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Gravitational wave echo signals have been proposed as evidence for the modification of the spacetime
structure near the classical event horizon. These signals are expected to occur after the mergers of compact
binaries as a sequence of weak pulselike signals. Some studies have shown evidence of the echo signals
from several binary black hole merger events. On the other hand, the other studies have shown the low
significance of such signals from various events in the first, second, and third observing runs (O1, O2, and
O3). Our previous study also shows the low significance of echo signals from events in O1 and O2, though,
we observe that more than half of the events have p-value smaller than 0.1 when the simply modeled
waveform is used for the analysis. Since there are only nine events appropriate for this analysis in O1 and
O2, it is necessary to analyze more events to evaluate the significance statistically. In this study, we search
for echo signals from binary black hole events observed during O3 operated by LIGO, Virgo, and KAGRA
collaborations. We perform the template-based search by using two different models for echo signal
templates: simply modeled one and physically motivated one. Our results show that the distributions of
p-values for all events analyzed in this study are consistent with the noise distribution. This means that no
significant echo signals are found for both models from O3 events.
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I. INTRODUCTION

Successful gravitational wave observations from com-
pact binary coalescences [1–5] have made gravitational
waves a standard tool to investigate the spacetime structure.
Particularly, they have made it possible for us to directly
test general relativity in the strong gravitational field [6–8].
Although these tests have shown that the observational
results are consistent with general relativity, properties of
the remnant compact objects have been weakly constrained
for the deviation from black holes.
Several studies have proposed compact object models as

an alternative to black holes, such as a gravastar [9] and the
firewall [10]. If the remnant objects of compact binary
coalescences have the light ring and a surface instead of the
event horizon, we might observe additional signals after the
merger of compact binaries, which are called gravitational

wave echoes [11–14]. These studies explain the following
process. Initially, we expect to observe the ringdown
signals as a prompt emission after the merger, which is
similar to the black hole’s one. Then, part of merger-
ringdown signals will fall into the object, and iteratively
reflected at the object’s surface and the angular momentum
barrier. During the iterative reflections, the signals will
gradually leak outside the potential barrier and be observed
as late-time echoes, which will approach to the object’s
characteristic oscillations. Similarly, some specific “quan-
tum black holes” can be a candidate of the source of echo
signals, since the event horizon can only absorb signals
with specific discrete frequencies [15–18]. Therefore, the
observation of echoes is strong evidence to claim that the
near horizon structure is different from the classical one,
predicted by general relativity. However, to detect signifi-
cant echo signals is challenging, since we do not know the
true waveform of echoes even if they exist and the
amplitude is expected to be much weaker than the merger
amplitude. For example, the amplitude of echoes is con-
strained to 15% of the merger amplitude for GW150914
[19] and another study shows that necessary signal-to-noise
ratio of the ringdown signal is 20–60 to detect echoes [20].
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So far, evidence of echo signals from GW150914,
GW151012, GW151226, and GW190521 has been
reported by the model dependent search [21–23]. On the
other hand, other studies have shown the low significance
of echo signals from various events [7,19,24–28]. For the
model independent search, no significant echo signals has
been reported from events in the first, second and third
observing runs (O1, O2, and O3) [8,22,29–32], except for
the binary neutron star merger event GW170817 [33].
For the model dependent search, we need to prepare a

precise echo waveform model. The simplest model for the
echo signals is the repetition of the merger-ringdown
waveform with a constant decay rate [21], which many
studies listed above have used. Later, several studies have
updated the model by including physical effects [34–40].
These models are constructed from the waves that are
reflected at the surface. Some studies examine the behavior
of the wave that falls into the object before it is reflected at
the surface for more accurate modeling [41–43].
Although we have not found significant echo signals

from O1 and O2 events previously [27], our results have
shown that five out of nine events have p-values less than
0.1 when the simply modeled template proposed in
Ref. [21] is used. This nonuniform p-value distribution
seemingly contradicts with the null hypothesis that the data
do not contain echo signals. However, since there were just
nine events, to statistically judge the deviation from the null
hypothesis, we must analyze more events. To this end, in
this study, we search for echo signals for black hole binary
events observed during O3 operated by LIGO, Virgo, and
KAGRA collaborations. We analyze the data with two
templates: simply modeled one [21] and physically moti-
vated one [37]. We use the former model to investigate the
change of the nonuniformity of the p-value distribution
when more events are analyzed. We assume the latter model
as a representative physically motivated model. Then, we
evaluate the significance of the possible echo signals with
p-values and compare their distributions with the null
hypothesis.
The paper is organized as follows. In Sec. II, we explain

the template waveforms used in our analysis. In Sec. III, we
describe the method of analysis to evaluate the significance
of echo signals and the treatment of the data. In Sec. IV, we
show the significance of echo signals by the distributions of
p-values of all events. Conclusions and discussions are
given in Sec. V. We present injection study of our analysis
method in Appendix A, and summarize our search region in
Appendix B.

II. TEMPLATE WAVEFORMS

In this study, we assume that the spacetime is entirely
Kerr spacetime but a reflective surface is located at about
Planck length away from the event horizon radius. Because
of the reflective surface, part of the merger-ringdown
signals will be iteratively reflected between the surface

and the angular momentum barrier of the Kerr spacetime.
Every time the signals reach at the potential barrier, part of
them will transmit to infinity, therefore, we might observe
series of weak pulse-like signals, i.e., echoes. Echo wave-
forms can be characterized by the reflection rates at the
surface and at the potential barrier, and the time interval of
echoes Δtecho, which corresponds to twice the proper
distance between the surface and the potential barrier. In
this study, we assume that Δtecho ≲Oð1Þ sec, while recent
study points out the possibility that Δtecho can be billions of
years for some models [44].
We assume a perfect reflection at the surface. For the

reflection rate at the potential barrier, we consider two cases:
onewith a constant reflection rate (the “Simple”model) [21]
and the other with a frequency dependent reflection rate by
considering the effect of black hole perturbations (the BHP
model) [37]. We assume the BHP model as a representative
model of physicallymotivated waveforms, while the Simple
model gives smaller p-values than the BHP model in our
previous study [27].
We describe each template in the following subsections,

where we use c ¼ G ¼ 1 units with c and G being the
speed of light and the gravitational constant, respectively.

A. Simple model

The Simple model assumes that echo signals consist of a
repetition of a merger-ringdown waveform with an interval
Δtecho and a constant decay rate γ, which is related to the
refection rate at the potential barrier, expressed as

h̃simpleðfÞ ¼ h̃0ðfÞ
XNecho

n¼1

γn−1ð−1Þn−1e−ið2πfΔtechoÞðn−1Þ: ð1Þ

Here, the tilde denotes the Fourier transform of the
corresponding time series function and Necho is the number
of echoes. The template assumes that the phase shift due to
the reflection is fixed to π. The intervalΔtecho is determined
by the remnant black hole spin a and mass M as

Δtecho ¼ 2

Z
rmax

rþþΔr

r2 þ a2

r2 − 2Mrþ a2
dr; ð2Þ

where rmax is the peak of the angular momentum barrier and
Δr is the coordinate distance of the surface from the horizon
radius rþ. The main waveform h0ðtÞ in Eq. (1) is given by
cutting off the inspiral part of the best fit inspiral-merger-
ringdown (IMR) waveform hB

IMRðtÞ for each event as

h0ðtÞ ¼
1

2

�
1þ tanh

�
1

2
ωðt − tmerger − t0Þ

��
hB
IMRðtÞ; ð3Þ

where ω is a representative frequency estimated around the
merger time, tmerger is the merger time of a binary, and t0 is a
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cutoff parameter. Since ω and t0 are rather insensitive to the
analysis, we set ω as a constant value and t0 ¼ −0.1Δtecho.
We further fix the initial phase as 0. The merger time can be
determined by analyzing with hB

IMRðtÞ. Therefore, for this
template, we assume ðΔtecho; γÞ as search parameters. The
search region of Δtecho is calculated from the 90% credible
region of the remnantmass and spin of the binary black holes
from parameter estimation.

B. BHP model

For the second model, we include all physical effects as
much as possible. The model uses a frequency-dependent
reflection rate at the potential barrier, obtained by solving
black hole perturbations [37],

h̃BHPðfÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−R2ðfÞ

q
h̃0ðfÞ

XNecho

n¼1

RðfÞn−1e−ið2πfΔtechoþϕÞðn−1Þ;

ð4Þ

where ϕ is the overall phase shift due to the reflections at
the surface and the potential barrier. Since the main
frequency range of the model is concentrated around the
black hole quasinormal mode frequency, where the fre-
quency dependence of ϕ is weak, and the linear term of the
phase can be absorbed in Δtecho, we approximate ϕ as a
constant.
For the reflection rate, we use a fit for 0.6 ≤ χ ≤ 0.8 from

numerical calculations, where χ ¼ a=M. The fit is given as

RðfÞ ≈ 1þ e−300ð2πMfþ0.27−χÞ þ e−28ð2πMf−0.125−0.6χÞ

1þ e−300ð2πMfþ0.27−χÞ þ e−28ð2πMf−0.125−0.6χÞ þ e19ð2πMf−0.3−0.35χÞ : ð5Þ

Unlike the Simple model, we also optimize the initial
phase by constructing two orthogonal templates, which are
used in the quasinormal mode analysis of black holes
[45–47].
For this template, we assume ða;M;ϕÞ as search

parameters. Since Δtecho is determined by ða;MÞ, Δtecho
is also varied during the search. The search regions of

ða;MÞ are given from the 90% credible region of the
remnant mass and spin of the binary black holes from
parameter estimation.
In both templates, the best fit waveform hB

IMRðtÞ is given
by SEOBNRv4 [48] or NRsur7dq4 [49] with mass and spin
parameters chosen from the maximum likelihood of the
results of parameter estimation. Figure 1 shows an example
of the spectra of best-fit templates and detector noise for
GW190412. Because of the frequency dependent reflection
rate, the lower frequency region of the BHP model is
strongly suppressed compared with the Simple model. We
also consider the dominant mode only, since the amplitude
of higher multipole modes are expected to be much smaller
than the dominant mode.

III. METHOD OF ANALYSIS

We first search for possible echo signals around the
theoretically predicted time after the black hole binary
mergers. Then, we evaluate the significance of the echo
signal as p-values in comparison with the background
samples.

A. Search for echo signals

We use matched filtering to search for echo signals. The
signal-to-noise ratio (SNR) ρ for matched filtering is
defined by

ρ ¼ ðxjhÞ ¼ 4Re

�Z
fmax

fmin

x̃ðfÞh̃�ðfÞ
SnðfÞ

df

�
; ð6Þ

where x̃ðfÞ is the Fourier transform of the observed data,
h̃ðfÞ is the template in the frequency domain, and SnðfÞ is
the noise power spectrum density of a detector. We set

FIG. 1. Spectra of the best-fit echo templates of the Simple
(blue) and BHP (orange) models for GW190412 are shown.
Detector’s noise for this event for Hanford (red) and Livingston
(cyan) are also shown. Best fit values are ðΔtecho; γÞ ¼
ð0.1129s; 0.9Þ for the Simple model and ða;M;ϕÞ ¼
ð0.68; 45.2M⊙; 2.356Þ for the BHP model.
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fmax ¼ 2048 Hz. For fmin, we set fmin ¼ 40 Hz (20 Hz)
when the maximum Δtecho of the search region is less
(greater) than 0.4 seconds. This is because heavier detector-
frame mass events, which have longer Δtecho, have lower
merger-ringdown frequency. The template is normalized so
that ðhjhÞ ¼ 1. We use the Welch’s method to estimate the
detector’s noise power spectrum density [50,51].
By rewriting the frequency domain template as

h̃ðfÞ ¼ h̃ðf; t0 ¼ 0Þe−2πift0 , we obtain ρ in Eq. (6) as a
function of t0. Here t0 is the initial time of the time domain
template. We search for the maximum value of network
SNR among all templates, denoted by ρevent, at t0 ¼
tmerger þ Δtecho with an interval �0.01Δtecho, where
Δtecho is the average value of Δtecho in the search region
determined for each event [21].
We use 90% credible region of remnant mass and spin

for the search range of each event. The exact values are
summarized in Appendix B. We use KAGRA Algorithmic
Library (KAGALI) to perform the analysis [52].

B. Treatment of the data

The data used in this analysis are obtained from the
Gravitational Wave Open Science Center [53]. We use the
data starting at about 7 seconds before the binary merger
time for all events and apply the Tukey window with a
parameter α ¼ 1=8 to the time series data. We call this on-
source data. The duration of the data is 32 (64) seconds
when the maximum Δtecho of the search region is less
(greater) than 0.4 seconds (see Table VI in Appendix B for
the search regions). The sampling frequency of the data is
4096 Hz.

C. Background estimation method

The matched filter SNR becomes large when the
template matches the signals in the data. However, we
can also obtain high SNR even when the template is
matched to short transient noise. Therefore, since ρevent
itself cannot be evidence for the presence of signals, we
evaluate the frequency of ρevent as p-values comparing it
with the background samples.
In this study, we consider two different background

estimation methods: BG1 and BG2. The BG1 method is
similar to the one used in Ref. [21] and the BG2 method is
an improved version of the BG1 method.
For BG1, we compute the time series matched filter SNR

by using the on-source data for each template. We use the
samples of SNR starting at 8Δtecho after the first echo. We
define 1000 segments of time. The duration of each
segment is 0.02Δtecho. We then extract the maximum
SNR among all templates in each time segment. We use
this method to investigate whether the tendency of giving
small p-values in O1 and O2 is the same for O3 events
when the Simple model is used.

In the above case, the samples used for the background
estimation are only 8Δtecho apart from the first possible
echo. Furthermore, each segment with the interval
0.02Δtecho is adjoined. If 0.02Δtecho is too small, we
may obtain multiple maximum SNRs from the same origin.
As a result, the effective number of the background samples
can be less than 1000. To solve these issues, we consider
another method (BG2). We use 32 or 64 seconds of
adjacent data after the on-source data, which we refer to
as off-source data,1 to compute the time series matched
filter SNR. We define 1000 segments of time in the off-
source data. The first segment starts at 3 or 6 seconds from
the beginning of the off-source data, because the bounda-
ries of the data are windowed. The duration of each
segment is 0.02Δtecho and the start times of adjacent
segments are separated by 25 ms. This separation length
is larger than 0.02Δtecho of any event considered in this
study. We then extract the maximum SNR among all
templates in each time segment.
In both cases, p-values are given as the ratio of the number

of background samples whose SNR exceeds ρevent to the
total background samples, i.e., p¼ðNumber with ρ≥
ρeventÞ=1000.

D. Events

We select 34 black hole binary events with the false
alarm rate smaller than 10−3=yr observed in O3,2 which is
the same criteria used in Refs. [7,8]. Furthermore, we select
events that were observed by both LIGO Livingston
and LIGO Hanford. We basically omit the last 6 digits
of the event name except for GW190521_074359,
GW190828_063405, and GW190828_065509, where we
rename them as GW190521_07, GW190828_063, and
GW190828_065, respectively.

IV. RESULTS

A. P-values for each event

We summarize p-values from both background estima-
tion methods for each event in Tables I and II for the Simple
and BHP models, respectively. As mentioned in Sec. II. B,
the reflection rate used in the BHP model is valid for
0.6 < χ < 0.8. Therefore, the model is not valid for
GW190814 and GW200115, since their remnant spins
are below this range. These events are possible and
confident neutron star-black hole merger events,

1For GW191109, we skip the subsequent 64 seconds data
since the subsequent data were noisy.

2The updated false alarm rates of GW190421 and GW190521
exceed this threshold for the GstLAL search pipeline [4].
However, inclusion of these events do not affect very much to
overall p-value distributions, therefore, we also analyze these
events in our analysis.

NAMI UCHIKATA et al. PHYS. REV. D 108, 104040 (2023)

104040-4



respectively [54,55]. P-values for these events are just
shown as a reference in Table II.
In Ref. [22], the evidence of echo signals modeled by

stimulated Hawking radiation for GW190521 was reported
and it was mentioned that GW190521 shows exceptional
significance among other various events [23]. GW190521
was the second most massive binary black hole merger
event observed in O3, whose total mass exceeds 100M⊙
[56,57]. In our study, p-values for the event given by the
BG1 (BG2) method are 0.101 (0.126) for the Simple model
and 0.886 (0.356) for the BHP model. Since the echo
models in our study depend on the merger-ringdown signal,
it is natural to assume that the SNR of echo signals is
proportional to the SNR of each binary merger event. From
this point, it is reasonable that our study does not show
significance of GW190521 compared to other events. As
shown in Appendix A, high significance of echo signals
should appear for large SNR events such as GW190521_07
and GW200129 rather than GW190521, if sufficiently
large echo signals modeled in our study are present in
the data. In addition, the searched frequency range of echo
signals reported in Refs. [22,23] was lower than the
estimated ringdown signal of the event, which is different
from this study.

The smallest p-values obtained by the Simple model is
0.022 for GW200311 using the BG2 method. This event
has ρevent ¼ 4.9. The same p-value is obtained as the
smallest by the BHP model using the BG2 method, but
for GW190602 with ρevent ¼ 5.5. Since the total number of
the events analyzed in this study is 34, it is reasonable that
one of the events has p-value smaller than 0.03, even if the
data are consistent with noise.

B. Distribution of p-values

When we have multiple events and simultaneously
evaluate the significance, looking at p-value of each event
is not an appropriate method. Since the number of false
positive events can increase if the number of events
increases, i.e. we can get many small p-value events. In
this study, we plot the distributions of a cumulative
probability of p-value for both templates and compare
with a uniform distribution in Fig. 2. The left and right
panels correspond to the results obtained by the BG1 and
the BG2 methods, respectively.
If the data do not contain echo signals in all events, then

we expect that p-values distribute uniformly. The 90% error
regions are obtained by the beta distribution for measured

TABLE I. P-values for each event when using the Simple model. P-values are provided from two different background estimation
methods.

Event p-value BG1=BG2 Event p-value BG1=BG2 Event p-value BG1=BG2 Event p-value BG1=BG2

GW190408 0.862=0.649 GW190602 0.569=0.437 GW190915 0.685=0.599 GW200202 0.076=0.065
GW190412 0.561=0.414 GW190706 0.230=0.168 GW190924 0.915=0.830 GW200208 0.191=0.036
GW190421 0.676=0.423 GW190707 0.788=0.794 GW191109 0.981=0.574 GW200219 0.880=0.734
GW190503 0.132=0.090 GW190720 0.073=0.074 GW191129 0.161=0.198 GW200224 0.879=0.771
GW190512 0.219=0.691 GW190727 0.955=0.844 GW191204 0.992=0.963 GW200225 0.777=0.551
GW190517 0.299=0.119 GW190728 0.661=0.472 GW191215 0.345=0.206 GW200311 0.027=0.022
GW190519 0.976=0.908 GW190814 0.939=0.732 GW191222 0.852=0.757 GW200316 0.652=0.399
GW190521 0.101=0.126 GW190828_063 0.030=0.038 GW200115 1.000=0.816
GW190521_07 0.825=0.699 GW190828_065 0.137=0.109 GW200129 0.086=0.091

TABLE II. P-values for each event when using the BHP model. The remnant spins of GW190814 and GW200115 are below the spin
range used for the fit of the reflection rate. P-values are provided from two different background estimation methods.

Event p-value BG1=BG2 Event p-value BG1=BG2 Event p-value BG1=BG2 Event p-value BG1=BG2

GW190408 0.355=0.283 GW190602 0.044=0.022 GW190915 0.201=0.116 GW200202 0.051=0.031
GW190412 0.837=0.725 GW190706 0.803=0.592 GW190924 0.241=0.373 GW200208 0.299=0.059
GW190421 0.488=0.280 GW190707 0.341=0.407 GW191109 0.226=0.485 GW200219 0.912=0.740
GW190503 0.866=0.640 GW190720 0.449=0.459 GW191129 0.556=0.886 GW200224 0.952=0.740
GW190512 0.192=0.502 GW190727 0.897=0.744 GW191204 0.972=0.355 GW200225 0.132=0.052
GW190517 0.129=0.066 GW190728 0.881=0.893 GW191215 0.412=0.240 GW200311 0.516=0.315
GW190519 0.199=0.127 GW190814 0.994=0.781 GW191222 0.378=0.574 GW200316 1.000=0.937
GW190521 0.886=0.356 GW190828_063 0.463=0.304 GW200115 0.814=0.517
GW190521_07 0.607=0.196 GW190828_065 0.499=0.341 GW200129 0.655=0.031

SEARCHING FOR GRAVITATIONAL WAVE ECHOES FROM … PHYS. REV. D 108, 104040 (2023)

104040-5



p-values and the binomial distribution is used for the error
of the uniform distribution [7,8]. The error for the measured
p-value distribution represents the uncertainty of true
p-value from finite number of background segments. On
the other hand, the error for the uniform distribution shows
the uncertainty due to limited number of events.
Figure 2 shows that the p-value distributions for the both

models are consistent with the uniform distribution within
90% error, irrespective of the background estimation
method. In Table III, we list mean p-values and p-values
from the Kolmogorov-Smirnov (KS) test for all events and
classified events by SNRPI or the length of Δtecho. Here,
SNRPI is SNR of the postinspiral part of each binary merger
event used in Refs. [7,8]. The KS test shows whether the
distributions of p-values are consistent with the null
hypothesis. Small (large) KS test p-values mean that we
can (cannot) reject the null hypothesis. Typically, a thresh-
old of 0.05 is used. We can see that for most cases, p-values
from the KS test is larger than 0.1 except for events with
SNRPI > 10 orΔtecho ≥ 0.4 s when the BHPmodel and the
BG2 method are used. Mean p-values for these cases are
less than 0.5, that is, the distributions slightly shift to the
small p-values. However, it should be noted that the
number of events becomes small when a classification is
applied. We confirm that the distributions are consistent
with the null hypothesis within 90% errors for all cases,
therefore, we cannot claim a deviation from the null
hypothesis base on these results. The results do not change
very much even when we exclude higher false alarm rate
events GW190421 and GW190521 nor include O1 and O2
events.

V. CONCLUSIONS AND DISCUSSIONS

We have searched for gravitational wave echo signals
from compact binary coalescences observed during O3. We
have performed the template-based search with two differ-
ent models for echo signal templates: the Simple model and
the BHP model. The former is a repetition of the same
waveform with a constant reflection rate at the surface,
while the latter includes black hole perturbation effects in
the reflection rate. We have also applied two background
estimation methods to compute p-values. One is similar to
the method used in Ref. [21]. We have used this method to
investigate whether it tends to give low p-values for O1 and
O2 events. Another method is similar to general methods
used in the search of compact binary coalescences. We
compute p-value for all events and examine the distribution
of p-values of all events.
We have not found any significant echo signals for both

models for O3 events. All events show p-values larger than
0.02. In Refs. [22,23], the exception of the significance of
GW190521 has been reported, however, we have not found
such exception of the event within our framework.
Although a deviation from the uniform distribution is
observed for O1 and O2 events for the Simple model in

our previous study, the distributions of p-values become
consistent with the null hypothesis for both models within
90% error region for O3 events, irrespective of the back-
ground estimation methods. We have also confirmed that
the conclusion does not change when we add O1 and O2
events.
Although we have not found any significant echo

signals, the limited number of events analyzed still gives
large error regions. In the first three months of the ongoing
O4, the LIGO detectors have detected more than 35
significant candidates for compact binary mergers,3 and
we expect the LIGO and Virgo detectors to detect much
more events in the remainder of the run. Therefore, it is
necessary to analyze O4 events to give tighter constraint,
which is left as a future work.
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APPENDIX A: INJECTION STUDY

We apply our analysis method to simulated echo signals
to validate the detectability of echo signals with sufficiently
large SNR. This is often called injection study.
We inject simulated echo signals into the off-source data

that are not used for the background estimation. We assume
that the network SNR of echo signals is 30% of the median
network SNR of the binary mergers shown in Refs. [7,8]
and SNR is the same for the both detectors. We use the
same background data used in Fig. 2. We also set the start
time of the first echo techo as techo ¼ tmerger þ Δtecho. The
p-value distributions are shown in Fig. 3 for the improved
background estimation method (BG2). We see a clear
deviation from the null hypothesis irrespective of echo
models. Mean p-values are 0.234 for the Simple model and
0.196 for the BHPmodel. The p-values from the KS test are
1.2 × 10−6 and 6.6 × 10−7 for the Simple and the BHP
models, respectively. We can confirm that these values are
much smaller than those shown in Table III, which proves
our method has sufficient ability to detect the injected
signals.

FIG. 2. Left: distributions of a cumulative probability of p-values for the O3 events for the Simple model (blue) and the BHP model
(orange). P-values are calculated from the first background estimation method (BG1). Black dashed line corresponds to the uniform
distribution (null hypothesis). Shaded regions correspond to the 90% error regions. Right: The same as the left panel, but for the
improved background estimation method case (BG2).

FIG. 3. Distributions of a cumulative probability of p-value for
injected signals for the Simple model (blue) and the BHP model
(orange). P-values are calculated from the improved background
estimation method (BG2).
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We also list the events with p-value less than 10−3 in
Table IV for the Simple model and Table V for the BHP
model. Injected and recovered values are also shown in the
tables. These results show that in addition to detect signals,
our method can recover injected values very well when the
injected network SNR is larger than 7. We also get similar
results when the BG1 method is used.

APPENDIX B: SEARCH REGION

In this appendix, we summarize the search regions for
the durations of the data used for the search and back-
ground estimations, the number of echoes Necho, and
ða;MÞ of the remnant object with their corresponding
Δtecho in Table VI.

TABLE III. List of mean p-values for total and classified cases. SNRPI is SNR of the postinspiral part of each binary merger event used
in Refs. [7,8].

Classification
Number of
events

BG1 BG2

Simple BHP Simple BHP

Mean KS test Mean KS test Mean KS test Mean KS test

All 34 0.545 0.155 0.536 0.344 0.453 0.214 0.418 0.318
SNRPI > 10 21 0.587 0.122 0.550 0.425 0.464 0.559 0.376 0.090
Δtecho ≥ 0.4 s 16 0.579 0.184 0.552 0.777 0.458 0.440 0.330 0.046
Δtecho < 0.4 s 18 0.515 0.599 0.550 0.625 0.449 0.525 0.495 0.602

TABLE IV. A list of events with p-values less than 10−3 for the Simple model with injected and recovered values.
The injected reflection rate is γ ¼ 0.8 for all events. Network SNRs are shown for injected and recovered values. δt
shows the relative error of the start time of the first echo.

Event SNRinj Δtinjecho ½s� SNR Δtecho ½s� γ δt [%]

GW190412 5.7 0.1831 7.8 0.1830 0.90 −0.1
GW190519 4.7 0.7582 6.6 0.7581 0.90 −0.01
GW190521_07 7.6 0.3959 7.9 0.3959 0.90 0.03
GW190814 7.5 0.1048 8.0 0.1048 0.88 −0.1
GW190828_063 4.7 0.3618 7.3 0.3619 0.89 0.1
GW191204 5.1 0.1002 5.9 0.1003 0.80 −0.3
GW200129 8.0 0.3250 7.9 0.3249 0.86 −0.8

TABLE V. A list of events with p-values less than 10−3 for the BHP model with injected and recovered values.
Network SNRs are shown for injected and recovered values. δt shows the relative error of the start time of the first
echo.

Event SNRinj ainj Minj½M⊙� SNR a M½M⊙� δt [%]

GW190519 4.7 0.78 149.0 6.6 0.78 148.9 −0.03
GW190521_07 7.7 0.70 87.3 7.9 0.68 88.2 0.8
GW190814 7.5 0.30 28.2 7.2 0.28 28.2 −1.0
GW200129 8.0 0.74 71.3 7.5 0.72 72.2 −1.0
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