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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 10° solar mass
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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



Classification of Compact Objects (COs)

e UCOSs: not difficult to achieve in GR

* ClePhOs: o 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

curvature Cardoso and Pani, Living Rev. Rel. 22, no.1, 4 (2019)
A 5 ClePhOs: UCOs: COs:
: 4— - ]

gravastars, fuzzballs,
anisotropic stars,

wormholes, 2-2 holes,

collapsed polymers,

:

- firewalls

. g ~ compactness

: : : : AV :

AT 7/ Y » > parameter
5| %,
S i i | Ry | ro — Ty
Z € =
@ i i i ; r
g o ’
B 5 s s s
=1 = o (fo denotes where
& 0 E g ~ large deviations
S| =3 2 . . from BHs occur)
Yl = S P i 5
S = = = a
T d 5 g | = s}
‘28 K= = Al Zf
0 o= 0.019  1/8 1/2 2
clear ringdown black hole accretion
signal from LIGO shadow physics



Classification of Compact Objects (COs)

e UCOSs: not difficult to achieve in GR

* ClePhOs: o 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

2-2-holes in quadratic gravity
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Classification of Compact Objects (COs)

2-2-holes in quadratic gravity

 UCOs: not difficult to achieve in GR |
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Gravitational wave echoes
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Gravitational wave echoes
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Horizonless UCOs behave as leaky cavities, and echoes are caused by
repeated and damped retlections between two boundaries



Quasi-periodic signal in time domain

» Characterized by a nearly constant time delay 7, between two consecutive pulses

* Time delay logarithmically sensitive to the tiny

scale at which deviation from black hole occurs R

Prompt ringdown
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HOWEVER, the echo wavetorm has large theoretical
uncertainties, and the phase suffers in particular more

» Near-horizon corrections vary strongly with UCOs
* Source term/initial condition dependence quite uncertain

 Final object spin adds complicated structure on the waveform
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Current GW echoes search: strategies

Template-based search methods

Simple model + a small number of parameters

e.g. repeated ringdown with constant time delay and damping
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Abedi,et al., Phys. Rev. D 96, 082004 (2017); Lo et al., Phys. Rev. D 99, no.8, 084052 (2019)

Morphology-independent search

Generic model + a large number of parameters

e.g. trains of independent sin-Gaussians/wavelets
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Current GW echoes search: results

Template-based search methods Morphology-independent search

IMR(E): mnspiral-merger—ringdown(—echoes) N: noise; S: coherent signal; G: glitch
Event log,, Bivin” Event log,, Bin” Event log Bs/n | ps/n | log Bs,a | ps/c
GW150914 ~0.57 GW 170809 ~0.22 GW150914 | 2.32 0.26 | 2.95 0.43
GW151226 —0.08 GW170814 ~0.49 GW151012-+<0759 0.70 | 0.35 0.88
GW170104 —0.53 GW170818 —0.62 GW151226 | -0.67 0.12 | 2.48 0.53
GW170608 e | CW170523 mUs GW170104 | 1.09 0.44 | 3.80 0.28
GW190408_181802 ~0.93 GW 1907067272641 —0.10 GWT170608 | -0.90 0.7% | 0.90 0.82
GW190412 —1:30 GW190707_093326 0108 GW170823 | 6.11 0.03l | 5.29 0.11
GW190421_213856 ~0.11 GWA90708_232457 ~0.87 Combinéd 0.34 057
GW190503_185404 —0.36 GW190720_000836 —0.45 o U log BsrwtTew | log Bs/c: | ps/c
GW190512_180714 ~0.56 GW190727_060333 0.0
GW190513.205428 ~0103 GW 190728 064510 0.01 GWTTU729 4.24 0.67 | 5.64 s
GW190517_055101 0.16 GW.190828 063405 0.10 GW170809 9.05 0.31 | 12.69 0.09
GW190519_153544 —0.10 GW190828-065509 ~0.01 GW170814 8.75 0.33 | 8.54 0.34
GW190521 ~1.82 GW190910_112807 ~0.22 GW170817 11.05 0.19 | 10.30 0.20
GW190521_074359 ~0.72 GW190915_235702 0.17 GW170817+1s | 6.19 0.52 | 9.39 0.27
GW190602_175927 0.13 GW190924_021846 ~0.03 GW170818 10.39 093 | 936 0.97
GW190630_185205 0.08 Combined 0.47 0.92

Abbott [LIGO Scientific and Virgo], Phys. Rev. D 103, no.12, 122002 (2021)

Tsang et al.,

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



Complementary search target for echoes

» Coherent combine of many

pulses leads to a narrow 012
resonances structure for
echo amplitude in 040
frequency (slowly decaying
QNMs of the cavity) e
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Complementary search target for echoes

 Coherent combine of many ' smaller width at lower frequency (if no strong interior damping)
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GW echoes search with combs

» Use a uniform comb to capture the resonance structure
1n noise in a rather model-independent way. Inferred
comb parameters measure essential properties of echoes.
Conklin, Holdom, JR, Phys. Rev. D 98, no.4, 044021 (2018)

* Tentative evidences for echoes reported for events in o
GWTC-1, with interesting correlation of derivations. Tooth position: fo.(QAf ~ 1
But the search method not fully automized, and results

not reproduced by others. Further optimization needed...
Holdom, Phys. Rev. D 101, no.6, 064063 (2020)

Tooth amplitude: A1

Tooth width: Ju
Frequency band: fmin, Jfmax
* We develop a Bayesian search algorithm of the

resonance structure based on combs
JR, Di Wu, arXiv: 2107.*****



Bayesian search algorithm based on combs

L(d|6, H)m(8|H)

For given strain data (d) and signal model (H): p(8|d, H) = Z(d|H)

Input log-likelihood ratio:

* Priors (I7): uniform

 Likelihood (L): Gaussian likelihood In =
marginalized over phase

overlapping term comb SNR

r — 5 In(27z)
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Bayesian search algorithm based on combs

L(d|6, H)m(8|H)

For given strain data (d) and signal model (H): p(8|d, H) = Z(d|H)

Input log-likelihood ratio:

* Priors (I7): uniform
e Likelihood (L): Gaussian likelihood

marginalized over phase

Two detectors: coherent combine



Bayesian search algorithm based on combs

For given strain data (d) and signal model (H): p(8|d, H) =

Input
* Priors (I7): uniform

e Likelihood (L): Gaussian likelihood
marginalized over phase

Output

» Bayes factor (B=Z1/Zo, evidence rati10):

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

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

L(d|6, H)m(0|H)
Z(d|H)
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Comb model injections in Gaussian noise

Three search parameters: spacing (Af), shift (fo), amplitude (4comb)
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Three search parameters: spacing (Af), shift (fo), amplitude (4comb)

Comb model injections in Gaussian noise

network optimal SNR=16.5, InB=0.24
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Comb model injections in Gaussian noise

log Bayes factor distribution for the comb versus noise models
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Echoes signal injections in Gaussian noise

* Vary time duration 7 to obtain
the optimal SNR and a more
evenly distributed resonance
structure

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

* Af measures the average spacing
of resonances, and time delay
ta=1/Af ; Acomb measures the
average heights of resonances
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LIGO data search (O1)

4+ Parameter setting: three more parameters included to describe detector response

dy. - dr,;
In I (4 of |h,| H’j_ - Ay e 2HL # ) ,  GHLj = ¢HLo — 27 [jAlyL (arrival time lag)

4 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 1s well behaved after notching-out a few
large lines

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

13



Echo signal injections in LIGO noise

» 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

strain data before notching
strain data after notching
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GW150914
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LIGO real data search
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LIGO real data search

GW150914 GW1351012

| I
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Search results consistent with background distributions; no clear evidence of a comb-like structure ...
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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 1n 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 7, 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

ta aom (M1 212 .
Comb parameters S Anin ([H) S 1+ (1 =X (1 +2)
* spacing Af=1/t4
e shift 1 Parameters || Priors and fixed (scan) values
o amplitude Acomb Af uniform in [Rumin/2, Rmax/1]
. | Jo uniform in [0, 1]
frnin uniform in [feut, fu — 7(for — feut)]
Response parameters frnax uniform in [fy, 1.1 frp]
» relative amplitude Anr OHL,0 uniform in [7/2, 37 /2]
* relative phase ¢ur,j = ¢rr,0 — 27 fjAtur Ju 11/T
Atyy, Aty
Time duration 7 r Tonin + 37 Tmax — Trin), 7 = 0...3




