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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 of black holes?


• Dark Energy < Quantum Vacuum Energy


• Is Standard Model “Technically Natural”?

→ ∞

10−60 ×



Crisis of Falsifiability 

• Landscape of  vacua in string theory


• No signature of Supersymmetry, Anti-deSitter space, or extra dimensions


• No concrete testable prediction from any quantum gravity proposal 

• Inflation, leading theory of Big Bang, can fit any data


• Is Theoretical Physics turning into Religious Dogma? 

10500
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Now on sale at all good book sellers
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Holdom & Ren 2016



Quadratic Gravity as Quantum Chromodynamics?

Courtesy of Jing Ren
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Cosmology of Quadratic Gravity under RG Flow
Quintin, Liu & NA 2025

• Consider RG flow of purely quadratic gravity

1. Hartle-Hawking (Euclidean → Lorentzian)

2. Slow-roll inflation w/ QG

3. Strong coupling/reheating

4. Hot Big Bang w/ GR

1
2

3
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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!
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Stimulated emission/ EchoesStimulated emission/ Echoes

Incident radiation Incident radiation

Spontaneous emission/ Hawking radiation

Spontaneous emission/ Hawking radiation

R = exp (−
ℏω
kTH )



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



Black Holes as Fast Scramblers 
of Quantum Information
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Are there echoes in LIGO data?

• Abedi, Longo & NA 2023                               Abedi 2025

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


• Example: q-metric

mass and spin moments

Quantum Violations of No-Hair Theorem 
Faraji & NA 2025 

Finite entropy of Hawking radiation

in q-metric



Echoes in Pulsar Timing Arrays? 
Subhi & NA, in prep. 
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Quantum Cosmological Horizons
• Can Hubble tension be a signature of Lorentz violation in the theory of gravity?

Robbers, NA & Doran, 2007  
Wen, Hergt, NA & Scott, 2024 cosmic Lorentz violation



DESI tension?

DESI collaboration 2024 (90% confidence intervals)

Redshift (z)

w(a) = w0 + wa(1 − a)



Is gravity weaker on superhorizon scales?

cosmic Lorentz violation Wen, Hergt, NA & Scott, 2024 
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cosmic Lorentz violation Wen, Hergt, NA & Scott, 2024 

1/log(Mp/H)
Scrambling time



Is DESI Seeing Dynamical Dark Energy, 
or a Cosmic Glitch in Gravity?

Evidence for Horava quantum gravity at 3σ!

SH =
1

16πG ∫ N dt g d3 ⃗x (KijKij − λK2 + R − 2Λ) + . . . ,
Wen, Hergt, NA & Scott, in prep
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Quantum Gravity in the Wild

• Empirical Frontier 

• Black holes: Echoes, Multipoles


• Big Bang: tensor, tilt, running, non-gaussianity


• Dark Energy: scrambling time → dynamical Dark Energy


• Theoretical Frontier 

• Stelle Gravity as a 4d example of a UV-complete gravity theory


• Confinement of ghosts? Renormalization Group Flow?


• Swampland Conjectures and Fast Scrambling Horizons


• Lorentz violation in Quantum Gravity (Horava-Lifshitz gravity)



Bonus slides



Cross tachynonic divide @ end of slow-roll inflation
w/ generic RG scale identification



Warmup: Quantum Black Holes  
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



Gravitational Waves from firewalls?
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Different methods, 
 Different events!

Abedi, NA, Oshita & Wang 2020 (Review++) 
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~Number of fields:  

Coupling strength



RG runnings (old & new)

Percacci & Vacca 25

UV UV

IR IR
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Inflation

NOW FUTURE!

Inflation

Non-Inflation

Inflation

Non-Inflation

Non-Inflation??



Complex powerballs?

• Maybe the best description of spacetime inside black holes is a complex saddle point


• Quadratic (or Stelle) gravity: the only 4d diff-invariant renormalizable theory of gravity:


• 2-2 holes: horizonless solutions (Holdom & Ren 2016, 2018)


• 🔥Novel exact scale-invariant (but complex) solutions: ds2 = − rαdt2 + bdr2 + r2dΩ2



arXiv:2411.19311 [PRD]
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S8 tension



Matching GR to QG across strong-coupling membrane 

• For strong coupling @Planck scale, membrane hovers a Planck proper length 
outside the would-be horizon

Lorentzian GR Complex QGEuclidean GR 



Fuzzballs in String Theory
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Smart Holes™ 
Towards quantum simulations of black holes

• We can construct condensed matter systems 
that have the same entropy and temperature as 
black holes 


• Can they show echoes?

arXiv:2412.08517 [ JHEP]
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Fermi puddle ➡ most entropy 
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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

<latexit sha1_base64="mO2ZEp8gaZpKmZrQgeZku5y5/Rk="></latexit>

RQED = O(1)⇥ ↵2
QED

✓
~!

kBTH

◆�2

exp

✓
�

~!
kBTH

◆

Zhua & NA 2021

<latexit sha1_base64="p3yhwsBFXvaMJJboJdeF6FeWagU="></latexit>

RQG = O(1)⇥ exp

✓
�

~!
kBTH

◆


