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From Planck to LIGO!
• Quantum effects within a Planck 

length of horizon


• “Echoes” in LIGO observations 
(Cardoso, Franzin & Pani 16) 

• Stimulated Hawking Radiation 
(Oshita, Wang & NA 2020)

Wang & NA 2018



Finite Entropy of Hawking radiation  
➡ Echoes (Oshita & NA 2023)

• Infinite Entropy & No Echoes: !techo → ∞
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Are there echoes in LIGO data?

• Abedi, Longo & NA 2023                               Abedi 2023

GW190521



Echoes to 
LIGO

Higgs to  
LHC

• Unitarity 

• (Perturbative) Effective 
Field Theory 

• Holographic Entropy ↔ 
Diffeomorphism sym.

• Unitarity 

• (Perturbative) Effective 
Field Theory 

• Gauge Symmetries of 
Standard Model



Future is bright!
• Echoes in “numerical relativity”? 

• Hybrid PPN+Teukolsky with matching (Qingwen Wang’s PhD thesis)

LIGO Cosmic Explorer
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Black Hole Echoes in 
Numerical Relativity

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


Dailey, NA & Schnetter 2023 (+ in prep.)
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Can we image Quantum Black Holes?  
the case of q-metric

• Generalized to spinning spacetime by Toktarbay & Quevedo 2014


• Modified the mass and spin multipoles of the Kerr spacetime



Imaging Quantum Black Holes? 
Faraji, Oshita, NA, et al. (in prep.) 

• Quantum effects violate the no-hair theorem 
➡ mass and spin multipoles differ from Kerr


• Example: q-metric



Imaging Quantum Black Holes? 
Faraji, Oshita, NA, et al. (in prep.) 

• Quantum effects violate the no-hair theorem 
➡ mass and spin multipoles differ from Kerr


• Example: q-metric

mass and spin moments



Upshot:  
Quantum Violation of no-hair theorem
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Upshot:  
Quantum Violation of no-hair theorem

Quantum Fuzz sits here

But it causes deviation from Kerr multipoles here

Also see:

∼
1

log(entropy)



When we fail to see anything



Subthreshold: what if we cannot detect the events? 

Detecting the Stochastic Gravitational Wave 
background (SGWB) by 

detector signal cross-power spectrum

Time-delay between detectors (± 10 msec) 
kills signal at frequency > 30 Hz (for 
unknown sky position)

14

Abbott, et al, 2021
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Note that spectrograms 
remain correlated on 
much longer times

16



Signal beyond power spectrum

The temporal dependence of the signal is not captured *only* 
by the power spectrum

A new method: 

SpeCS: Spectrogram Correlated Stacking

17

Dey, Longo, Mukherjee & NA 2023
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SpeCS: Spectrogram Correlated Stacking

Ramit Dey (Western)
Luis Longo (FSU, Jena)

Suvodip Mukherjee (TIFR, India)



Implementation of SpeCS on injections

19

signal noise



SpeCS: Results on the injections

20



Comparison with the cross-correlation technique
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SpeCS improves (astrophysics) SNR by ⨉8

22
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Inferring the SGW source population w/ SpeCs

• `

Longo, Dey & NA, in prep.
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Can we apply the same idea to pulsar timing arrays?
Going beyond the 2-point statistics

Nanograv 15yr papers



Optimal SGW Estimator from Pulsar Timing
Poisson vs Gaussian statistics

NA (in progress)
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• Poisson: Supermassive Binary Black Hole sources have discrete frequencies

• We can use this to write the exact likelihood for timing noise in frequency 
space:

• Reduces to Helling-Downs for large noise, , but in general, includes all 
higher order statistics

σp( f )

Optimal SGW Estimator from Pulsar Timing
Poisson vs Gaussian statistics

Distribution of 
SMBH freq’s

Observed timing 
for pulsar p 

Observed timing 
for pulsar p Observational noisePulsar direction

GW amplitude SMBH direction

NA (in progress)



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 
physics 


