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Gravitational Waves from firewalls?

Actual signal (cleaned up) Possible echo|
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Spontaneous emission/ Hawking radiation
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Spontaneous emission/ Hawking radiation
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From Planck to LIGO'

Quantum effects within a Planck
length of horizon

“Echoes” in LIGO observations
(Cardoso, Franzin & Pani 16)
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Stimulated Hawking Radiation
(Oshita, Wang & NA 2020)
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Finite Entropy of Hawking radiation
= Fchoes (Oshita & NA 2023)
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Finite Entropy of Hawking radiation
= Fchoes (Oshita & NA 2023)
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Finite Entropy of Hawking radiation
= Fchoes (Oshita & NA 2023)
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Are there echoes in LIGO data?

* Abedi, Longo & NA 2023 Abedi 2023

Histogram of events
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Echoes to H1ggs 1o
LIGO LHC

o Unitarity o Unitarity
o (Perturbative) Effective o (Perturbative) Effective
Field Theory Field Theory
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—uture Is brignt!

 Echoes in “numerical relativity™?
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FIG. 11. The echo emitted by SXS:BBH:0207, following the main
GW. Here we set V;H) =-13,Av=2/k =8,y =10""> and Tou =Th.

General Relativity and Quantum Cosmology

[Submitted on 7 Mar 2022]

ve echoes from numerical-relativity waveforms via space-time construction near merging compact objects

Sizheng Ma, Qingwen Wang, NJIs Deppe, Nils L. Fischer, Francois Hébert, Lawrence E. Kidder, Jordan Moxon, William Throwe, Mark A. Scheel, Yanbei Chen
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Black Hole Echoes In
Numerical Relativity

Time = 0.0
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We are starting to simulate general relativistic spacetimes =
with “quantum” physical boundaries

Dailey, NA & Schnetter 2023 (+ in prep.)

-25

D) Misner—Sharp Mass

\

R/M,
l\? SaN (@) Qo b

0 20 40 60 80 100 120 140 160 180 200
t/ M,



Black Hole Echoes In
Numerical Relativity

Time = 0.0

50

We are starting to simulate general relativistic spacetimes =
with “quantum” physical boundaries

Dailey, NA & Schnetter 2023 (+ in prep.)

-25

D) Misner—Sharp Mass

\

R/M,
l\? SaN (@) Qo b

0 20 40 60 80 100 120 140 160 180 200
t/ M,



Can we image Quantum Black Holes?
the case of g-metric

1+q —1—q 2 2 2 —q(2+q)
12 (1 2m> 142 (1 Qm) (r 2mr + m* sin 6’) 2

r r r2 — 2mr

r

—q
+(1 2””) r2(d6? + sin? 0dg?).

e (Generalized to spinning spacetime by Toktarbay & Quevedo 2014

e Modified the mass and spin multipoles of the Kerr spacetime
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Imaging Quantum Black Holes?

Faraji, Oshita, NA, et al. (in prep.)

e Quantum effects violate the no-hair theorem
= mass and spin multipoles differ from Kerr
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Upshot:
Quantum Violation of no-hair theorem
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Upshot:
Quantum Violation of no-hair theorem

Also see:
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General Relativity and Quantum Cosmology
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[Submitted on 20 Sep 2023 (v1), last revised 21 Jun 2024 (this version, v3)]

Vacuum Spacetime With Multipole Moments: The Minimal Size Conjecture, Black Hole Shadow, and
\ Gravitational Wave Observables

Shammi Tahura, Hassan Khalvati, Huan Yang
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High Energy Physics - Theory

[Submitted on 22 Mar 2021 (v1), last revised 20 Oct 2021 (this version, v2)]

Fuzzball Shadows: Emergent Horizons from Microstructure

Fabio Bacchini, Daniel R. Mayerson, Bart Ripperda, Jordy Davelaar, Héctor Olivares, Thomas Hertog, Bert Vercnocke



When we fail to see anything



- what iIf we cannot detect the events?

Detecting the Stochastic Gravitational Wave
background (SGWB) by

detector signal

Time-delay between detectors (+x 10 msec)

§ R——— 02
Kills signal at frequency > 30 Hz (for . =03
=== BNSand BBH ===+ Design HLV

unknown sky position) ==+ Upper Limit with NSBH - == Design A+

Abbott, et al, 2021

14



LIGO Hanford Data (shifted)
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A new method:

ctrogram orrelated tacking

17






Suvodip Mukherjee (TIFR, India)

Ramit Dey (Western)

Luis Longo (FSU, Jena)
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Comparison with the cross-correlation technique
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SpeCS improves (astrophysics) SNR by x8
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Can we apply the same idea to pulsar timing arrays?

| 4

Going beyond the 2-point statistics w S
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Optimal SGW Estimator from Pulsar Timing

Poisson vs Gaussian statistics

NA (in progress)
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Optimal SGW Estimator from Pulsar Timing

Poisson vs Gaussian statistics

* Poisson: Supermassive Binary Black Hole sources have discrete frequencies
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Optimal SGW Estimator from Pulsar Timing

Poisson vs Gaussian statistics

* Poisson: Supermassive Binary Black Hole sources have discrete frequencies

* We can use this to write the exact likelihood for timing noise in frequency
spac
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Optimal SGW Estimator from Pulsar Timing

Poisson vs Gaussian statistics

* Poisson: Supermassive Binary Black Hole sources have discrete frequencies

* We can use this to write the exact likelihood for timing noise in frequency
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Optimal SGW Estimator from Pulsar Tlmlng

Poisson vs Gaussian statistics
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Optimal SGW Estimator from Pulsar Tlmlng

Poisson vs Gaussian statistics
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Optimal SGW Estimator from Pulsar Tlmlng

Poisson vs Gaussian statistics
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Optimal SGW Estimator from Pulsar Tlmlng

Poisson vs Gaussian statistics
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Conclusions

 Echoes and Images: probe quantum structure of BH
horizons, beyond EFT

* SpeCS: Stacking spectrograms, a novel way of
detecting stochastic GW background and its underlying
physiIcs



