedagogical approach to illustrate how
different observers perceive this process.

To formulate this more precisely, we introduce four
coordinate systems (see Table I), each corresponding to a
family of observers whose spatial locations are arranged
in a specific manner. Every observer carries a clock,
and these clocks are synchronized and tick according to
the time coordinate of their respective system. We de-
scribe the same process in alternative coordinate systems,
each offering a distinct observational perspective. The
Boyer–Lindquist coordinates (t, r, θ, ϕ) are perhaps the
most familiar, as they align closely with our intuitive
notions of spacetime decomposition, and serve as the
natural coordinate system for distant observers. Fig. 6
(a) shows a particle falling down a black hole viewed by
Boyer–Lindquist observers. The particle asymptotically
approaches the horizon at r+ and appears to freeze there,
never actually crossing it. Rays emitted closer to the
horizon take progressively longer to reach a finite distance
away from the black hole; as a result, they are increasingly
stretched (redshifted) at late times. Meanwhile, the left
panel of Fig. 7 shows the corresponding azimuthal motion:
rays emitted near the horizon swirl more angles before
propagating outward.

The radial motion is more naturally described using
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Figure 6: Four coordinate systems depicting the same particle
falling into a black hole and crossing the horizon in finite
proper time. The particle emits rays at exponentially
decreasing proper-time intervals before horizon crossing. (a)
In Boyer–Lindquist coordinates, the particle asymptotes to
the horizon without reaching it, and the emitted rays appear
to be spread out over all times. (b) In the tortoise coordinate
system, which is well adapted for illustrating wave
propagation, the horizon is at r∗ → −∞; the ingoing
trajectory of the particle approaches 45◦ with dr∗/dt = −1.
The emitted outgoing rays satisfy dr∗/dt = 1. (c) In ingoing
Eddington–Finkelstein coordinates, the particle smoothly
crosses the horizon, and the shrinking proper-time intervals
between ray emissions before horizon-crossing are evident. (d)
In Kruskal coordinates that maximally extend a Kerr
spacetime, the particle follows an approximately constant-V
trajectory, while the outgoing rays follow constant-U lines.

the tortoise radial coordinate r∗:

r∗ =
∫
r2 + χ2

∆ dr, (13)

with ∆ = r2 − 2r + χ2. This coordinate maps the
near-horizon region to an unbounded domain (r = r+
is mapped to r∗ = −∞), which naturally encodes the
near-horizon gravitational redshift effect and thus pro-
vides a more suitable way for describing the propagation
of outgoing rays. Indeed, as illustrated in Fig. 6 (b), rays
that are equally spaced in r∗ remain equally spaced as
they propagate outward. These rays, on the other hand,
are emitted at exponentially decreasing intervals with
respect to the emitter’s proper time. Specifically, the
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Coordinates Horizon Particle Observer Outgoing rays Features

(a) Boyer–Lindquist
(t, r)

future/past horizons
both at r = r+

asymptote to r+

in the future
constant
position

asymptote to r+ in the
past, 45◦ in the future

particle and rays
freeze on the horizon

(b) Tortoise
(t, r∗)

outside range nearly 45◦ constant
position

45◦ near-horizon motions
simplified

(c) Ingoing EF
(tin, r)

future/past horizons
both at r = r+

penetrates
horizon

constant
position

asymptote to r+ in the
past, 45◦ in the future

regular near the
future horizon

(d) Kruskal
(U, V )

All resolved
at UV = 0

penetrates
horizon

hyperbolic
worldline

45◦ regular at all horizons

Table I: Comparison between coordinate systems.
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Figure 7: Frame-dragging in the near-horizon region of a Kerr
black hole, whose horizon rotates at angular frequency ΩH

relative to distant observers. The left and right panels show
top views of the coordinate systems in Fig. 6 (a) and (c),
respectively, plotted using the azimuthal angle measured by
distant observers.

emitter’s motion near the horizon satisfies, see i.e., Eq.
(2.4) in [38]

dr

dτ
∝ const, (14)

which implies that the emitter’s proper time τ is propor-
tional to r ∼ r+ + e2κr∗ . Consequently, a sequence of
rays that are equally spaced in r∗ (and thus received at
equal time intervals by a distant observer) are emitted at
exponentially shrinking proper-time intervals ∆τ by the
infalling source.

The ingoing Eddington-Frankestein coordinate system
(tin, r, θ, ϕin) is defined as:

tin = t+ r∗ − r, (15a)

ϕin = ϕ+
∫

χ

∆dr, (15b)

where the coordinate time tin corresponds to the clocks
carried by observers whose ticking rate depends on the ra-
dial position. In this coordinate system, ingoing principal
null geodesics trace straight coordinate lines,

tin + r = const, (16)

with no azimuthal motion, i.e., ϕin = const. The ingo-
ing Eddington–Finkelstein coordinates are therefore well
suited for describing trajectories that fall into the black
hole, such as the plunging motion relevant to binary coa-
lescences. An example of such a trajectory is shown by
the blue curve in Fig. 6 (c), which reaches the horizon
at a finite coordinate time tin and smoothly crosses it.
Outgoing rays emitted along the way (red dashed curves)
satisfy

dtin
dr

= 2r
2 + a2

∆ − 1, (17)

indicating that the closer the emission occurs to the hori-
zon, the longer it takes for the rays to escape to distant
observers. Similarly, the angular evolution of outgoing
rays is given by

dϕin

dtin
= 2χ

2(r2 + χ2) − ∆ . (18)

The right panel of Fig. 7 illustrates the azimuthal motion:
rays that take longer to propagate outward undergo more
angular winding around the black hole.

Finally, the Kruskal coordinate system (U, V, θ, ϕ̃) is
defined as [92]

U = −e−κ(t−r∗), (19a)
V = eκ(t+r∗), (19b)
ϕ̃ = ϕ− ΩHt. (19c)

As illustrated in Fig. 6 (d), Kruskal observers correspond
to the ingoing principal null geodesics (V = const) that
fall into the black hole horizon and the outgoing principal
null geodesics (U = const) that emerge from the white
hole horizon. This Kruskal system remains regular across
the horizons and provides a well-behaved description of
the maximal extension of the Kerr spacetime around
the bifurcation sphere (U = V = 0). The blue curve
in Fig. 6 (d) represents a plunging trajectory. As the
particle accelerates to nearly the speed of light near the
horizon, its path becomes approximately aligned with a
constant−V line and crosses the horizon (U = 0) smoothly.
The emitted outgoing rays form straight coordinate lines
U = const (red dashed lines). A distant observer, located
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at a fixed radius r, follows a worldline satisfying UV =
const (red solid curve). The time intervals between the
received signals are stretched (redshifted) at late times.

The outgoing waves emitted by the plunging particle
can be represented by an analytic function ψ of the re-
tarded time U and ϕ̃, whose Taylor expansion reads

ψ(U, ϕ̃) ∼
∑
n,m

cn,mU
neimϕ̃, (20)

where n and m are integers, and cn,m are coefficients.
The corresponding signals received by the distant ob-
server follow the same functional dependence and can be
interpreted as a superposition of an infinite set of horizon
modes

Uneimϕ̃ ∼ e−iω
(mn)
H

teimϕ, (21)

with

ω
(mn)
H = mΩH − inκ. (22)

Here we have used Eqs. (19a) and (19c).
Another feature of horizon modes emerges from the

near-horizon geometry. Using the Rindler coordinates

dt2 = −κ2ρ2dt2 + dρ2 + γABdX
AdXB , (23)

with ρ ≈
√

2(r − r+)/κ ∝ eκr∗ , the metric can be Eu-
clideanized via a Wick rotation t = iτ . Identifying
τ → τ + 2πκ makes a locally smooth space free from
conical singularity [93]. Horizon modes are single-valued
smooth functions in this Euclidean space, while other
modes are multi-valued.

B. Screening of the horizon modes

In Sec. A, we show that the horizon modes, ω(mn)
H

defined in Eq. (22), represent outgoing waves emitted
near the horizon. However, here we argue that these
modes are entirely screened by the black hole potential
barrier and do not contribute to the direct waves observed
at infinity.

The most direct argument follows Refs. [37, 59], which
explicitly show that the black hole’s greybody factor, the
transmissivity of outgoing waves emitted from the past
horizon toward future null infinity, vanishes exactly at
ω

(mn)
H . This property has also been discussed in the con-

text of the Kerr/CFT correspondence [94] and in classical
literature on black hole perturbation theory. For example,
the energy absorption coefficient Γ in Eq. (4.7) of Ref. [95]
vanishes at poles of Asν

inA
−sν
in , which, according to their

Eq. (4.2), includes mΩH − i(1 + n± s)κ with s the spin
weight of the field and n = 0, 1, 2, . . ..

Another instructive way to understand the screening ef-
fect is by considering the Hawking flux Nℓm(ω) at infinity
for the (ℓ,m) mode:

Nℓm(ω) = Γℓm(ω)
exp[β(ω −mΩH)] − 1 , (24)

where Γℓm(ω) is the corresponding energy greybody fac-
tor, and β = 2π/κ is the inverse temperature of the black
hole. The Bose–Einstein factor in the denominator has
poles precisely at the horizon mode frequencies ω(mn)

H . In
this sense, the horizon modes can be interpreted as the
Matsubara frequencies of the black hole [96], correspond-
ing to those with negative imaginary parts. The vanishing
of Γℓm(ω) at ω(mn)

H makes the flux Nℓm(ω) remain finite
by canceling the divergences at these poles.

C. Direct waves

Although the horizon modes ω
(mn)
H are completely

screened by the black hole potential barrier [37, 59], di-
rect waves emitted not too close to the horizon can still
reach distant observers, as noted in Ref. [37]. The an-
alytic waveform given in Eq. (4) is constructed via the
instantaneous complex frequency ωG(t) [37]:

ωG(t) = 2Ω̂(t) − iκ̂(t), (25)

where

Ω̂(t) = βΩH + ϕ̇

1 + β
, (26a)

κ̂ = 2β
1 + β

κ, (26b)

with β = |dr∗/dt| denoting the radial velocity in the
tortoise coordinate, and ϕ̇ = dϕ/dt the instantaneous
angular velocity. See Ref. [37] for more details.

To obtain ωG(t) for GW250114, we evolve the geodesic
equations for a test particle plunging in the equatorial
plane of a Kerr black hole [92, 97]:

r2 dt

dτ
= −χ(χE − Lz) + r2 + χ2

∆ P (r) , (27)

dr

dτ
= −

√
2

3rI

(rI

r
− 1

)3/2
, (28)

r2 dϕ

dτ
= −(χE − Lz) + χ

∆P (r) , (29)

where P (r) = E(r2 +χ2)−χLz. We set χ = 0.671769, the
maximum-likelihood value inferred for the remnant black
hole in GW250114 [40–42], and adopt the corresponding
values of the energy E, angular momentum Lz, and radius
rI of the innermost stable circular orbit. The particle is
initially placed at r = rI − 10−5 and allowed to plunge
into the black hole.

Figure 8 shows the time evolution of the real (top) and
imaginary (middle) parts of ωG(t) over the same time
window considered in Fig. 3 (t ∈ [−7, 20]Mdet

f ), expressed
in units of 2ΩH and κ, respectively. The real part of the
frequency remains above 2ΩH throughout this interval,
consistent with the free-frequency fits during the time
interval shown in Fig. 4. In contrast, the imaginary part
stays below κ, but grows as the particle continues to
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Figure 9: Comparison between the unscreened waveform
model (blue dashed), e

−i
∫

ωG(t)dt, screened waveform defined
in Eq. (4) (red solid), and the filtered quadrupolar harmonic
(ℓ = m = 2) of the NRSur7dq4 waveform (black).

accelerate radially and β increases, again in agreement
with the trend observed in Fig. 4.

In Fig. 9, we investigate the screening effect from the
potential barrier by comparing an unscreened waveform
model (blue dashed), e−i

∫
ωG(t)dt, with the screened wave-

form given by Eq. (4), as well as the filtered quadrupolar
harmonic. The difference becomes more pronounced at
late times (t ≳ 5Mdet

f ), when ωG(t) evolves sufficiently
close to ωH . Within the analysis windows used in the
main text, [tstart, tstart + 0.2 s] with tstart ∈ [−7,−3]Mdet

f ,
the results are dominated by the first wave cycle. Fig. 9
indicates that the screening effect plays a minor role in
this early-time regime. Thus, the increasing damping
rates observed in Fig. 4 are primarily driven by the evo-
lution of κ̂(t) [Eq. (26b)], as shown in the middle panel
of Fig. 8.
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