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Our cosmic pictures, more beautiful than ever

@Planck @JWST @LIGO/Virgo



and most complete, from smallest to largest scales



Yet, the Big Picture is surrounded by mysteries
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Chasms amongst our best theories and observations

• Quantum Mechanics + Relativity 


• Singularities @hearts of Big Bang and Black Holes


• Information lost in evaporation off black holes?


• Dark Energy < Quantum Vacuum Energy


• Is Standard Model “Technically Natural”?

→ ∞

10−60 ×



Quantum Gravity Zoo
Too much of a good thing?

• String Theory and Holography


• Loop Quantum Gravity and Spin Foams


• Asymptotic Safety 


• Causal Dynamical Triangulation


• Causal Sets


• Horava-Lifshitz gravity 


• …

Olena Shmahalo/Quanta Magazine



Crisis and Desperation?

50 years in theoretical wasteland!







Quantum Gravity at the Horizon



Horizons vs Firewalls!

• In 2012, Almheiri, Marolf, Polchinski, and Sully argued 
Hawking evaporation, and classical horizon cannot be 
consistent (similar to arguments by Mathur 2009)


• Their solution: Firewalls instead of Horizons! Observers 
burn up as they hit them!



Gravitational Waves from firewalls?
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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.)



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


• Example: q-metric



Imaging Quantum Black Holes? 
Faraji, 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



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)

22

Abbott, et al, 2021



23



Note that spectrograms 
remain correlated on 
much longer times

24



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

25

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

Ramit Dey (Western)
Luis Longo (UABC, Brazil)

Suvodip Mukherjee (TIFR, India)



Implementation of SpeCS on injections

27

signal noise



SpeCS: Results on the injections

28



SpeCS improves (astrophysics) SNR by ⨉8
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Can we see echoes in SpeCS?

stay tuned!



Quantum Gravity in the vacuum



Remember the  
Cosmological Constant Problem?

• Why is the Quantum Vacuum, 
made out of heavy particles, so 
light?!


• when Quantum Mechanics 
predicts an energy density of

ρQM ∼ 1033 kg/m3



Gravity vs Quantum: 
A Tale of Two Vacua

• In General Relativity:  


➞ Minkowski, black holes, gravitational waves


• In Quantum Field Theory, 


  ,   


• What happens when you try to solve: ? 


(NA & Nelson 16; Wang, Zhu & Unruh 19; Carlip 19)

Gμν = 0

min ℋ{ϕ, ψa, Aμ}

⟨Tμν⟩ ∼ ± M4gμν ⟨Tμν(k)Tαβ(−k)⟩c ∼
M5

k2

Gμν = κTμν



Now meet the  
Cosmological non-Constant Problem!

• Even if you cancel the mean 
vacuum density, its fluctuations 
can still gravitate


• This leads to fluctuations in 
length, using Einstein gravity

δL ∼ (10−20 km) ( L
1 km )

5/4

( mass
173 GeV/c2 )

5/2

( f
1 Hz )

−1/4

δρQM ∼ ± 1 kg/m3 ( L
1 km )

−3/2

( mass
173 GeV/c2 )

5/2

NA & Nelson 16; NA, Kim & Nelson 17



Hanford Livingston



LIGO measured and expected noise don’t match
Hanford Livingston



Is LIGO “Mystery Noise” 
 the gravity of fluctuating quantum vacuum?

102
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(updated with latest LIGO noise) See Verlinde & Zurek 2021 for a different approach



Physics “beyond” Standard 
Model?

• If LIGO “Mystery” noise cannot be 
further reduced, then it’s likely due to 
top quark’s quantum vacuum 


• No heavier particle than top/Higgs!
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Remember that other “Mystery noise”?!

• Can Gravitational Wave “Mystery Noise" map the particle 
desert, the same way that the Cosmic Microwave 
Background mapped the big bang?



Nature of Quantum Vacuum? 

The Big Picture

W
hat Banged?

W
ha

t l
ie

s a
t t

he
 b

ot
to

m
 o

f B
la

ck
 H

ol
es

?



Conclusions

• Echoes and Images: probe quantum structure of BH 
horizons, beyond EFT (sorry Ira!) 

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


• Mystery Noise: a gravitational probe of the quantum 
vacuum



Bonus slides



Firewalls in  
Asymptotic Safety

• Assume that RG-dependence 
of coupling constants on local 
temperature; k~T


• Non-trivial UV fixed point


• No horizon 

• Scale-invariant core near UV 
fixed point; g00 ∼ r 3−1

log10 g00



CP-symmetry (RP3 geon)

(Hartman & Maldacena 2013)

R = exp (−
ℏω
kTH )



CP-symmetry (RP3 geon)
Z2 identification ➞ 

Boltzmann reflection

(Hartman & Maldacena 2013)

R = exp (−
ℏω
kTH )





Electromagnetic Albedo of 
Quantum Black Holes (Chua & NA 2021)

• Reflection off virtual electron-positron pairs near 
horizon ➞ Boltzmann Albedo for photons


• No quantum gravity needed!



Two independent derivations

• Photon mass acquired 
through Hawking Plasma

• Projecting photon 1-loop 
propagator from Minkowski to 
Rindler

different interpolations



• This is consistent with simple Boltzmann reflectivity for gravitational 

fine-structure constant: , which becomes O(1) within a 

Planck length of the horizon

αG ∼
̂EinfallingT

M2
p
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Fuzzballs in String Theory



Black Holes as Fast Scramblers 
of Quantum Information



Scrambling Time=Echo Time!
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CnC: the upshot!
• Random stress fluctuations at 

UV scale Λ

• Einstein eq. for anisotropic 
stress

• Variance of Metric perturbations    
grows as distance

• A UV/IR Heisenberg uncertainty 
relation

• Cosmology limits the UV scale

⇤IR =
⇤5
UV

M4
p

51



Spectral Representation
• Most general expectation for stress correlators from 

Unitarity+Lorentz symmetry 

• 𝜌’s must positive.  

• Cosmological constraints will roughly translate to   

• LIGO+Pulsar Timing “Mystery” noise

Z
dµ
p
µ
⇢2(µ) . (10 TeV � 1 PeV)5

52 ∫
dμ

μ
ρ2(μ) ∼ (200 GeV − 600 GeV)5



E.g., a free scalar field

⇢2(µ) =
µ2

120⇡2

s
1

4
� m2

µ


1

4
� m2

µ

�2
⇥(µ� 4m2)

⇢2,e↵(µ) =
m5

120⇡2
p
�µ

⇥(�µ)

�µ = k20 � |k|2

53

• For a weakly coupled scalar field 

• For large scale, real-space 
correlations, one can deform the 
contour to get (universal for all 
spins) 

• Described by Poisson model 



Heisenberg vs. Einstein Microscopes



Heisenberg vs. Einstein Microscopes

• Higher energy 

➡ Shorter wavelength 
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Heisenberg vs. Einstein Microscopes

• Higher energy 

➡ Shorter wavelength 

➡ Better resolution

• Higher energy 

➡ Bigger black holes 

➡ Worse resolution


