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So far all observations identified with black holes show a nice agreement with the GR 
prediction in a wide range of masses, e.g. from a few solar mass to 109 solar mass 

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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spin energy through mechanisms akin to the Blandford–Znajek
process.

7. Model Comparison and Parameter Estimation

In Paper VI, the black hole mass is derived from fitting to the
visibility data of geometric and GRMHD models, as well as
from measurements of the ring diameter in the image domain.
Our measurements remain consistent across methodologies,
algorithms, data representations, and observed data sets.

Motivated by the asymmetric emission ring structures seen in
the reconstructed images (Section 5) and the similar emission
structures seen in the images from GRMHD simulations
(Section 6), we developed a family of geometric crescent
models(see, e.g., Kamruddin & Dexter 2013) to compare directly
to the visibility data. We used two distinct Bayesian-inference
algorithms and demonstrate that such crescent models are
statistically preferred over other comparably complex geometric
models that we have explored. We find that the crescent models
provide fits to the data that are statistically comparable to those of
the reconstructed images presented in Section 5, allowing us to
determine the basic parameters of the crescents. The best-fit
models for the asymmetric emission ring have diameters of
43±0.9 μas and fractional widths relative to the diameter of
<0.5. The emission drops sharply interior to the asymmetric
emission ring with the central depression having a brightness
<10% of the average brightness in the ring.

The diameters of the geometric crescent models measure the
characteristic sizes of the emitting regions that surround the
shadows and not the sizes of the shadows themselves (see, e.g.,
Psaltis et al. 2015; Johannsen et al. 2016; Kuramochi et al.
2018, for potential biases).
We model the crescent angular diameter d in terms of the

gravitational radius and distance, GM c Dg
2q º , as d=αθg,

where α is a function of spin, inclination, and Rhigh (α;9.6–10.4
corresponds to emission from the lensed photon ring only). We
calibrate α by fitting the geometric crescent models to a large
number of visibility data generated from the Image Library. We
can also fit the model visibilities generated from the Image Library
to the M87* data, which allows us to measure θg directly.
However, such a procedure is complicated by the stochastic nature
of the emission in the accretion flow(see, e.g., Kim et al. 2016).
To account for this turbulent structure, we developed a formalism
and multiple algorithms that estimate the statistics of the stochastic
components using ensembles of images from individual GRMHD
simulations. We find that the visibility data are not inconsistent
with being a realization of many of the GRMHD simulations. We
conclude that the recovered model parameters are consistent
across algorithms.
Finally, we extract ring diameter, width, and shape directly

from reconstructed images (see Section 5). The results are
consistent with the parameter estimates from geometric
crescent models. Following the same GRMHD calibration

Figure 4. Top: three example models of some of the best-fitting snapshots from the image library of GRMHD simulations for April 11 corresponding to different spin
parameters and accretion flows. Bottom: the same theoretical models, processed through a VLBI simulation pipeline with the same schedule, telescope characteristics,
and weather parameters as in the April 11 run and imaged in the same way as Figure 3. Note that although the fit to the observations is equally good in the three cases,
they refer to radically different physical scenarios; this highlights that a single good fit does not imply that a model is preferred over others (see Paper V).
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Q: Are astrophysical black holes really what GR predicts?

“The discoveries of this year’s Laureates have broken new ground in the study of compact and 
supermassive objects. But these exotic objects still pose many questions that beg for answers 
and motivate future research. Not only questions about their inner structure, but also 
questions about how to test our theory of gravity under the extreme conditions in the 
immediate vicinity of a black hole” 

— David Haviland, chair of the 2020 Nobel Committee for Physics
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A: Maybe they are horizonless ultracompact objects?  
• Theoretically motivated by resolution of information loss paradox 
• Observationally near-horizon corrections not much constrained



• UCOs: not difficult to achieve in GR 

• ClePhOs: r0 well within photon-sphere; 
require either exotic forms of matter or 
modified gravity 

• UCOs as generic black hole mimickers? 
Have to exist for a wide range of masses

and well founded – it is important to highlight that there is no horizonless ClePhO for
which we know su�ciently well the physics at the moment.
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Figure 7: Schematic representation of ECO models in a compactness-curvature diagram.
The horizontal axis shows the compactness parameter ✏ associated to the object, which can
be also mapped (in a model-dependent way) to a characteristic light-crossing timescale.
The vertical axis shows the maximum curvature (as measured by the Kretschmann scalar
K) of the object normalized by the corresponding quantity for a BH with the same mass
M . All known ECO models with ✏ ! 0 have large curvature in their interior, i.e. the
leftmost bottom part of the diagram is conjectured to be empty. Angular momentum
tends to decrease ✏ and to increase Kmax.
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2-2-holes in quadratic gravity

some higher scale—say, for a pure quadratic action defined
at the UV—there is the possibility that strong gravity
dynamically generates the Planck scale and removes the
would-be ghost simultaneously [22,23]. More discussions
of this theory can be found in [24,25].
In comparison to other candidates for quantum gravity,

quadratic gravity provides a weakly coupled field theory
description for gravity at the high energy scale, and thus a
more tractable framework to study high curvature effects
around macroscopic black holes. To be specific, a classical
action (classical quadratic gravity) is used to find nontrivial
background solutions as approximations to configurations
in the quantum theory,

SCQG¼
1

16π

Z
d4x

ffiffiffiffiffiffi−gp ðm2
PlR−αCμναβCμναβþβR2Þ: ð1Þ

The dimensionless couplings α, β determine the mass scale
m2 ¼ mPl=

ffiffiffiffiffiffi
2α

p
andm0 ¼ mPl=

ffiffiffiffiffi
6β

p
for the new spin-2 and

spin-0 modes, respectively. In the weak coupling scenario,
where α; β ≫ 1 and mi ≪ mPl, Eq. (1) shows the action
when the Planck mass is generated by the scalar vacuum
expectation value [26]. It is also a good approximation
at super-Planckian curvature. A smaller upper bound,
mi ≲ 1 TeV, is further motivated by the Higgs boson
hierarchy problem. To not ruin the precision test of GR
in the Solar System, it is safe to have mi ≳ 10−10 eV, for
which the Compton wavelength is no larger than O (km).
In the strong coupling scenario, there is only one mass scale
in the theory, so we have α; β ∼Oð1Þ and mi ∼mPl. The
classical action (1) has the same limit as the quantum theory
for both small and large curvatures [22,23,27].3

As was found in our earlier work [27], a compact matter
distribution does not necessarily lead to the formation of
horizon in classical quadratic gravity (1). Actually, a new
family of horizonless solutions appears when matter dis-
tribution shrinks within the would-be horizon rH. We call
this new type of solutions the 2-2-hole, given that the metric
vanishes as r2 when approaching the origin.4 Focusing on
the strong gravity scenario [27], we found that an astro-
physical 2-2-hole closely resembles the Schwarzschild
metric at large distance with exponentially small correc-
tions from new massive modes. Drastic deviations occur
at about Planck distance outside the would-be horizon,
as determined by the unique scale mi ∼mPl in the action.
Inside a narrow transition region, the metric quickly
approaches the characteristic r2 behavior without changing
the sign. This implies a rather deep gravitational potential
for the interior, the radial proper length of which shrinks to

be only on the order of Planck length. The curvatures also
quickly become super-Planckian and reach a curvature
singularity at the origin. This may cause the geodesic
incompleteness problem for point particles. But given the
quantum nature of particles, waves with finite energy might
be more appropriate to consider as probes for such extreme
conditions. We found that the 2-2-hole timelike singularity
can appear to be regular for the wave. With a unique
boundary condition automatically imposed at the origin,
there is no ambiguity of its time evolution. This boundary
condition is furthermore of a perfectly reflecting type and
plays an essential role for generating gravitational wave
echoes and for microscopic state counting [25,27]. As a
candidate for horizonless ultracompact objects, the 2-2-
hole then stands out for two reasons. Instead of what the
naive dimensional analysis suggests, microscopic devia-
tions around a macroscopic would-be horizon are shown to
be possible, as driven by the new quadratic curvature terms.
Also it features a novel interior compared to a star.
Our previous study found 2-2-holes sourced by a thin

shell of matter with an exotic equation of state at a small
shell radius l≲ rH. This helps one to identify crucial
properties of 2-2-holes as described above, but less can be
learned for the relation between geometry and matter
properties. If 2-2-holes serve as a general description for
the end point of gravitational collapse, it will not depend
that much on the explicit form of matter. Moreover, with the
high curvature inside, infalling matter will be easily
disrupted by the tidal force. The gas particles are further
thermalized and reach equilibrium after a certain time.
Recently 2-2-holes sourced by the relativistic thermal gas
have been found numerically [25]. This provides an
interesting physical model of 2-2-holes with a quite simple
matter source. In particular, it enables the study of 2-2-hole
thermodynamics as an ordinary system, similar to that for
self-gravitating radiation in GR [29]. The difference is that
radiation is now able to support an ultracompact configu-
ration in equilibrium without collapsing into a black hole
due to the extra quadratic curvature terms. It is then natural
to make a comparison with black hole thermodynamics, the
origin of which is still mysterious and is thought to be
closely related to the information loss paradox [30,31].
In this paper, we systematically study the thermal gas

model for 2-2-holes. TheWeyl tensor termCμναβCμναβ turns
out to be essential for the existence of 2-2-holes, while the
R2 term plays little role. So we focus on 2-2-holes in the
Einstein-Weyl theory with β ¼ 0 in Eq. (1). The spin-2
mass m2 (or its Compton wavelength λ2 ≡ 1=m2) is then
the only free parameter, which we allow to vary in a wide
range to account for both the weak and strong coupling
scenarios of quantum theory. The thermal gas in equilib-
rium entails a quite compact matter distribution and can
always source a 2-2-hole. The solution is determined by
the relative difference between the object’s size rH and the
Compton wavelength λ2. A 2-2-hole always exists in the

3The logarithmic running of dimensionless couplings at high
energy is a subleading effect and is ignored here.

4Black hole solutions still exist [28] and go to the GR limit
when the quadratic curvature terms are turned off. Here we
focus on a new family of horizonless solutions that has no analog
in GR.
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• UCOs: not difficult to achieve in GR 

• ClePhOs: r0 well within photon-sphere; 
require either exotic forms of matter or 
modified gravity  

• UCOs as generic black hole mimickers? 
Have to exist for a wide range of masses 

• Tell ClePhOs apart from black holes?    
Horizonless ClePhOs may allow waves to 
be reflected out; gravitational wave echoes 
may provide a smoking gun signal for 
near-horizon corrections 
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different ECOs. Next we extend these results to the case of nonzero spin in Sec. III. A spin
changes the shape of the resonance pattern and it increases the number of narrow resonances.
For spins typical of the merger remnants of LIGO events, this turns out to be quite relevant for
search strategies. In Sec. IV we develop three types of window functions designed to isolate
signals from noisy data. Finally in Sec. V we apply our methods onto the LIGO data; we
describe our signals and estimate p-values for each event. In Sec. VI we study consistency
of the signals and other characteristics, including secondary peaks, that strengthen the echo
interpretation. We end that section with some implications for the neutron star merger. We
conclude in Sec. VII.

II. ECHOES FROM SPINLESS ECOS

A useful way to understand echoes is through their frequency content. On a static and spher-
ically symmetric background as described by the metric ds2 = �B(r)d t2 + A(r)dr2 + r2d✓ 2 +
r2 sin2 ✓d�2, the field equations for wave perturbations are greatly simplified by separating
out angular variables and focussing on the radial equation. Considering a single frequency
mode e�i!t !(x), the radial equation reduces to

�
@ 2

x +!2 � V (x)
�
 !(x) = S(x ,!) , (1)

where x is the tortoise coordinate implicitly defined by d x/dr =
p

A(r)/B(r), and S(x ,!)
denotes the matter source that generates the perturbation. The background spacetime deter-
mines the effective potential V (x) = V (r(x)),

V (r) = B(r)
l(l + 1)

r2 +
1 � s2

2r
B(r)
A(r)

✓
B0(r)
B(r)

� A0(r)
A(r)

◆
, (2)

for the field perturbation with spin s and angular momentum l.1 For Schwarzschild black
holes, the angular momentum barrier reaches a peak at xpeak, which is close to the light ring
radius r = 3M .

Fig. 1 presents the potential for different ECOs. A simple model is provided by a black
hole potential with the low end of the x range simply truncated at x0, and where the model
dependence is encoded in the boundary condition at x0. Some more physical models of ECOs
are basically ultracompact stars. The prime example is the gravastar [17, 18] characterized by
an exotic matter surface just outside the would-be horizon. There is no firm prediction for the
location of this surface. The standard centrifugal barrier of this regular spacetime corresponds
to a diverging potential and the behavior !(x) ⇠ (x � x0)l+1 ⇠ r l+1 near the origin. Recently

1 s = 0, 1 are for the test scalar field and electromagnetic radiation cases. s = 2 gives the Regge-Wheeler equation
that governs perturbations in general relativity.
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dependence is encoded in the boundary condition at x0. Some more physical models of ECOs
are basically ultracompact stars. The prime example is the gravastar [17, 18] characterized by
an exotic matter surface just outside the would-be horizon. There is no firm prediction for the
location of this surface. The standard centrifugal barrier of this regular spacetime corresponds
to a diverging potential and the behavior !(x) ⇠ (x � x0)l+1 ⇠ r l+1 near the origin. Recently

1 s = 0, 1 are for the test scalar field and electromagnetic radiation cases. s = 2 gives the Regge-Wheeler equation
that governs perturbations in general relativity.

potential 
barrier 
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Fig. 8 Schematic diagram for the wave propagation in the spacetime of an ECO [195, 9, 47].

the event horizon. Let us define the reflection and trasmission coefficients of a wave
coming from the left of the photon-sphere barrier with unitary amplitude as

RBH =
Bin

Bout
, TBH =

1
Bout

. (46)

As shown in Fig. 8, after each bounce in the cavity between the ECO surface and
the photon sphere the perturbation acquires a factor RRBH, where R is the ECO
surface reflectivity and RBH is defined in Eq. (46). Due to the conservation of the
Wronskian, |RBH| = |Aout/Ain| where Ain and Aout are the coefficients of the inci-
dent and reflected wave, respectively, at the photon sphere for a left-moving wave
originating at infinity. The latter coefficients are related to the amplification factor
of BHs for a wave of spin s by

Zslm =

����
Aout

Ain

����
2
�1 . (47)

The condition for the energy in the cavity to grow indefinitely is |RRBH |2 > 1 which
implies that the object is unstable due to the ergoregion instability if

|R|2 > 1
1+Zslm

. (48)
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Horizonless UCOs behave as leaky cavities, and echoes are caused by 
repeated and damped reflections between two boundaries   

ef
fe

ct
iv

e 
in

te
rio

r 
bo

un
da

ry

ph
ot

on
 s

ph
er

e

V
(x
)M

2
V
(x
)M

2

4



• Time delay logarithmically sensitive to the tiny 
scale at which deviation from black hole occurs 

Accessible with current observations even for a 
Planck scale deviation, i.e. td~0.1s for M~30M  

• GW echoes serve as a perfect target to look for 
high scale new physics (quantum gravity!)

Quasi-periodic signal in time domain  

td = 2

Z rpeak

r0

s
A(r)

B(r)
dr

5

• Characterized by a nearly constant time delay td between two consecutive pulses

td / �rH ln ✏, ✏ ⇡ (r0 � rH)/rH



HOWEVER, the echo waveform has large theoretical 
uncertainties, and the phase suffers in particular more  

6

• Near-horizon corrections vary strongly with UCOs 

• Source term/initial condition dependence quite uncertain  

• Final object spin adds complicated structure on the waveform

3

Planck distance outside the horizon, td Æ 103M , which is of order 0.1s for astrophysical ECOs
with M of order 10M�.

The potentials for ECOs can be quite different at small x , as shown in Fig. 1. A toy model
is provided by a truncated black hole with an interior boundary at some finite x0, where the
model dependence is encoded in a reflection boundary condition at x0. One class of physical
models of ECOs is the ultracompact star, for example the gravastar [17, 18], with an exotic
matter surface just outside the would-be horizon. The surface location depends on the micro-
scopic physics underlying the exotic matter and no quantitative prediction has yet been made.
Such a spacetime is regular and the centrifugal barrier corresponds to a diverging potential at
the origin. Recently two of us found another type of ECO, the 2-2-hole [19], with a Planck-
scale distance of deviation and a unique interior determined by gravitational field equations.
In this case there is no centrifugal repulsion and instead the potential for a test scalar field
approaches a finite constant at the origin. The result is a slightly negative deformation small
enough to avoid instability. The boundary conditions could also vary significantly for different
ECOs. For 2-2-holes a Dirichlet boundary condition automatically emerges at the origin. For
ultracompact stars the diverging potential implicitly fixes the boundary condition. Note that
we fix �x/M = 80 for all ECOs in both Fig. 1 and later Fig. 2 for illustrative purposes. For a
2-2-hole, the prediction for �x/M is closer to 400.

-�� -�� -�� � �� ��

����

����

����

����

����

����

/

�
(�
)

◆ black hole

◆ gravastar

◆ 2-2-hole

FIG. 1. The effective potential for a test scalar field (s = 0, l = 1) on the background of a truncated
black hole (black), a gravastar (blue) and a 2-2-hole (red).

In Sec. II we study how the variety of potential shapes and boundary conditions will affect
the echo properties, in both the time and frequency domains. We identify properties that are
mainly determined by the time delay and that are less sensitive to differences of ECOs. Then
in Sec. III we provide search strategies based on windowing methods that can extract the time
delay of an echo signal buried in noise. Three methods are developed. In Sec. IV we apply these

ultracompact 
dimensionless spin=0.7
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Figure 1. (Color online) Top panel: To generate a template of a
gravitational-wave echo (in blue), we truncate the ringdown part of
the inspiral-merger-ringdown (IMR) part (in gray) of a waveform by
applying the smooth activation function ⇥(t, t0) (in black dashed
lines) to get the truncated IMR waveform. Bottom panel: A plot of
an inspiral-merger-ringdown-echoes (IMRE) template generated us-
ing the phenomenological waveform model of echoes proposed by
Abedi et al. . We see that the first echo, which is the truncated IMR
template (shown in the top panel) scaled by the parameter A, starts
at techo after the merger. Subsequent echoes, which are further scaled
down by the parameter � due to the energy loss when the echo re-
flects off an ECO surface, are separated with each other in time by
�techo.

C. Detection statistic and background estimation for statistical
significance

In this paper, the log Bayes factor ln B (Eq. 10, 13) is
the detection statistic to decide whether we claim there is an
IMRE signal or an IMR signal in data. If the log Bayes factor
ln B1

0 , or equivalently log odds ratio ln O1
0 , is greater than 0,

we can conclude, from the Bayesian point of view, that the
data favor the alternative hypothesis that the data contain an
IMRE signal more than the null hypothesis that the data con-

tain an IMR signal, thus serving the function of distinguishing
which hypothesis is more supported by the data.

After we have obtained a detection statistic, a natural ques-
tion to ask is that how significant statistically is the detec-
tion statistic. Simply put, how likely is the detection actu-
ally caused by an IMRE signal but not due to noise? In the
Bayesian school, there are different empirical scales, such as
Jeffreys’ scale, to interpret the strength of the Bayes factor.
However, they are subjective and not universally applicable.
Therefore, we are not going to use any of them in this paper.

Calculating the posterior probability of a hypothesis is cer-
tainly better than using a subjective scale to determine the
strength of the Bayes factor. However, the Bayesian posterior
probability fails to tell us how likely the evidence is simply
due to random background noise, since we only consider one
set of data. The frequentist approach can answer the follow-
ing question: Given the null hypothesis H0 is true, how likely
(i.e. the probability) are the data going to be as extreme as or
more extreme than the observed data? The probability that we
are looking for is exactly the frequentist p-value. We can also
interpret this p-value as the false-alarm probability.

The p-value, where we denote it as simply p, is related to
the null distribution of detection statistic ln B by

p = Pr(ln B � ln Bdetected|H0) (17)

= 1 �
Z lnBdetected

�1
p(ln B|H0)d ln B,

where ln Bdetected is the detection statistic obtained in an anal-
ysis on a segment of data, and p(ln B|H0) is called the null
distribution of ln B, i.e., the distribution of ln B given that H0

is true.
Hence, from the null distribution, we can compute the de-

tection statistic threshold ln Bthreshold corresponding to a cer-
tain statistical significance, e.g. 5� and hence we can claim a
detection of gravitational-wave echoes if the detection statistic
of a candidate exceeds or equals to the predetermined thresh-
old.

D. Evaluation of search sensitivity

Apart from getting the statistical significance of a particu-
lar candidate event of gravitational-wave echoes, we are also
interested in investigating the sensitivity and accuracy of this
search methodology using Bayesian model selection.

1. Sensitive parameter space

One of the methods to quantify the sensitivity of a search
is the fraction of the parameter space of echo parameters that
the search can determine whether the data contain echoes or
not, given a threshold on the detection statistic ln Bthreshold and
gravitational-wave detectors operating at a specific sensitivi-
ties. If a search is sensitive, then it should be able to cover a

Simple model + a small number of parameters Generic model + a large number of parameters

Tsang, Phys. Rev. D 98, no.2, 024023 (2018)Abedi,et al., Phys. Rev. D 96, 082004 (2017); Lo et al., Phys. Rev. D 99, no.8, 084052 (2019)

3

0.0 0.1 0.2 0.3 0.4
Time [s]

�3

�2

�1

0

1

2

3

In
je

ct
ed

st
ra

in

�10�21

FIG. 1: The simulated signals used to evaluate the method. Top
panel: A train of sine-Gaussians. Bottom panel: the waveform from
a toy model for a mass ratio q = 1000 inspiral of a particle in a
Schwarzschild spacetime, with Neumann reflective boundary condi-
tions just outside the horizon.

and w = 1.2. Both for cases (a) and (b), values for the ampli-
tudes of the injected signals are chosen such that the combined
(matched-filtering) signal-to-noise ratio (SNR) in all echoes
is, respectively, 8, 12, 18, and 25. The higher values corre-
spond to the SNR in the ringdown signal of a gravitational
wave detection like GW150914 [2] under the assumption that
it would be seen in Advanced LIGO at final design sensitivity,
whereas an SNR of 8 roughly equals the SNR that the ring-
down actually had for GW150914 [10].

For both types of simulated signals, 10 echoes are injected
(in reality one would expect infinitely many), and the general-
ized wavelets used to characterize the simulated signals have
5 sine-Gaussians in them. Case (a) has a well-defined damp-
ing factor � and widening factor w, allowing us to establish
that the method works as intended, by ascertaining that these
parameters are recovered correctly. In case (b), � and w may
not have rigorous meaning, but the distributions on parameter
space that are obtained should be indicative of the physics in-
volved; moreover, the peaks of their distributions should cor-
respond to what one estimates from a visual inspection of the
signal. In the latter case, the stretch of data analyzed excludes
the main signal, as one would also do in reality. In both cases

FIG. 2: Background distributions for the (log) Bayes factors BS/N
(top) and BS/G (bottom), containing 380 trials. The dashed lines show
the values of these quantities for the injection of echoes from the
inspiral toy model with SNRs of 8, 12, 18, and 25.

the first echo is searched for in a window for t0 that has a width
of 0.5 s; for the other parameters the prior distributions are flat
in �t 2 [0, 0.25] s, � 2 [0, 1], w 2 [1, 2], and �� 2 [0, 2⇡].

In order to confidently detect echoes, the Bayes factors
BS/N and BS/G must be compared with a background distri-
bution for these quantities, computed on stretches of detec-
tor noise, e.g. at times immediately preceding the inspiral-
merger-ringdown signal. These are shown in Fig. 2, together
with the values obtained from the injection of echoes for the
inspiral toy model. For all simulated signals considered here
we find that, starting from SNR = 12, log BS/G and log BS/N
are above their respective backgrounds; hence trains of echoes
with this loudness would be detected with confidence. It is
worth noting that very similar Bayes factors are obtained with
the original BayesWave algorithm, which instead of the gen-
eralized wavelets of Eq. (2) uses the standard Morlet-Gabor
wavelets consisting of single sine-Gaussians. Hence the use
of generalized wavelets does not significantly improve detec-
tion. However, the generalized wavelets allow for the charac-
terization of echoes, to which we now turn.

Fig. 3 shows the distribution of samples for case (a), for an
SNR of 25 and injected echo-related parameters �t = 0.04 s,

 Template-based search methods Morphology-independent search

e.g. repeated ringdown with constant time delay and damping e.g. trains of independent sin-Gaussians/wavelets
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Event logBS/N pS/N logBS/G pS/G

GW150914 2.32 0.26 2.95 0.43

GW151012 -0.59 0.70 0.35 0.88

GW151226 -0.67 0.72 2.48 0.53

GW170104 1.09 0.44 3.80 0.28

GW170608 -0.90 0.75 0.90 0.82

GW170823 6.11 0.03 5.29 0.11

Combined 0.34 0.57

TABLE I: Log Bayes factors for signal versus noise and signal
versus glitch, and the corresponding p-values, for events seen
in two detectors. The bottom row contains the combined p-
values for all these events together.

Event logBS/N pS/N logBS/G pS/G

GW170729 4.24 0.67 5.64 0.62

GW170809 9.05 0.31 12.69 0.09

GW170814 8.75 0.33 8.54 0.34

GW170817 11.05 0.19 10.30 0.20

GW170817+1s 6.19 0.52 9.39 0.27

GW170818 10.39 0.23 9.36 0.27

Combined 0.47 0.22

TABLE II: The same as in Table II, but now for the events
that were seen in three detectors. In the case of GW170817 we
also include results for which the prior range for the time of
the first echo was centered at 1.0 s after the event time, where
[28] claimed tentative evidence for an echo. The combined p-
values take the latter prior choice for this particular event.

Results and discussion. Figures 1 and 2 show back-
ground and foreground for logBS/N and logBS/G in the
case of, respectively, 2-detector and 3-detector signals,
and in Tables I and II we list the specific log Bayes fac-
tors for these cases, as well as associated p-values. All
foreground results are in the support of the relevant back-
ground distributions. For signal versus noise, the small-
est p-value is 3% (the case of GW170823), whereas for
signal versus glitch the p-values do not go below 9% (see
GW170809). In summary, we find no statistically sig-
nificant evidence for echoes in GWTC-1. For the bi-
nary black hole observations in particular, this state-
ment is in agreement with the template-based searches
in [23, 25, 26]. (Note that a quantitative comparison of
p-values is hard to make, because of the very specific sig-
nal shapes that are assumed in the latter analyses.)

Our results in Fig. 2 and Table II include the bi-
nary neutron star inspiral GW170817, analyzed in the
same manner as the binary black hole merger signals.
In [35], an analysis using the original BayesWave al-
gorithm of [31, 32] (i.e. employing wavelets that are
simple sine-Gaussians) yielded no evidence for a post-
merger signal. Using our generalized wavelets, we obtain

logBS/N = 11.05 and logBS/G = 10.30, both consistent
with background. Hence in particular we do not find
evidence for an echoes-like post-merger signal either, at
least not up to <⇠ 0.5 s after the event’s GPS time. In
[28], tentative evidence was claimed for echoes starting at
t

0

= t

event

+ 1.0 s. Re-analyzing with the same priors as
above but this time t

0

2 [t
event

+0.75 s, t
event

+1.25 s], we
find logBS/N = 6.19 and logBS/G = 9.39, both of which
are consistent with their respective background distri-
butions. Hence also when the time of the first echo is
in this time interval we find no significant evidence for
echoes. That said, we explicitly note that in the case of
a black hole resulting from a binary neutron star merger
of total mass ⇠ 2.7M� [35], we expect the dominant
ringdown frequency and hence the central frequency f

0

of the echoes to be above 6000 Hz, i.e. above our prior
upper bound, but also much beyond the detectors’ fre-
quency reach for plausible energies emitted [36]. Fore-
ground and background analyses with a correspondingly
high frequency range are left for future work.

Finally, in Fig. 3 we show signal reconstructions (me-
dians and 90% credible intervals) in terms of generalized
wavelets for all the GWTC-1 events. For illustration pur-
poses we also include the reconstruction of a simulated
echoes waveform following the inspiral of a particle in a
Schwarzschild spacetime with Neumann reflective bound-
ary conditions just outside of where the horizon would
have been, at mass ratio q = 100 [37, 38]. The simulated
signal was embedded into detector noise at a signal-to-
noise ratio (SNR) of 12, roughly corresponding to the
SNR in the ringdown part of GW150914, had it been ob-
served with Advanced LIGO sensitivity of the second ob-
serving run. In all cases the whitened raw data is shown,
along with the whitened signal reconstruction. We in-
clude these reconstructions for completeness; our main
results are the ones in Figs. 1, 2 and Tables I, II. Nev-
ertheless, the reconstruction plots are visually consistent
with our core results.
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GW170809). In summary, we find no statistically sig-
nificant evidence for echoes in GWTC-1. For the bi-
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in [23, 25, 26]. (Note that a quantitative comparison of
p-values is hard to make, because of the very specific sig-
nal shapes that are assumed in the latter analyses.)

Our results in Fig. 2 and Table II include the bi-
nary neutron star inspiral GW170817, analyzed in the
same manner as the binary black hole merger signals.
In [35], an analysis using the original BayesWave al-
gorithm of [31, 32] (i.e. employing wavelets that are
simple sine-Gaussians) yielded no evidence for a post-
merger signal. Using our generalized wavelets, we obtain
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In spite of the low number of events, we also apply the
hierarchical framework to the marginal distributions in Fig. 14.
The population-marginalized constraints are � f̂220 = 0.03+0.38

�0.35
and �⌧̂220 = 0.16+0.98

�0.98, which are consistent with GR for both
parameters. The �⌧̂220 measurement is uninformative, which
is not surprising given the spread of the GW190910 112807
result and the low number of events. The hyperparameters also
reflect this, since they are constrained for � f̂220 (µ = 0.03+0.17

�0.18,
� < 0.37) but uninformative for �⌧̂220 (µ = 0.16+0.47

�0.46, � <
0.88). The bounds for the fractional deviation in frequency
for the 220 mode, from the pSEOB analysis, and for the 221
mode, from the pyRing analysis, can be used to cast constraints
on specific theories of modified gravity that predict non-zero
values of these deviations [236, 237], as well as to bound
possible deviations in the ringdown spectrum caused by a non-
Kerr-BH remnant object (see, e.g., [238]).

B. Echoes

It is hypothesized that there may be compact objects having
a light ring and a reflective surface located between the light
ring and the would-be event horizon. These compact objects
are referred to as exotic compact objects (ECOs), for example
gravastars [239] and fuzzballs [240, 241]. When an ECO is
formed as the remnant of a compact binary coalescence, a train
of repeating pulses known as GW echoes are emitted from
the ECO in the late postmerger stage in addition to the usual
ringdown we expect from BHs. The e↵ective potential barrier
and the reflective surface act like a cavity trapping the GWs.
Unlike BHs, which have a purely in-going boundary condition
at the event horizon, the GWs trapped in the cavity will be
reflected back and forth between the potential barrier and the
surface, emitting pulses of waves towards infinity when some
of the waves are transmitted through the potential barrier and
escape [242–247]. Detecting these GW echoes would be clear
evidence of the existence of these proposed ECOs [248–250],
though there are still no full and viable models of ECOs that
produce echoes [247, 251–254].

We employ a template-based approach [255] that uses the
model proposed in [256] to search for GW echoes. The wave-
form model takes the ringdown part of an IMR waveform and
repeats the modulated ringdown waveform according to five
additional echo parameters which control the relative ampli-
tude of the echoes, the damping factor between each echo, the
start time of ringdown, the time of the first echo with respect
to the merger, and the time delay between each echo. We
adopt a uniform prior for each of the echo parameters. We
used IMRPhenomPv2 as the IMR waveform approximant for
all the events we analyzed except for GW190521 where NR-
Sur7dq4 was used instead. The pipeline computes the log
Bayes factor log10 BIMRE

IMR of the data being describable by an
inspiral–merger–ringdown–echoes (IMRE) waveform versus
an IMR waveform, and uses it as the detection statistic to
identify the existence of echoes in the data.

We analyze 31 BBH signals from GWTC-2 passing our
false-alarm rate threshold (see Sec. II and Table I) and report

TABLE X. Results of search for GW echoes. A positive value of
the log Bayes factor log10 BIMRE

IMR indicates a preference for the IMRE
model over the IMR model, while a negative value of the log Bayes
factor suggests instead a preference for the IMR model over the IMRE
model.
Event log10 BIMRE

IMR Event log10 BIMRE
IMR

GW150914 �0.57 GW170809 �0.22
GW151226 �0.08 GW170814 �0.49
GW170104 �0.53 GW170818 �0.62
GW170608 �0.44 GW170823 �0.34

GW190408 181802 �0.93 GW190706 222641 �0.10
GW190412 �1.30 GW190707 093326 0.08
GW190421 213856 �0.11 GW190708 232457 �0.87
GW190503 185404 �0.36 GW190720 000836 �0.45
GW190512 180714 �0.56 GW190727 060333 0.01
GW190513 205428 �0.03 GW190728 064510 0.01
GW190517 055101 0.16 GW190828 063405 0.10
GW190519 153544 �0.10 GW190828 065509 �0.01
GW190521 �1.82 GW190910 112807 �0.22
GW190521 074359 �0.72 GW190915 235702 0.17
GW190602 175927 0.13 GW190924 021846 �0.03
GW190630 185205 0.08

the search results of GW echoes in Table X.11 No statistically
significant evidence of echoes was found in the data; it was
reported in [255] that for detector noise fluctuations typical
for O1, a detection threshold for log10 BIMRE

IMR was found to
be roughly 2.48 by empirically constructing the background
distribution of the Bayes factor if we require the false-alarm
probability to be . 3 ⇥ 10�7. The event GW190915 235702
has the highest log10 BIMRE

IMR of merely 0.17, which indicates
negligible support for the presence of GW echoes in the data.
While we did not present the Bayes factor for GW151012 and
GW170729 here as their corresponding FARs are above the
threshold, the results are consistent with no significant evi-
dence of echoes being found in the data. The null results for
O1 and O2 events are consistent with what was reported in
[255, 257–261]. The posterior distributions of the extra echo
parameters mostly recover their corresponding prior distribu-
tions, consistent with the fact that we did not detect any echoes
in the data.

VIII. POLARIZATIONS

Generic metric theories of gravity may allow up to six GW
polarizations [262, 263]. These correspond to the two tensor
modes (helicity ±2) allowed in GR, plus two additional vector
modes (helicity ±1), and two scalar modes (helicity 0). The
polarization content of a GW is imprinted in the relative ampli-
tudes of the outputs at di↵erent detectors, as determined by the

11 We do not analyze GW190814 because the long data segment and high
sampling rate it requires makes the analysis prohibitively expensive.

IMR(E): inspiral–merger–ringdown(–echoes) N: noise; S: coherent signal; G: glitch

Tsang et al., Phys. Rev. D 101, no.6, 064012 (2020)

 Template-based search methods

NO clear evidence of 

post-merger echoes 
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Complementary search target for echoes
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Complementary search target for echoes

8

• Coherent combine of many 
pulses leads to a narrow 
resonances structure for 
echo amplitude in 
frequency (slowly decaying 
QNMs of the cavity) 

• Ignoring phases, the 
resonance structure has 
generic features: nearly 
evenly spaced resonances up 
to ringdown frequency

limited 
frequency 
resolution

large trans-
mission above 

ringdown 
frequency

more features due 
to spin 

smaller width at lower frequency (if no strong interior damping)

amplitude modulated 
by source content



• Use a uniform comb to capture the resonance structure 
in noise in a rather model-independent way. Inferred 
comb parameters measure essential properties of echoes. 

• Tentative evidences for echoes reported for events in 
GWTC-1, with interesting correlation of derivations. 
But the search method not fully automized, and results 
not reproduced by others. Further optimization needed… 

• We develop a Bayesian search algorithm of the 
resonance structure based on combs

GW echoes search with combs 
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Conklin, Holdom, JR, Phys. Rev. D 98, no.4, 044021 (2018)
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Tooth position: 

Tooth width:  

Frequency band:  

A
comb

fw

f
min

, f
max

f0, �f ⇡ 1/td

Holdom, Phys. Rev. D 101, no.6, 064063 (2020)

JR, Di Wu, arXiv: 2107.*****

Tooth amplitude:  



Bayesian search algorithm based on combs

For given strain data (d) and signal model (H): 

log-likelihood ratio: 

comb SNRoverlapping term 

ln
L(d|✓)
L(d|0) =

X

j

ln I0

✓
4 �f |hj |

|dj |
Pj

◆
� 2 df

|hj |2

Pj

10

Input  
• Priors (𝜋): uniform 
• Likelihood (L): Gaussian likelihood 

marginalized over phase



Bayesian search algorithm based on combs

log-likelihood ratio: 

ln
L(d|✓)
L(d|0) =

X

j

ln I0

✓
4 �f |hj |

|dj |
Pj

◆
� 2 df

|hj |2

Pj

ln I0

✓
4 �f |hj |

����
dI,j
PI,j

+
dJ,j
PJ,j

����

◆

Two detectors: coherent combine

For given strain data (d) and signal model (H): 

10

Input  
• Priors (𝜋): uniform 
• Likelihood (L): Gaussian likelihood 

marginalized over phase



Bayesian search algorithm based on combs

Output  
• Bayes factor (B=Z1/Z0, evidence ratio): 

detection statistics for model selection 
(Occam penalty for more complicated model) 

• Posterior (p): parameter estimation 
(inferred comb features allow characterization of echoes)

Input  
• Priors (𝜋): uniform 
• Likelihood (L): Gaussian likelihood 

marginalized over phase

For given strain data (d) and signal model (H): 

Bayesian Inference 
Library  : Bilby

Ashton et al., 1811.02042 
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Comb model injections in Gaussian noise

11

network optimal SNR=16.5, lnB=0.24

Three search parameters: spacing (𝛥f), shift (f0), amplitude (Acomb)



comb spacing 
very precisely 

determined due 
to the large 

number of teeth

Three search parameters: spacing (𝛥f), shift (f0), amplitude (Acomb)

Comb model injections in Gaussian noise

network optimal SNR=16.5, lnB=0.24
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log Bayes factor distribution for the comb versus noise models

detection probability 76% for a 
false alarm probability 10%

Comb model injections in Gaussian noise

narrow background 
distribution (logB 
mostly below zero)

11

Gaussian noise
SNRopt = 16.2

log Bayes factor



• Vary time duration T to obtain 
the optimal SNR and a more 
evenly distributed resonance 
structure 

• Apply a frequency band to 
select the frequency region of 
interest 

• 𝛥f measures the average spacing 
of resonances, and time delay 
td=1/𝛥f ; Acomb measures the 
average heights of resonances

Echoes signal injections in Gaussian noise

12

T=52s 
(200 pulses)

T=26s 
(100 pulses)



✦ Parameter setting: three more parameters included to describe detector response 

✦ Non-Gaussian artifacts: notch-out large spectral lines due to instrumental 
disturbances. O1 strain data polluted by a large number lines, a good place to test the 
algorithm. It turns out that the distribution is well behaved after notching-out a few 
large lines 

✦ Echo search for confirmed event: background estimation with stretches of data 
preceding merger (time slides method); signal search with data right after merger  

  

ln I0

✓
4 �f |hj |

����
dH,j

PH,j
+AHLe

i�HL,j
dL,j

PL,j

����

◆
, �HL,j = �HL,0 � 2⇡fj�tHL

LIGO data search (O1) 
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(arrival time lag)



Echo signal injections in LIGO noise

14

• Large instrumental lines properly mitigated (light-gray); background distribution of 
log Bayes factor similar to that for Gaussian noise  

• Signal detection probability not much influenced even when some resonances 
coincide with the large lines 

narrow background 
distribution as for 

Gaussian noise



LIGO real data search
GW150914 GW151012
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LIGO real data search
GW150914 GW151012

15

Search results consistent with background distributions; no clear evidence of a comb-like structure … 



Summary and outlook

✦ GW echoes serve as a perfect target to look for near-horizon corrections at even a Planck 
distance around astrophysical black holes. More attention payed to quasi-periodic signal 
in time, while the resonance structure in frequency provides a complementary target 

✦ We develop a Bayesian algorithm to search for the resonance structure with combs, 
where phase-marginalized likelihood play a crucial role. Algorithm validated by signal 
injections in both Gaussian and LIGO noise (O1). No clear evidence for echoes for 
GW150914 and GW151012     

✦ Further optimization of the algorithm: comb width optimization, refined scan over time 
duration T, search for both negative and positive frequency components…  

✦ Searches on LIGO/Virgo O2 and O3 data with better data quality. Stay tuned!    
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Thank You!



More on parameter setting 

Comb parameters  
• spacing 𝛥f=1/td  
• shift f0 
• amplitude Acomb 
• frequency band (fmin, fmax)

Time duration T

Response parameters  
• relative amplitude AHL  
• relative phaseln I0

✓
4 �f |hj |

����
dH,j

PH,j
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i�HL,j
dL,j

PL,j

����

◆
, �HL,j = �HL,0 � 2⇡fj�tHL


