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Quantum Gravity in the Wild

Black Hole Echoes, the Big Bang, and a Cosmic Glitch

Niayesh Afshordi
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Chasms amongst our best theories and observations

« Quantum Mechanics + Relativity — oo
» Singularities @hearts of Big Bang and Black Holes
* |nformation lost in evaporation of black holes?

0—60

» Dark Energy < 1 X Quantum Vacuum Energy

* |s Standard Model “Technically Natural”?



Crisis of Falsifiability

. Landscape of 10°%

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

» |s Theoretical Physics turning into Religious Dogma?
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Five Best: Cosmic Origins and Endings

Selected by the author of “The Echoing Universe: How Radio Astronomy Helps
Us See the Invisible Cosmos.’

By Emma Chapman
May 19,2026 2:13pmET

~ Aa [ 15 f 9 Listen (2min)



'Battle of the Big Bang: The New Tales of Our Cosmic Origins' by Niayesh
Afshordi and Phil Halper

The work revolves around the call for new physics and a scientific debate on
what took place before the Big Bang. Bouncing and cyclic universes, time
loops, creations from nothing, multiverses, black hole births, string theories,
and holograms are all part of the exploration in the book.

Incorporating ideas from Afshordi’s research and Halper’s interviews with
scientists like Stephen Hawking, Roger Penrose, and Alan Guth, Battle of the
Big Bang compares models for the origin of our origins and multiple theories
behind it.



Quadratic Gravity is Renormalizable

PHYSICAL REVIEW D VOLUME 16, NUMBER 4 15 AUGUST 1977

Renormalization of higher-derivative quantum gravity*

K. S. Stelle

Department of Physics, Brandeis University, Waltham, Massachusetts 02154
(Received 15 November 1976)

Gravitational actions which include terms quadratic in the curvature tensor are renormalizable. The necessary
Slavnov identities are derived from Becchi-Rouet-Stora (BRS) transformations of the gravitational and
Faddeev-Popov ghost fields. In general, non-gauge-invariant divergences do arise, but they may be absorbed
by nonlinear renormalizations of the gravitational and ghost fields (and of the BRS transformations).
Fortunately, these artifactual divergences may be eliminated by letting the coefficient of the harmonic gauge-
fixing term tend to infinity, thus considerably simplifying the renormalization procedure. Coupling to other
renormalizable fields may then be handled in a straightforward manner.
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or violate unitarity

e UV-Confined ghosts
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Holdom & Ren 2016



Quadratic Gravity as Quantum Chromodynamics?

Courtesy of Jing Ren



Cosmology of Quadratic Gravity under RG Flow
Quintin, Liu & NA 2025
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 Consider RG flow of purely quadratic gravity
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Cosmology of Quadratic Gravity under RG Flow
Quintin, Liu & NA 2025
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 Consider RG flow of purely quadratic gravity
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Cosmology of Quadratic Gravity under RG Flow
Quintin, Liu & NA 2025

2
3
 Consider RG flow of purely quadratic gravity
1. Hartle-Hawking (Euclidean — Lorentzian)
ode 1 &2 — 360E — 2520)\°

2. Slow-roll inflation w/ QG %= dmp = (@n) 26 »
3. Strong coupling/reheatin __dr _ 1 [(1617 + 90N)A — 20€]A

J SOHPIE ° A= dnp ~ @) 90 ’
4.

HOt Blg Bang W/ GR N — %j\/‘scalar + éNvector + ZLO-/\/‘fermion:
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Horizons vs Firewalls!

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

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



Finite Entropy of Hawking radiation
= Fchoes (Oshita & NA 2023)
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Finite Entropy of Hawking radiation
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Spontaneous emission/ Hawking radiation

rrnnn @Y v

Spontaneous emission/ Hawking radiation
Stimulated emission/ Echoes Stimulated emission/ Echoes
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Incident radiation Incident 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)

As N 4GMRgy - 1 | GMpgy
echo — 3 | : 5 X 1n 2
c V1 —a c“lQG

Stimulated Hawking Radiation
(Oshita, Wang & NA 2020)

Wang & NA 2018



Black Holes as Fast Scramblers
of Quantum Information

.

T=—=Clog N
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Are there echoes in LIGO data?

* Abedi, Longo & NA 2023 Abedi 2025



-Cchoes to H1gQgs to
LIGO [HC

o Unitarity o Unitarity

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

 Echoes in “numerical relativity™?

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

LIGO t Cosmic Explorer GW150914-like

temperature
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Quantum Violations of No-Hair Theorem
Faraiji & NA 2025

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

e Example: g-metric
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Quantum Violations of No-Hair Theorem

Faraji & NA 2025

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

e Example: g-metric

4W(
q(S)%\

In S
4rt e

]

In S

Finite entropy of Hawking radiation

IN g-metric

/

mass and spin moments




Echoes in Pulsar Timing Arrays?
Subhi & NA, in prep.
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Scrambling time for de Sitter Horizon
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as long as it is sufficiently unstable quantum mechanically. We find that in a meta-stable
dS point is compatible with TCC as long as its lifetime 7' is bounded by

1. M

where H is the Hubble parameter and is related to the cosmological constant by (d_l)z(d_Q)
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Scrambling time for de Sitter Horizon

as long as it is sufficiently unstable quantum mechanically.

1 7




A Cosmic Glitch in Gravity (CGGQG)

e Do cosmology and Newtonian gravity use the same G’s? What if Gy # G, mo?

712 -

70 -

68 -

66

Robbers, NA & Doran, 200/
Wen, ., NA & Scott, 2024

.

\

~0.02 —0.01

cosmic Lorentz violation

0.00

0,01

U U U U N

OSIMoO °

HOES

anckl1l8 [CGG]
anckl8+BAO [CGG]
anck1l8+DES [CGG]

anckl8 [ACDM]



DESI tension?

w(a) = wy+w, (1 —a)

Redshift (2)

DESI collaboration 2024 (90% confidence intervals)



CGG is preferred to wOwa

In ZAcpwm AlnZcce AlnZyiw, InBeea/wow,

—544.4 + 0.2 +2.0x0.4 +1.31+04 +0.71+=0.4




Is gravity weaker on superhorizon scales?

Planck18 [PR3]- B
Planck18+SNe - ———

Planck1l8+DES | |r——————————

Planck18+SDSS BAO - -
Planck PR4 -
Planck PR4+DESI BAO - —
—0.015 —0.010 —0.005 0.000

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



Is gravity weaker on superhorizon scales?

Planck18 [PR3]- S —

Planck18+SNe - p——

Planck18+DES{ | | Scrambling time §
1/logM,/H) |

Planck18+SDSS BAO - — |

|

Planck PR4 - |

|

Planck PR4+DESI BAO - —— |
—0.015 —0.010 —0.005 0.000

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



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

Evidence for Horava quantum gravity at 30! {2g = —0.0084 £ 0.0026,

ooooo 1
A —1=0.0056 %+ 0.0017. Gn 1-Q, 0.9917 £ 0.0026,

Wen, Hergt, NA & Scott, in prep

S

JNdr g d°X (KUKU.—/IK2+R—2A> +...,

N 167G



Does the same logarithm appear for two
horizons?

Black Hole Echoes Cosmological scrambling time
In |Black Hole Entropy] L In |de Sitter Entropy| N 1
lecho = serdS Hubble Rate 0.004 x Hubble Rate

27 X Hawking Temperature

Is it possible that DESI is detecting the echoes of the cosmological horizon?
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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
o Stelle Gravity as a 4d example of a UV-complete gravity theory
* Confinement of ghosts? Renormalization Group Flow?
« Swampland Conjectures and Fast Scrambling Horizons

e 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 5= / N é(k)(R_gA(k)),
of coupling constants on local i
temperature; k~T

e Non-trivial UV fixed point
e No horizon

e Scale-invariant core near UV
fixed point; gy, ~ V3!



Gravitational Waves from firewalls?



Gravitational Waves from firewalls?



But not everyone finds echoes!
different methods/events

Tests of General Relativity with Binary Black Holes from the second LIGO-Virgo
Gravitational-Wave Transient Catalog

The LIGO Scientific Collaboration and the Virgo Collaboration
(compiled 29 October 2020)

TABLE X. Results of search for GW echoes. A positive value of
the log Bayes factor log,, Bnm~ indicates a preference for the IMRE
model over the IMR model, while a negative value of the log Bayes
factor suggests instead a preference for the IMR model over the IMRE

model.

Event log, BIMRE Event log,o Bam"
GW150914 -0.57 GW170809 -0.22
GWI151226 -0.08 GW170814 -0.49
GW170104 -0.53 GW170818 —-0.62
GW170608 -0.44 GW170823 -0.34
GW190408-181802 -0.93 GW190706-222641 -0.10
GW190412 -1.30 GW190707_093326 0.08
GW190421_213856 -0.11 GW190708_232457 -0.87
GW190503.185404 -0.36 GW190720_000836 -0.45
GW190512_.180714 -0.56 GW190727.060333 0.01
GW190513.205428 -0.03 GW190728_064510 0.01
GW190517.055101 0.16 GW190828_063405 0.10
GW190519-153544 -0.10 GW190828_065509 -0.01
GW190521 —-1.82 GW190910-112807 -0.22
GW190521_.074359 -0.72 GW190915_.235702 0.17
GW190602_175927 0.13 GW190924 021846 -0.03
GW190630_.185205 0.08
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techo < 0.5 sec missing GW190521
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Abedi, NA, Oshita & Wang 2020 (Review++)




Black Hole Echoes In
Numerical Relativity

50

Time = 0.0

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

Dailey, NA & Schnetter 2023, 2024
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~Number of fields:
Ny | Npr | Ng

5 20 60

Coupling strength



RG runnings (old & new) s— [ ooyl [ M on) - Lot La]

D. Buccio, J. F. Donoghue, G. Menezes and R. Percacci, Physical Running of Couplings in
Quadratic Gravity, Phys. Rev. Lett. 133 021604 (2024) no.2.

IR -
Uuv UV
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Future is Bright!
Cheslog, Finson, Maclnnis, Sehgal & NA, to appear
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FUture iS Bright! Quadratic QG
Cheslog, Finson, Maclnnis, Sehgal & NA, to appear

Lorentz-violating QG

NOW FUTURE!



Future is Bright!

Non-Inflation

Cheslog, Finson, Maclinnis, Sehgal & NA, to appear
Nonlnﬂahon

e [ —

NOW FUTURE!




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:

W
Spure-grav — /d4$ V—9g (_R2

30

1 9
2(70“"’00)

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

Novel exact scale-invariant (but complex) solutions: ds® = — r®dt* + bdr* + r*dQ?

1

__:2

(-

3
1 =
5

z\/ﬁ)



arXiv:2411.19311 [PRD]
Complex Powerballs:

Conformal Cores of Quantum Black Holes in Quadratic Gravity

Niayesh Afshordi,}'*® Ruolin Liu,}*° and Jerome Quintin*°-*

Singularity

Singularity



arXiv:2411.19311 [PRD]
Complex Powerballs:

Conformal Cores of Quantum Black Holes in Quadratic Gravity

Niayesh Afshordi,}'*® Ruolin Liu,}*° and Jerome Quintin*°-*



Ss tension



Matching GR to QG across strong-coupling membrane

Euclidean GR Complex QG Lorentzian GR

* For strong coupling @Planck scale, membrane hovers a Planck proper length
outside the would-be horizon
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arXiv:2412.08517 [ JHEP]

Smart Holes
Towards guantum simulations of black holes

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

e Can they show echoes?

Smart Holes: Analogue Black Holes with the right
Temperature and Entropy

Jiayue Yang,>?¢ Niayesh Afshordi,>?¢ Mahdi Torabian,’ Seyed Akbar Jafari¢ and G.
Baskaran®®/



Entropy x surface gravity

Tilting the Dirac cone In
honeycomb lattice

I/, N
. 5 »o&
0/ 5
S
D),

Increasing max tilt T

1/Temperature



Entropy x surface gravity

Tilting the Dirac cone In
honeycomb lattice

I/, N
. 5 »o&
0/ 5
S
D),

Fermi puddle = most entropy

Increasing max tilt T

1/Temperature



CP-symmetry (RP3 geon)

Black hole microstates vs the additivity conjectures

Patrick Hayden' and Geoff Penington,’

lStanford Institute for Theoretical Physics, Stanford University, Stanford CA 94305 USA
2Center for Theoretical Physics,, University of California, Berkeley, CA 94720 USA

December 16, 2020

Abstract

We argue that one of the following statements must be true: (a) extensive violations of
quantum information theory’s additivity conjectures exist or (b) there exists a set of ‘disentan-
gled’ black hole microstates that can account for the entire Bekenstein-Hawking entropy, up to
at most a subleading O(1) correction. Possibility (a) would be a significant result in quantum
communication theory, demonstrating that entanglement can enhance the ability to transmit
information much more than has currently been established. Option (b) would provide new
insight into the microphysics of black holes. In particular, the disentangled microstates would
have to have nontrivial structure at or outside the black hole horizon, assuming the validity of
the quantum extremal surface prescription for calculating entanglement entropy in AdS/CFT.

(Hartman & Maldacena 2013)
hw
R =exp| —
kT,




CP-symmetry (RP3 geon)

Black hole microstates vs the additivity conjectures

Zo identification —

Boltzmann reflection Patrick Hayden' and Geoff Penington,?

1Stanford Institute for Theoretical Physics, Stanford University, Stanford CA 94305 USA
2Center for Theoretical Physics,, University of California, Berkeley, CA 94720 USA
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Abstract

We argue that one of the following statements must be true: (a) extensive violations of
quantum information theory’s additivity conjectures exist or (b) there exists a set of ‘disentan-
gled’ black hole microstates that can account for the entire Bekenstein-Hawking entropy, up to
at most a subleading O(1) correction. Possibility (a) would be a significant result in quantum
communication theory, demonstrating that entanglement can enhance the ability to transmit
information much more than has currently been established. Option (b) would provide new
insight into the microphysics of black holes. In particular, the disentangled microstates would
have to have nontrivial structure at or outside the black hole horizon, assuming the validity of
the quantum extremal surface prescription for calculating entanglement entropy in AdS/CFT.

(Hartman & Maldacena 2013)
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Electromagnetic Albedo of
Quantum Black Holes (chua & na 2021)

e Reflection off virtual electron-positron pairs near
horizon — Boltzmann Albedo for photons

e No quantum gravity needed!



Two independent derivations

e Photon mass acquired
through Hawking Plasma

different interpolations

e Projecting photon 1-loop

propagator from Minkowski to
Rindler
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Zhua & NA 2021
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* This is consistent with simple Boltzmann reflectivity for gravitational

L infallingT

M;

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

Planck length of the horizon
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