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Arithmetic of guantum recurrence in Floguet systems

Amit Anand, Dinesh Valluri, Jack Davis, and Shohini Ghose

Poincare recurrence Quantum recurrence Exact quantum recurrence
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Following the state of an evaporating charged black hole into the quantum
gravity regime (arXiv:2503.02051)

It was recently understood that quantum gravity effects modify the Hawking evaporation
rates of near-extremal black holes.!

Therefore, they also affect how the black hole state evolves toward extremality.

We study the energy
probability density P(E, t) of charged black holes ‘"

didw

in the very low temperature regime where quantum e

gravity (Schwarzian) corrections are important. M‘.Lfim;qw.-mn
SkoXE

We find that P(E, t) evolves toward

a non-thermal, universal function at long times. /\

Hawking fluxes calculated in this attractor state

can be much larger than those in a microcanonical

state with the same expected energy.

1Brown et al. 2024; Maulik, Meng, and Pando Zayas 2025.
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A New Role for Complezity in the Firewall Paradozx
Aude Corbeel Erik Verlinde

(see also poster of Jingxin and Pim)

Firewall

Grover’'s
search

After Page time

« Safety-barrier » « Complexity-wall »
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Complex 't Hooftian Gauge Theory Duals to Flat FLRW Cosmologies

= F Suppose boundary theory at £ is a U(N) gauge theory with adjoint

y=V- I+
% representations on the boundary and 't Hooft coupling A = gzN

1=7Jddxtr(...) :

If this admits a string-theoretic bulk dual, its perturbative expansion
corresponds to a genus expansion in the worldsheet topology.

In the 't Hooft limit (4> 1 fixed, N — o0), Feynman diagrams in
double-line notation are weighted by N*, where y = V—I+F,is the
Euler characteristic. This matches the bulk string expansion, where each

genus-g worldsheet contributes gf(g_l) with string coupling g, ~ 1/N.

n=2 | a=1

Zcrtle] = Y] = exp [— Z [H Jddxrl (p(xa)] wh(X, ...,Xn)] ;

RR s N edd-142m ) e"z—”(d+2rz)’
: ! 0" log¥ (o] : :
where v (X) =y (X;,...,X,) = (0(x;)::0(x,) = ——— N2  ¢7(d—1+2m) g2 o e 4(d+1+4n—2m) where m.ne Z.

(5(Px| i (S(PX,, =0

- AER <= de2Z,butNER << de€2Z+1.
Bulk unitary time evolution, U'U =1 = RR

* ~ .
RR : [wn(x ° Q)] — wn(—g’”x depiON Hence, in holographic cosmology, NO UNITARY ‘t Hooftian theory is dual
to a flat FLRW cosmology with bulk unitary time evolution!
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THE AXIOMS OF AQFT FOR GAUGE THEORY ARE FRAME DEPENDENT

Gongalo Araujo-Regado?, Alok Laddha®, Philipp A. Hohne, Bilyana Tomova® (Ongoing work)

Dressing: -

“Okinawa Institue of Science and Technology,

Isotony

ar’

5Chennai Mathematical Institute

j+

u=1u

j_

Micro-causality
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Caroline Lima (with Jacqueline Caminiti and Robert C. Myers)
N

e How do the correlations
between boundary degrees of

freedom relate to the dynamics
in the bulk?

We look into bulk-only
scattering processes in
spinning conical defect and star

eo metrie Figure extracted from A. May. Holographic quantum tasks with input and
g S output regions. JHEP, 2021(8):55.
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Chuanxin Cui Firewalls in JT gravity with matter  [24121102]

Saad'’s wormhole Baby universes ending on effective D-branes

Tthouless <T< TH b AmvEp(E) C .

g04 :) / 3+ Z(3—1T)

Z(A Jl\
b= davEp(E) : C % O
Z(d +4T) 43—

@iVEI£)H(£) ]

(ZD[b]ZB(bZ»n =
b

o(T) ~ 3= bz']min {b., "lTI'\/Epn(E)} ’
blbz

= o w?
/ Qe RG] (J(W)PU(E) B 51r1[wp?[,?) I )

W

Twist factor cutoff Effective time slice on handle disk

Absorbing
Branch

Emitting
Branch
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QIQG, Perimeter Institute, June 2025

On-she.ll 3d CFT UninarsaI On-sh.ell 3d Gravity BCFT Uni\./ersal
Gravity Dynamics with EOWs Dynamics

Chandra, Collier, Hartman, Maloney  Collier, Maloney, Maxfield, Tsiares Takayanagi Numasawa, Tsiares
lQuantization lQuantization

Liouville CFT Open-closed Liouville BCFT
conformal blocks Virasoro TQFT conformal blocks
Collier, Eberhardt, Zhang

l Off-shell

Virasoro TQFT >

Off-shell

Torus wormhole <+—» Random Matrix Annulus wormhole <+—» RMT for
Theory open-string sector

Together Together

Cotler, Jensen

Full path integral Tensor model
with EOWs with more tensors

» Full 3d path integral «— Tensor model

Jafferis, Rozenberg, Wong Belin, de Boer, Jafferis, Nayak, Sonner

DW, Wang, Wei (2504.12278)
Jafferis, Rozenberg, DW (to appear soon)

Open-closed Virasoro TQFT, 3d Gravity with EOW Branes, and a Random Ensemble of BCFTs Diandian Wang

Pirsa: 25060094 Page 9/37



CFT boundaries in discrete-holography models

Dimitris Saraidaris and Alexander Jahn

Question:

[Does the boundary of the {3, 7}-hyperbolic lattice describe a continuous CFT, as a result of its geometry?]

e we simulate the bound-
ary with a free-fermionic
or an interacting Hamil-
tonian H

there is a disorder regime — critical

1

¢ we study the critical . .
Y in agreement to a continuous CFT

properties of the ground
states of H

FREIEE
UNIVERSITAT
B serun
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Searching for a holographic dual in spin glasses

Dimitris Saraidaris and Leo Shaposhnik

black hole bound states

1

3

glassy models

model with SL/SG transition

6 spin-liquid

spin-glass

spectral functions

J

diagnostics of duality

how does the spectral function behave as
we adiabatically move deep into the spin

glass phase??
indications of duality??

FREIEE
UNIVERSITAT
B serun
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T Causality in relativistic quantum WATERLOO
PI INSTITUTE interactions without mediators Y

)

FACULTY OF SCIENCE

AA Lo Eirini Telali*2 T, Rick Perche 34  Eduardo Martin-Martinez 234 &
| I arrio

Department of
Physics and Astronomy

When are the quantum degrees of freedom of fields physically relevant?

B ol _ \Grlxa,xs)

! b I Y / ht
LA ) .\ B ) (A ) ( B )
A, ,. \- \ H. ". /
g S—— R ~ -~ 4 i &

(a) Indirect local coupling (b) Direct relativistic coupling

Quantum sources — Relativistic Quantum interaction - Classical fields

Lessons about Gravity Mediated Entanglement Experiments
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QRF in Lattice Gauge Theory and Subsystem Entropies

G.Araujo-Recapo, P.A.-Houn, FRANCESCO SARTINI

Motivation: Entanglement entropy in gauge theory 2
th,\-‘s Es %3_: & HE

Previous definitions: Non distillable contributions

vN entropy* =~ Entanglement

Using Quantum Reference Frames (QRF)

Relationally local factorisation of the Hilbert space

Outcomes: vN entropy — Entanglement

Cost: Frame dependence of susbsystem and entropy

e Previous results by "forgetting the frame"
e Hierarchy of entropies

June 2572025 (0) (0] 3713
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Holographic Entanglement Entropy in the FLRW Universe

2504.10457: Toshifumi Noumi (UTokyo), Fumiya Sano (Sciencelokyo, IBS), Yu-ki Suzuki (YITP)

[Q. Holographic implication for our universe? 4mm Holography for a given bulk theory?}

v Event horlzon
Apparent horizon
Euclidean CFT A Equation of state p = we

Static patch holography de Sitter space: w = —1
’ bl Null energy condition: w > —1
Looking for Actual universe FLRmrrgé?aglf?fhy
dS/CFT UMty QFT LRt Franken et al. 23]
[Strominger ’01]
(Our work )
v" Euclidean Half holography v" Ryu-Takayanagi entropy for
- Unitarity? tSewamote gt { ‘static patch” holography e
v" Timelike boundary half holography
- Time direction of QFT \_ v’ Subadditivity and energy condition -/
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corner symmetries
@dge modes
SOt Moedes
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Magic as negativity of the Wigner distribution

« The Wigner distribution W(x, p) for a pure state is defined as:

W (z,

7k

» Discrete version for qudits:

Non-local magic is a resource for gravitational back-reaction
* For finite N, we consider a toy model of holography:
the skewed HaPPY code

MO (g, a,) =

» For holographic CFT with N — o0, non-local magic by the

W,,'.-J(u) = i Tr(Auw)a

M(1p) = log( D [Wy(u)))

dﬂ.

u

U =@7 lLA;_

area-tension susceptibility

1
8

dA
aT

T—Ts

NL )
< 4G MM (Pap) < ‘

A
aT

D [ ¥ (@ + 9@ — )PP dy

kA“ZZ‘

min II/I(U':JJAI,_ARU‘L).

T=0

Wigner function of a quantum state (Copy from Wikipedia)

r=0.9525, R?=0.9073

030 ===

0.25
0.20

NL
M

0.10

0.05

® Data
Fit: y=3.273x-0.039
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Observers seeing gravitational Hilbert spaces UC SANTA BARBARA

Abstract sources for an abstract path integral Department of Physics
arXiv:2505.15892 [hep-th] Hong Zhe (Vincent) Chen

» The gravitational path integral (GPI) leads to a striking result: closed universes have
one-dimensional Hilbert spaces.

» There are at least two prescriptions (AAIL and HUZ) for modifying the GPI to recover
nontrivial Hilbert spaces associated with observers in closed universes.

» Rather than arguing which, if either, is correct, we instead develop:

Our general framework

Baby universes, a-sectors, abstract gravitational path integrals with abstract (partial) sources

Nontrivial Hilbert spaces:
One-dimensional =

Hilbert spaces for Closed universes with observers
closed universes > AAIL » HUZ

- (e
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Complexity, scaling, and a phase transition @ () (=}
Jiayue Yang, and Andrew R. Frey (JHEP09(2023)029) - b :

» Holographic complexity
f RN
daf}; §
A - Q
/'x WdW Bulk & NPT T N R i S Ay
it . so. Ps(d = 3) Ps(d = 4) 20 PS(d = 3) Ps(d = 4)

15
h
0o 02
e e -
08 =5 1 15 ==
06 x 1 [
= 10t
F 04 5 T

» Same scaling behavior

_(d—1 " SR = I S R
C A¢ ( ) e @sd=3) e ds(d=

r=n =0
3 AdS
» Same phase transition «1 O ’“ O
Phase Transition
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Algebraic description for black hole evaporation

Jingxin Tu', Pim van den Heuvel', Jeremy van der Heijden?, Erik Veriinde?
1:University of Amsterdam, 2:University of British Columbia

o Algebraic Page curve

O Algebraic Information Recovery

@QIQG 2025
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Julius-Maximilians-

UNIVERSITAT Non-Locality induces Isometry and Factorisation in Holography
WU RZBURG Authors: Souvik Banerjee, Johanna Erdmenger, Jonathan Karl

Arxiv: 2411.09616 [hep-th]

Boundary Theory  S— Bulk Theory
Dual
Two copies of a CFT in time-shifted TFD state ua
tr
"
TFD,) = 7| TFD) = e*%E” " n.n tr =0
ITFD.) TFD) = ——=3~ ) L

with «, = E,0

¥

(TFDo|TFD)pere. = Gy = ni = states span oo dim. HS

oy

: . Z- ~y
|<TFD(1‘TFD?> ﬁm]—pm't = ()f\"r it ?2 = i '
1

ir =0=tp =

= States span HS of dim ¢S5

> = Transition to type I vIN algebra
with discrete spectrum

= States contained in factorised HS

Pirsa: 25060094
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Entropies of gravitational systems
from simplicial Lorentzian path integrals

José Padua-Argielles, Pl

The Euclidean path integral is ill
defined, so how can we do
gravitational thermodyhamics?

We can use the Lorentzian
path integral!

Use lattice-like formulation of GR (Regge Calculus) to
implement this in a manageable way

Swap entropy for o
evaporating BH g
(replica “trick”) ‘
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Gravitational entropy is observer-dependent

J. De Vuyst, S. Eccles, P. H6hn & J. Kirklin, [2412.15502, JHEP 05(2025)211, 2405.00114]

Generalised entropy formula for a subregion U/ of spacetime:

Sgen(u) - Ar_e:: + Sart(U)

[
— Quantum reference frame leads to natural regularisation (type Il algebra)

Gravitational entropy with QRFs Subsystem relativity Linearisation instability

H—=—Hq¢+ H¢
(Ay @ B(Hc))" = (OG(As), eHHet)

h h
A e Jo(—2G2 (R, B) + T )er@r = 0

OIST QIQG 2025, Perimeter Institute, June 25th

Pirsa: 25060094 Page 22/37



Entanglement Suppression
Due to Black Hole Scattering

Kazuki Doi, Yukawa Institute of Theoretical Physics
(Based on work in preparation with T. Takayanagi)

(—t,xp) .O

—B(Ai—%)

o0 = 32 =510 O]

# dual to a boosted black hole

ASy without mixed-state operator

\

entanglement
suppressed

K with mixed-state operator
t

20 40 60 80 100
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Probing de Sitter space using CFT states ... snnmyo (vire)

» Holpgraphy argues £ 442 Gravity — Zd+1 QFT
— All observables correspond!

Q. How do we reconstruct the d + 2 dim. gravity from d + 1 dim. QFT?

 In AdS;/ CFT,, we can analyze AdS; spacetime by dual CFT, states.

local excitation )
of scalar fieldin Ads  ““ =77~

*  We successfully construct the CFT, states probing dS; spacetime!
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Constraints from EWN F£or Hc!eﬁrn.plny at a Finile Culoff

/‘—-—Brane

By: Krishaa Saraswat

We(AUB) .ﬁ‘('g

=p

x —

A

s Oy 0 4

what ld—t|=[~£:h—{—_a| is EWN vielaked?

Cauwsal signa lling between

/ Wel(h) & Wel(8)
PR g (Enl\mcc.& nen-local cerrelabiens

= WE(A) & We(B) Lightiike Separated
between A &B)

(2] = u)‘l\ar\ CMJ-»-FF/LH:«:
St s R
EWN rcs?‘c4c‘{ coincides with bpuml:.-)(
No causal %Tr_’,nmllinj We(n) & WelB) spacelike sef.
between Wz(A)& WE(SJ > A & B speclike sep
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On the Role of Area Metrics in Holography

Lavish Chawla, Aranya Bhattacharya, and Mario Flory

Jagiellonian University in Krakow, Poland

Is area more fundamental than length in (quantum) gravity?
Black Hole Entropy, Holographic Entanglement Entropy, Nambu-Goto Action in String Theory, Loop
Quantum Gravity, .. hint towards this direction.

Y

Area metrics fundamentally define area elements without relying on the notion of length:

dA% = Gypo(dx* Adx) - (dxP Adx?),  A[Z] = fdA.
3

Our Approach and Results:

» In the framework of AdS/CFT, we study linearized area metric fluctuations around an empty AdS,
background.

» First principles: Entanglement first law in boundary CFT, Ryu-Takayanagi formula in area metric bulk.

» Outcomes:

* Holographic dictionary for boundary energy momentum tensor in terms of length and area metric
perturbations.

» Generalized linearized Einstein’s equations to include area metric degrees of freedom (no length metric
analogue).

QIQG 2025
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On Infinite Tensor Networks, Complementary Recovery and Type II Factors

Wissam Chemissany  Elliott Gesteau Alexander Jahn Daniel Murphy Leo Shaposhnik

We construct a toy framework that allows to think about the following questions:

What does it mean for a tensor network to be infinitely large?

How can we recover thé UV, knowing the IR and the RG map?

In what sense is RG flow a quantum error correcting code?

What tensor networks give rise to QFT’s in the limit of infinite size?

What are the operator algebras of infinitely large tensor networks?

How does holographic quantum error correction help with all of that?
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Quantum Reference Fields
and Relational Renormalization Group

Luca Marchetti

Localization

Quantum
Reference
Fields

Relational " - Relational
Observables " : RG
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Operator K-Complexity in DSSYK and its bulk dual

Marco Ambrosini (U. of Geneva), with E. Rabinovici, A. Sanchez-Garrido, R. Shir and J. Sonner

Semiclassical operator K-complexity, AC(t) = x{(t).

— G=0577.
G=0.999.

Operator complexity in semiclass. limit: i

2
Gr(t) = ) log(h+ (1 — §) sinh? Jt)
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Generalized Holographic Complexity of Rotating Black Holes

Authors: Ming Zhang, Jialong Sun, Robert B. Mann

Published: JHEP 09 (2024) 050 J‘E—O .
Key Points: : i
o Investigate generalized holographic complexity for odd-dimensional
Myers-Perry AdS black holes with equal angular momenta. t:j; + :‘;
@ Demonstrate linear growth of complexity at late times, consistent ; EO ] -
with holographic duality. e N s

@ ldentify novel early-time phase transitions (first-order, :
— _ Penrose diagram of
second-order, multicritical) due to black hole rotation. MP-AdS black hole

@ Propose a Maxwell-like area law to determine phase transition showing extremal
points. hypersurface (7).

@ Find complexity of formation scales with thermodynamic volume
for large near-extremal black holes.
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Renormalisation group flows from dusty wormholes

a Pompey Leung, Mark Van Raamsdonk

Two-sided Euclidean AdS wormholes are interesting as they analytically continue to
closed, big-bang/big-crunch cosmologies

These homogeneous and isotropic wormholes can be supported by an inhomogeneous
configuration of scalar fields. No exotic matter needed!

On the other hand, the competing saddle in the two-boundary gravitational path
integral are two copies of the disconnected, one-sided geometry

[ Q: What is the holographic interpretation of the one-sided, dusty bulk geometry as an RG flow? ]

Quantum Information in Quantum Gravity 2025 25t June 2025
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Looking for a Microscopic Model for Black Hole Superradiance

Rana Zibakhsh

AdS, X S? throat region Superradiance in the Dicke model is a phase in which

~
~

FORW R Flat

(]5 N em)rd)(f) exterlor A occurred.

In charged black holes it is the amplification of scalar
i field through energy/charge extraction for @ < q®

Large N SYK +
bosonic bath (Dicke model)

enhanced coherent emission of photos by atoms is

Outer
Horizon

How do we identify the superradiance modes on both sides?

Are the QNMs in the upper half plane (unstable)?
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Transport across higher dimensional interfaces

Sebastian Waeber - Ben-Gurion University of the Negev

Scattering at higher d > 2 interfaces

e Solve for basis of bulk solutions
with 1S-matching conditions

PYab] =)
[Kab] . ”fab[K] = — 8w Goyap.

and undeformed boundaries.

e Construct asympt. outgoing wave
in CFTg

General bulk solutions are

sin(0)?
h=">"f(k)B*(z)(cf P“(0) + c5 Q“(0))-
k

€e
d dsempty AdS T

6 - angle of AdSy slice, z radial coordinate

on constant @ slices.

e IS matching and boundary conditions
fix limy o0 k(n) = an+ B and fix
csz in terms of clk,’ZR

e Build planar waves at large u with e.g.

(t 1/t)u

Z B (1) =

e A2, B dx dx

—5—TO0(1/Vu)
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Geometry of Chord Intertwiner, Multiple
Shocks and Switchback in Double-Scaled SYK

Forthcoming work by Sergio Ernesto Aguilar Gurtierrez (OIST) and Jiuci Xu (UCSB)

: The wavefunctions associated to segment 1 to 2 and 2 to 3 create 1

to ?: mi3 o
I , oo
mi2 ¢51+52 (m13) = Z Cbﬁl (m12) ¢ﬁ2 (m23) Imlg,m23,m13 )
By p» mi2,m23=0
2
This simplifies boundary correlation functions describing in the
bulk.
We find a microscopic observable (Krylov complexity) satisfying the
due

Operators inserted at times 7, with respect to the asymptotic boundary times ¢, and #:
C x |tL — tl‘ -+ |t1 — tg‘ + ... |tm — tR‘ —2m Lacrambling + O(l) :
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Quantum correlation beyond entanglement: [2506.02131]
Holographic discord and multipartite generalizations  Takato Mori (Rikkyo University)

coherence

 Bulk dual -

Quantum discord Dy(A|B) =Sz —Syg+ Ey(A: O)

.+ Non-entanglement quantum correlation X_ >
h(A: C
Dy > E, = AQw(A|B) = % >0 Markov gap
= E (A : B) — Ep(A < B) one-way undistillable
entanglement

Entanglement

* Anti-decoherence effect with BH

e DyALB)  Boundary dual * Multipartite generalizations
&) o b) C
E,A:B)
T 4 N \
w(f‘ B e b /D
‘ T B P / o
decoherence ]

Check out my Friday talk (2:30 pm-) for my related works
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Are S X S? wormholes generic with large sources?

Xiaoyi Liu (UCSB) WIP with Don Marolf (UCSB) and Jorge E. Santos (Cambridge)

r

Euclidean wormholes are important in explaining Hilbert space dimension of a
black hole is finite.

Wormholes should be generic in the presence of large Euclidean sources.

We investigated this conjecture in a Einstein+scalar model in 4 spacetime
dimensions.

The answer to the question in title is “no™ in our setting.

: ( More investigation into more complicated models are
needed and are more related.
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Non-Markovianity in Chaotic Open Systems
-- Zhuo-Yu Xian

storage Process tensor
AN |

Haar random

=

__J SYK models

Holo-CFT

—

Environment . AN
e | measurements |

Q1: How long must a small detector measure
radiation to determine a large black hole’s quantum

State? <:

Q2: When does the detector first detect
non-Markovian effects from the black hole?

(=il
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