Replica Wormholes
for an Evaporating 2D Black Hole
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The entropy of Hawking radiation
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The entropy of Hawking radiation
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BH becomes too small to

be entangled with the radiation!
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Unitary time-evolution
—Page curve
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Unitary time-evolution
—Page curve

How to get the unitary Page curve?
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¢ Information paradox in an evaporating AdS BH coupled to Bath
Almbheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19
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¢ Information paradox in an evaporating AdS BH coupled to Bath
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¢ Information paradox in an evaporating AdS BH coupled to Bath
Almbheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19

Hawking’s calculation
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¢ Information paradox in an evaporating AdS BH coupled to Bath
Penington, Almheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19

Flat
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... Island formula
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Gravity+CFT

I: island = BH interior belong to Hawking radiation
0l: quantum extremal surface (QES)
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Replica wormhole: wormhole sol. of Einstein eq. that connects difterent replica sheets
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Replica wormhole: wormhole sol. of Einstein eq. that connects difterent replica sheets
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& The derivation is formal: relies on Euclidean method

not clear for evaporating BHs where there’s actually information loss!

Our Goal

Derive the island formula and Page curve for BHs that form by collapse
and then evaporate by using the gravitational path integral
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Background geometry (n=1)

Part 1.

¢ Construction of evaporating BH from the Euclidean path-integral

Replica geometry (n=1+¢)

Part 11.

¢ Replica wormholes and derivation of the island (QES condition)
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¢ How to apply gravitational path integral techniques to evaporating black holes ? =
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¢ No time-reflection symmetry
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¢ (Gluing gravity to a flat region in Euclidean

signature is highly non-local due to

“the conformal welding problem”

AEMM: Joining quench
Almbheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19
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¢ Eternal AdS black hole coupled to bath

AdS2
V. JT gravity+CF T2

Eternal BH + External non-gravitational system at same temperature

Dynamics of JT gravity— Schwarzian action for gluing map: (¢
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¢ Eternal AdS black hole coupled to bath

AdS> | Lorentzian time
JT gravity+CFT 2

Euclidean tim
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& Evaporating one side of the eternal black hole
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& Evaporating one side of the eternal black hole
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Shockwave with E1) o< hy, injected from the flat region

Einstein equation for x(t) — need to compute the matter stress tensor
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Conformal welding problem

(Gravity system

) ddxdzx

5 Gravity+Bath system
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whole
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Bath system

diagonal components
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conformally flat part

The gravity and the bath region have different coordinates

—We want to cover the whole region by a single coordinate

¢ Naive non-holomorphic extension z = f(y, §) gives conformally non-flat metric




¢ Conformal welding problem
For given z(?) , look for a new covering coordinate defined by holomorphic maps

r--------------------------

Bath: z = F'(e?
Gravity: z = G(x

with matching condition at the interface F'(€¥)|pay = G(2)|bdy

— F, G non-locally depends on (¢

Gravity+Bath

ds® = Q7?%(z, 2 dzdié
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Conformally flat
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Non-trivial solution on a Schwinger-Keldysh contour!
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Shockwave + Thermal flux
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Equation of motion for x(t) : —;1Z(1),t; = Ly+y+ — 1y
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An evaporating black hole created by shockwave,
decays into the original black hole

@ Evaporation stops when it equilibrate with bath R . hoCkwavc
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Background geometry (n=1)

Part 1.

¢ Construction of evaporating BH from the Euclidean path-integral

Replica geometry (n=1+¢)

Part 11.

¢ Replica wormholes and derivation of the island (QES condition)
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& Replica wormhole for an evaporating black hole
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¢ Replica wormhole for an evaporating black hole
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¢ Replica wormhole equation =

N f
k. ooatudy
T
e

¢ Replica wormhole : 85
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Additional contribution due to
back-reaction of twist defect A

From twist operators TWist operator insertion
A&B changes the welding solution
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¢ QES condition from replica wormhole equation

Look at the singularity at A

E.O.M: Resy [0;-R(A; zy,) + i6T™* (A, B;z,,)| =0

Conformal Ward identity

Area(A)
4G N

QES condition: 0a L 0 0crrl A B =1

Island formula

Einstein equation Back-reaction of the = Matter entropy from
of replica wormhole = dynamical twist A replica wormhole
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@& We derived the “island formula” for an evaporating black hole from e

i
B s
b : ‘

the gravitational path-integral o
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@ Constructed an evaporating BH from the Euclidean path-integral %

o

ey

Solved the conformal welding problem on a Schwinger-Keldysh contour

and obtained a local E.O.M.

Replica wormhole equation gives the QES condition

. S R R T e R R R P S L 3 L I D X 3 D R R s s

v § N 5 ERTEER N St | il A A ) o A AT i AT LR # o WA # A WA \ L R WS S QP NEER N S NEh N RN NGV N S LA ’ FONS N AR ;. » AT N SO R N ST P N # . NP S N S N D > Wy N e : L D - *



