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Warm-up poll: what is QM telling us? ?

Which interpretation is most likely correct?

Copenhagen

Many Worlds

QBism

Pilot wave (de Broglie–Bohm)

Objective collapse

Consistent histories

Other / no opinion

We asked 85 black-hole physicists 
the same question

Copenhagen, 2024 workshop “Black Holes 
Inside and Out”

Lesson: experts disagree on the 
foundations. Polls don’t decide physics; 
observations do.

Chen, Halper & Afshordi, “Copenhagen Survey on Black Holes and Fundamental Physics”, arXiv:2503.15776
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What physicists actually say ?

Copenhagen

Many Worlds

QBism

Pilot wave

Collapse

Consistent histories

Other

No opinion

28%

11%

0%

4%

7%

4%

12%

33%

36%

11%

9%

6%

7%

5%

13%

13%

Big Mysteries 2025 (1,675 physicists) Copenhagen 2024 (85 black-hole physicists)

36%
pick Copenhagen in the big survey; 
28% among black-hole experts

1 in 3
black-hole experts have no opinion 
at all

No interpretation has a majority. The 
question is open.

Chen, Halper & NA, arXiv:2503.15776 · NA, Halper, Rini & Schirber, arXiv:2605.11058 · nafshordi.com/aps-dashboard
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…and about quantum gravity ?

String / M-theory

Loop quantum gravity

Asymptotic safety

Hořava–Lifshitz

Causal sets

Causal dyn. triang.

Gravity is not quantum

Other

No opinion

21%

6%

8%

5%

0%

0%

9%

27%

24%

19%

13%

5%

1%

3%

1%

18%

12%

29%

Big Mysteries 2025 (1,675 physicists) Copenhagen 2024 (85 black-hole physicists)

~1 in 5
back string theory, in both surveys

18%
say gravity is not quantum at all

No theory wins by vote. Only 
observations can decide, and that is 
what this talk is about.

Chen, Halper & NA, arXiv:2503.15776 · NA, Halper, Rini & Schirber, arXiv:2605.11058 · nafshordi.com/aps-dashboard
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Both surveys grew out of this 
book
Battle of the Big Bang: The New Tales of Our Cosmic 
Origins
Niayesh Afshordi & Phil Halper · University of Chicago Press, 2025

• What really happened before the Big Bang? Inflation, 
bounces, cyclic models, the no-boundary proposal, 
and the people behind them

• Why the “consensus” story is shakier than it looks 
(the surveys started as a chapter)

• Written for anyone who can follow this talk

“An intellectual feast.”  — Carlo Rovelli
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Two speed limits on information ≤

C A U S A L I T Y

Where can it go?

v ≤ c

Light cones · no-signalling

S C R A M B L I N G

How fast does it hide?

t* ≈ (  / 2 ) ln Sβ π

Local → global correlations

Horizons push both limits to the edge; quantum circuits let us test the mechanisms.
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Plan ≡

1 Causality light cones in circuits, no-signalling, Sorkin’s impossible 
measurements, an infinitely fast field

2 Scrambling OTOCs, the chaos bound, and why wiring sets the clock

3 Black holes the fastest scramblers, and their echoes in LIGO data

4 The cosmic horizon the same logarithm, and a 0.8% glitch in gravity?

5 Your turn lab vs sky, and hackathon seeds for tomorrow
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1 Causality
Where is information allowed to go?
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Every circuit has a light cone C

q0

q1

q2

q3

q4

q5

q6

q7

q8

q9

q10

q11

time →

• Local 2-qubit gates  ⇒
influence spreads ≤ 1 qubit per 
layer

• The “speed of light” is 
emergent: it comes from who 
talks to whom

• Lieb–Robinson (1972): same 
for any local Hamiltonian, with 
v_LR set by couplings

Lieb & Robinson, Commun. Math. Phys. 28, 251 (1972)
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Entanglement cannot send a message C

A

Alice

B

Bob

entangled pair   (|00  + |11 )/√2⟩ ⟩

A L I C E  D O E S  A N Y T H I N G

R rotate it

M measure it

✕ throw it away

W H AT  B O B ’ S  Q U B I T  L O O K S  L I K E

before

½   0
0   ½ =

after

½   0
0   ½

 = I/2ρ

50/50, no 
phase

The correlations are real, but seeing them needs a classical phone call. Bell nonlocality is not superluminal signalling.
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…but idealized measurements can signal C

space

time

future of A

past of C

B: measure the field

A

Alice

C

Charlie

• A and C are spacelike: Alice 
should not reach Charlie

• Apply the textbook projection 
rule to a nonlocal field observable 
in B  Alice’s choice changes ⇒
Charlie’s statistics

• Lesson: causality restricts which 
operators are measurable in QFT

R. D. Sorkin, “Impossible measurements on quantum fields” (1993), gr-qc/9302018 · In memory of Rafael Sorkin (1945–2026)
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Superluminal, yet causal: the cuscuton C

• Infinite speed of sound on cosmological 
backgrounds

• No closed causal loops: φ = const slices give 
a global time order

• No communication: quanta energy → ∞
• Low-energy limit of Hořava–Lifshitz 

Quantum gravity
light cone cuscuton “cone” = a slice

φ = const slices

signals stay inside one slice

Afshordi, Chung & Geshnizjani, PRD 75, 083513 (2007) · Afshordi, PRD 80, 081502 (2009)
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Causality is an ordering, not a speed C

1

Light cone

Relativity, and local quantum 
circuits

v ≤ c

2

Global time slice

Cuscuton, Hořava gravity

v = ∞, still no loops

3

Pure order

Causal sets: Order + Number 
= Geometry

x  y≺

Open question: is causality fundamental, or does it emerge (like the circuit light cone)?

Bombelli, Lee, Meyer & Sorkin, PRL 59, 521 (1987)
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2 Scrambling
Reversible is not the same as recoverable
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Scrambling: hidden in plain sight S

• Unitary  nothing is lost in principle⇒
• But local information spreads into many-

body correlations
• No small subsystem can read it out any 

more
• Scrambling time t*: when a local poke has 

touched everything

O U T - O F -T I M E - O R D E R  C O R R E L AT O R

C(t) =  |[W(t), V]|²   exp( t)⟨ ⟩ ∝ λ

C H A O S  B O U N D

 ≤ 2  k_B T / ħλ π

Black holes saturate it

Maldacena, Shenker & Stanford, JHEP 08 (2016) 106
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Geometry sets the clock: local vs all-to-all S

Local (ring, lattice)

t* ~ N / v
All-to-all (black hole?)

t* ~ log N

Sekino & Susskind, JHEP 10 (2008) 065: black holes are the fastest scramblers
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3 Black holes
Nature’s fastest scramblers, and what LIGO might hear
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A black hole is a quantum hard drive BH

10⁷⁷
entropy (k_B) of a Sun-mass 
black hole: S = A / 4ℓ_P²

60 nK
its Hawking temperature

~3 ms
scrambling time t* = 
(4GM/c³) ln S, Sun mass

~0.2 s
the same for a 60 M  LIGO ☉
black hole

H AY D E N – P R E S K I L L  M I R R O R

• Throw a diary into an old black hole
• After ~t* it is readable from a few 

extra qubits of Hawking radiation
• A teleportation protocol, and a 

great Qiskit exercise

Hayden & Preskill, JHEP 09 (2007) 120
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4 The cosmic horizon
The same logarithm, on the scale of the universe
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5 Your turn
Lab vs sky, and ideas for tomorrow’s demos
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Scrambling in the lab 5

2019
Verified scrambling

7 trapped-ion qubits, Hayden
–Preskill teleportation

Landsman et al., Nature 567, 61

2021
OTOCs at scale

53 superconducting qubits, 
operator spreading

Mi et al., Science 374, 1479

2022
“Wormhole on a chip”

Learned toy model; its gravity 
reading was debated

Jafferis et al., Nature 612, 51

Circuits test the mechanism. Only the sky tells us what real horizons do.
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Notebook-sized ideas for tomorrow 5

1

Butterfly meter

Ring vs all-to-all 
random circuits: 
measure an OTOC vs 
depth and watch the 
scrambling time drop 
from ~N to ~log N

Bridge: black-hole 
scrambling

2

Black-hole mirror

3–7 qubit Hayden–
Preskill decoder: throw 
in a qubit, recover it 
from a few “radiation” 
qubits

Bridge: information 
paradox

3

Can you signal?

Bell pairs + mid-circuit 
measurement + feed-
forward: track which 
qubits can influence 
which

Bridge: relativistic 
causality

33

4

Make echoes
Wave packet hits a 
barrier whose inner 
wall reflects with R = 
exp(−ħω/kT). Time the 
echo train and fit T. 
Classical wave sim, or a 
leaky qubit chain

Bridge: quantum black 
holes



Take-homes
1 Causality is an ordering

Light cones can emerge, and even infinite speeds can be causal

2 Scrambling has a speed limit
t* ≈ (β/2π) ln S; all-to-all wiring gets there in ~log N

3 Horizons may leave logarithmic fingerprints
Echo delays in LIGO data; a 0.8% glitch in cosmic gravity?

4 Your circuits are a lab for this
Test the mechanism on qubits; let the sky decide the physics

34



Thank you!
Questions, and come find me about projects

Reading
Battle of the Big Bang (Afshordi & Halper, U. Chicago Press, 2025)
Scrambling = echoes: Saraswat & Afshordi, JHEP 2020
Cosmic glitch: Wen, Hergt, Afshordi & Scott, arXiv:2609.40176
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