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The black hole emits radiation containing entangled particles,
inducing an entanglement reduction D. N. Page, Phys. Rev. Lett. 71, 3743 (1993)



What are the implications of unitarity to symmetries in the
evaporating black holes?

No global symmetries in evaporating black holes.

C. Misner, J. Wheeler, Ann. Phys. 2, 525 (1957).

T. Banks, L. Dixon, Nucl. Phys. B 307, 93 (1988).

R. Kallos, L. Susskind, Phys. Rev. D 52, 912 (1995).

T. Banks, N. Seiberg, Phys. Rev. D 83, 084019 (2011). -
D. Harlow and H. Ooguri, Phys. Rev. Lett. 122, 191601 (2019). AdS-CFT
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(zoal of this talk: How a broken global U (1) symmetry evolves during
the black hole evaporation, modelled by random pure states.



Outline:

e Lntanglement entropy and the computation by Page

How to quantify the symmetry breaking in a subsystem:

°
technical details and physical interpretation

® (onclusions & outlook



Outline:

® |Entanglement entropy and the computation by Page

How to quantify the symmetry breaking in a subsystem:

°
technical details and physical interpretation

® (Conclusions & outlook



How to quantify entanglement

H=Ha®@Hp,  p=|V)(Y pa=Trpp

V)

A measure of the entanglement between

A and Bis the von Neumann entropy

Sa = —Tr(palogpa)

A replica approach

1

Rényi entropies: SI(:}) — log Trp's
n

Analytic continuation in n and limit n — 1 gives S




How to quantify entanglement

H=HsQHpB, P = |\If> <\If| pa = lIrgp

Fraction of radiated volume plays the role of time
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Page curve n=2

Assumption: El|log Tr(p%)] ~ log E[Tr(p% )]

2°8 4 24

41[AS£€)] = —E[log Trp%] ~ — log

Wattp 1+ 1

0[.52(pa)]/(L/2)
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What happens in a symmetric state

(): charge operator generating a U(1) symmetry

The charge 1s local: Symmetry-resolved Renyi entropies
Q=Qa+UpB
$1(q) = 125 log Tr(p'3 (q))
TI”B
[107 Q] =0 " [IOA7 QA] = (

M. Goldstein and E. Sela, Phys. Rev. Lett. 120, 200602 (2018)



What happens in a symmetric state

Symmetry-resolved Page curve in

Gaussian Haar random ensemble with U(1) symmetry
Symmetry-resolved Renyi entropies

—g=1/10 m=1/4 |

_' —Iq=ll/5 m=1/3 |
0.15/ —¢=1/10 m=1/3 —g=1/5 m=1/4 - (n) 1 n
- : q - Sy (q) = 15 log Tr(p” (q))
0.10_-
§ _
g /
0.05_-
00004 &
0.2 0.4 0.6 0.8

(/L

SM, P. Calabrese, L. Piroli, Phys. Rev. D 106, 046015 (2022).
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Entanglement asymmetry as a probe of symmetry breaking
[IOA7 QA] # 0 PAQ — Zq HQIOAHQ

PAQ =

||

ASA = 5(pag) — S(pa)

ASp >0 ASA=0< [pa,Qal =0

F. Ares, S. M., P. Calabrese, Nat. Comm. 14, 2036 (2023).



Entanglement asymmetry as a probe of symmetry breaking: a replica trick
[IOA7 QA] # 0 PAQ — Zq HQIOAHQ

PAQ =

||

Experimentally ASI(:) _ S(n) (,UA,Q) — S(n)(pA)

accessible

ASYY >0 ASY =0 [pa,Qa] =0

F. Ares, S. M., P. Calabrese, Nat. Comm. 14, 2036 (2023). L. Joshi, J. Franke, A. Rath, F. Ares, SM et al., arXiv.2401.04270 (2024).



Computation of the asymmetry

1

— [log Tr(pli o) — log Tr(pl}), paq = L Tgpall,

ASYY =

do

Using the Fourier transform of the projector 1l for q € Z: pago = | 5=-¢

1@ A pAeiOéQA
27



Computation of the asymmetry

1

1 —n

ASX’) — log Tr(p’y o) — log Tr(p’4) ] PAQ = ZQ®PAHq

do

et 0A IOV
27T

Using the Fourier transform of the projector I, for ¢ € Z: paq =

. " daq...day,
Ti(pg) = | Stz

where Z,(a) are the charged moments

Zn(a) = Tr _pAei(oq—ozz)QApAei(ozz—oz?,)QA . pAei(om—al)QA_

Qj+1 = & — G+l

P4, Q4] = 0= Zy(@) = Z,(0) = Tr(pl o) = Te(py), ASYY =0



Charged moments at n=2
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Charged moments at n=2

{U |0)}: ensemble of Haar random states
U 0) (0| UT: total density matrix

Trp(U |0) (0| UT)

pAERAp e A

TI-A [pAezaQApAe_zaQA]

Choi-Jamiolkowski mapping:
PARPAEHARHA — |pa R pa) 67-[%)4
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Entanglement asymmetry at n=2

Assumption: E|log Tr(pﬁ)Q)] ~ log “J[Tl"(pﬁ,cg)]

‘ﬂ[/\SEP] = E[log Trp4] — E[log Trpi@]

|

og | 52ElZy(a)

2T




Assumption:

Entanglement asymmetry at n=2

@[ASX)] = Ellog Trp?%] —

Lllog Tr(p) )] = log E[Tr(p’} )]

@llog Trpi@] ~ — log {

1

22€A—L_|_1

(1 4oL

(2£4)!

(£al)?
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Entanglement asymmetry at n=2
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Entanglement asymmetry at n=2

Assumption: El|log TI‘(,OZLQ)] ~ log “Z[TT(IOZ,Q)]

\ 2 S s —L(204)!
1[ASY)] = Ellog Trp?] — Ellog Trp? o] = — log [Q%AEL - (1 + 2 LEEA@)Q)}
1 -
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Charged moments at generic n

{U |0)}: ensemble of Haar random states
U 0) (0| UT: total density matrix J
Trp(U |0) (0| UT) 3

pAEIZRAp 4 028CA p 4 131 @A

Zo(@) = To(T T}y pact19)

Weingarten formula

LU @ (U] = 32, ses, Welo105) 1) (02

symmetric group o) = QF_, ‘05k

1
00 = St oy QT (13 © lag(i)) )
D. Weingarten, J. Math. Phys. 19, 999 (1978).
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Charged moments at generic n

{U |0)}: ensemble of Haar random states
U 0) (0| UT: total density matrix J
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pAE1ZRAp 4102804 p 4310

Zo(e) = ([ 1y pact1:24)

Weingarten formula (large system size L)

(U™ @ (U)*"] = 508 Ypes, |o) (o]

B[ Zn ()] ~ 200744 4 20-m L0 TR cos(ajj




Assumption: E|log Tl"(ﬂﬁ,Q)]

.

~ log E[Tr(p

Entanglement asymmetry at generic n

|

Lllog Trp’y o] —
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Entanglement asymmetry at generic n

Assumption: El|log TI‘(,OZLQ)] ~ log 43[Tr(p7}17Q)]

43[ASX’)] = (43[log Trp'y ol — Ellog Trpﬁ’])
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Entanglement asymmetry at generic n

Assumption: El|log TI‘(,OZLQ)] ~ log 43[Tr(p7}17@)]

n (n) _ " n TR n -~ 07 gA 1 L/Q,
LAS, ] = T ( J|log Trp'y o] — Ellog Tr,OA]) { 1/2log(£amnt/ (=1 /2). 04> L/2.

—




Analytic continuation

Assumption: El|log TI‘(,OZLQ)] ~ log “Z[TT(IOK,Q)]

0, la < L/2,
1/21log(£am/2), ba > L/2.

T[AS 4] ~ {

—




Physical interpretation

0, la < L/2,
1/2log(lam/2),  £a > L/2.

T[AS 4] ~ {

e Decoupling inequality:

D 0A QflA < 22(€A—L/2)

0 0.25 0.5 0.75 1

p 4 1s exponentially close to

the (normalized) identity for £4 < L/2

P. Hayden and J. Preskill, JHEP 09 (2007) 120.



Physical interpretation

0, la < L/2,
1/2log(lam/2),  £a > L/2.

T[AS 4] ~ {

e Decoupling inequality:

: 12
2 [, 2£1A 1 < 02(£a—L/2)

0 0.25 0.5 0.75 1

p 4 1s exponentially close to

the (normalized) identity for £4 < L/2

Recovers semi-classical gravity

' : : 66 ] 79
computation using “island” formulas

Y. Chen, H. W. Lin, JHEP 03 (2021) 040.
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