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Our cosmic pictures, more beautiful than ever

@Planck @JWST @LIGO/Virgo



and most complete, from smallest to largest scales



Nature of Quantum Vacuum? 

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”?

→ ∞
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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 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



Intellectual Stagnation?

http://pirsa.org/11040058/

http://pirsa.org/11040058/


Crisis and Desperation?

50 years in theoretical wasteland!



Anomaly-Industrial Complex

• Undeniable draw of young scientists to chase latest 
exciting experimental anomalies maximize citations?


• Does this help or hinder the progress of science?

→

Courtesy: Wendy Freedman
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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!



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



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, 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, 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



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
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Wave function of the Big Bang 
connects

• Shape and amplitude of the primordial power spectrum (2-point function)


• Shape and amplitude of the primordial bispectrum (3-point function)


• Dark Energy/cosmological constant 



Wave function of the Big Bang 
connects

• Shape and amplitude of the primordial power spectrum (2-point function)


• Shape and amplitude of the primordial bispectrum (3-point function)


• Dark Energy/cosmological constant 

This may sound trivial, but has very 
non-trivial consequences!



A speedy sound at the Big Bang?

Magueijo & Pogosian 2003 
Magueijo 2008 
Agarwal & NA 2014 

• A fully thermal Big Bang 
History (no reheating)


• Scale-invariant tensor modes 
(transition to Horava gravity)


                Agarwal & NA 2014 
cosmic acoustic history



Bi-Thermal Big Bang

Critical Thermal Big Bang     
CMB-S4 forecast (1σ)
R2 inflation (34<Ne<59)

Spectral index
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Primordial Bispectrum

Most predictive model of the Early Universe! Inflation

S = M4 ∫ d4x −g
1

ϕ2
1 +

(∂ϕ)2

M4
−

3
4 (ln ϕ)2

M ≃ 2.9 × 10−4

squeezed

folded

Does Quantum Gravity break the speed of light limit?


NA, Chung & Geshnizjani 2006; NA & Magueijo 2016 
Mylova, Moschou, NA, & Magueijo 2022
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Cosmological constant from the 
classicality of the “Primeval Atom”

• Heisenberg Uncertainty Relation between cosmological constant, and the 
classical primeval patch 4-volume  

NA & Magueijo 2022 ∫ a3(t)dt =



Quantum Cosmology ties dark energy ( ) and early universe ( )Λ ns
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(Holographic cosmology,
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Quantum Cosmology ties dark energy ( ) and early universe ( )Λ ns

NA & Magueijo 2022 

classical primeval patch 

(Holographic cosmology,

renormalization group)

ns = 0.9649±0.0042   (Planck 2018)
 

Prediction of Planckian primeval atom
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Does Quantum Gravity violate 
relativistic causality?

✓Quantum Gravity:  makes it renormalizable (Horava 2009)


✓Black Holes: information loss, echoes


✓Big Bang: Cosmological horizon problem, super-horizon fluctuations


? Lorentz: accidental/emergent symmetry at low energies

Energy ∝ momemntum3



Quantum Gravity and Hubble Tension: 
A Cosmic Glitch in Gravity

• Can Hubble tension be a signature of Lorentz violation in the theory of gravity?

Robbers, NA & Doran, 2007  
Wen, Hergt, NA & Scott, 2023 cosmic Lorentz violation



Is gravity weaker on superhorizon scales? 
(Horava’s little )λ

cosmic Lorentz violation



Running of Lorentz violation 
w/ scale?
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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 detect the cosmic preferred 
frame in the solar system?



An aether revival?

• Horava-Lifshitz gravity: 
 makes quantum 

gravity renormalizable (but violates Lorentz 
symmetry)


• Dark Matter 

• Dark Energy 

• Big Bang Reference Frame 

• Bell’s inequality: realist quantum mechanics

Energy ∝ momentum3



An aether revival?

• Horava-Lifshitz gravity: 
 makes quantum 

gravity renormalizable (but violates Lorentz 
symmetry)


• Dark Matter 

• Dark Energy 

• Big Bang Reference Frame 

• Bell’s inequality: realist quantum mechanics

Energy ∝ momentum3 A covariant non-dynamical aether 
(see Maria’s talk next week)



Can we find (further) evidence for

• Black Hole Echoes?


• Beyond-Kerr multipoles?


• Shape of the power spectrum from “primeval atom”?


• Tensor Modes?


• (Folded) Bispectrum of a thermal Big Bang?


• Cosmic Lorentz violation?



We shall observe the hell out of early and late cosmos!



We shall know!



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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Heisenberg vs. Einstein Microscopes



Heisenberg vs. Einstein Microscopes

• Higher energy 

➡ Shorter wavelength 

➡ Better resolution



Heisenberg vs. Einstein Microscopes

• Higher energy 

➡ Shorter wavelength 

➡ Better resolution

• Higher energy 

➡ Bigger black holes 

➡ Worse resolution


