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Black Hole Evaporation

Singularity

Black holes are created by gravitational collapse
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Black Hole Evaporation

Entangled particle pairs

Due to the equivalence principle, an infalling observer
will see the smooth spacetime near the horizon

Infalling observer l
entangled particle pairs across the horizon




Black Hole Evaporation

Entangled particle pairs

fﬂ*/ From the outside:

g
-

e Only a partner of the entangled pair can be seen.

—Thermal radiation emitted from the horizon

"Hawking radiation”




Black Hole Evaporation
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I Due to Hawking radiation BH loses its mass




Black Hole Evaporation

Due to Hawking radiation BH loses its mass




Black Hole Evaporation

Due to Hawking radiation BH loses its mass

Eventually there only remains thermal radiation




Black Hole Information Paradox
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The entropy of Hawking radiation probes the amount of

information of the BH interior lost from an outside observer

(- Hawking radiation is entangled with the BH interior)

It keep growing until BH is fully evaporated




Black Hole Information Paradox

Entropy

Time
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It causes the information paradox!

The maximum amount of information inside the BH is given by
Area

4G N
At late times, the black hole does not have enough d.o.f to be

entangled with Hawking radiation— mixed state

SpH =

Contradicts with unitarity!




Page Curve
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Entropy of Hawing radiation should obey the Page curve

Unitarity— Late radiation should be entangled with early radiation

I Contradiction!

Equivalence principle—Radiation should be entangled with BH interior




Talk Plan

1. Brietf intro of Entanglement entropy
2. Holographic principle
3. Holographic entanglement entropy and subregion duality

4. Recent developments in black hole information paradox

5. Gravitational replica calculation




Entanglement Entropy

Entropy of Hawking radiation can be computed as entanglement entropy

density matrix p = |U)(W]

space

BRCRE —reduced density matrix p4 = trgcp
AC A AC

only contains information inside A

How much amount of information is inside A ? = "Entanglement entropy”

Sa = —trpalogpa

Total system is pure—= Sgy4- =0




Entanglement Entropy
Example: Thermofield double state

system 1  system 2

A AT

Wrrp) = \F Z e P12\ E)1 @ |E),

reduced density matrix: thermal density matrix

pa = tra|Vrrp)(VTED]
e~ BH

Z
Entanglement entropy becomes the thermal entropy 5S4 = Sthermal




AdS/CFT correspondence

AdS/CFT correspondence:

Information of quantum gravity in AdS is
encoded in the boundary system (CFT) at infinity

AdS |TB B
ol =R

Boundary system is defined on S~ ! x R




Holographic Entanglement Entropy

Ryu-Takayanagi formula:

Area(v4)
Sa—ext
A YA 4GN
- Entanglement entropy can be calculated by the area

A of the extremal surface anchored at 90 A




Holographic Entanglement Entropy

Hp, Hp, Example: Thermotield double state

(90 T




Holographic Entanglement Entropy

Example: Thermotield double state

HB. H B,
Wrpp) = \F Z e PP1%|E), ® |E),
A A




Holographic Entanglement Entropy

Example: Thermotield double state

HBQ HBl
—BE/2
AT A

YA : surface enclosing the BH horizon

Entanglement entropy= Black hole entropy

Area(va)

DA =

= SBH

4G N




Holographic Entanglement Entropy

Example: Thermotield double state

\WTrD) = e PP1%|E), ® |E),
5
YA : surface enclosing the BH horizon

Entanglement entropy= Black hole entropy

Area(va)
4G N

DA =

= SBH




Holographic Entanglement Entropy

Hp, Hp, Example: Thermotield double state

—BE/2
A WrEp) = \F Z E)1 ® |E)2

YA : surface enclosing the BH horizon

Entanglement entropy= Black hole entropy

Area(va)
4G N

DA =

= SBH




Subregion duality

Which part of the bulk is encoded in which part of the boundary system?

Subregion duality
A part of the bdy system: A encodes the information

of the bulk region called entanglement wedge of A

Entanglement wedge of A:} 4
bulk region enclosed by A and Y4

TFD case: A encodes the information outside BH




Recent developments

Penington, Almheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19

AdS Black hole formed by the gravitational collapse:
Hawking radiation is reflected at bdy and absorbed by BH

/ — never evaporate!




Recent developments

Penington, Almheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19

Attaching a flat space to AdS:
Hawking radiation escapes into the flat region

—an evaporating AdS black hole!

/
Y

Gravity |No Gravity




Recent developments

Penington, Almheiri-Engelhardt-Marolf-Maxfield (AEMM) ‘19

Attaching a flat space to AdS:
Hawking radiation escapes into the flat region

—an evaporating AdS black hole!

The bdy system can be decomposed:

Hp K Hp

Region R can collects the Hawking radiation

The bdy system — Hpr plays a role of d.o.f. of Hawking radiation

Hr

HB




Recent developments

Which part of the bulk IS encoded in a part of the
boundary system B?

= 2

Subregion duality
.. | A part of the bdy system: B encodes the information

of the bulk region called entanglement wedge of B

(Generalized Ryu-Takayanagi formula)

i) |
SB = min ext rea(/yB) | Smatter (ZB)
VB 4G N e

The bdy system

%R Bulk matter entanglement entropy

Hp YB: quantum extremal surface (QES)




Recent developments

ngelhard

(Generalized Ryu-Takayanagi formula)

, Area(vp)
SB = t
Sy

| Smatter (ZB)

At early times,

No non-trivial QES—
H B describes the entire bulk region

The bdy system

Hr

HB




Recent developments

Peninotorc Almheir=Enselhardt=MarolE=Maxfeld (A EMIVD
Penington, Almheiri-Engelhardt-Marolt-Maxfield (AEMM) ‘19

) (Generalized Ryu-Takayanagi formula)
S - :
1B - , Area(vp)
______ b Sr = min ext F S htkar (4R )
B L 4GN :

At Late times when the paradox arises:

Non-trivial QES exists near the horizon,

a large part of the BH interior does not belong

to the EW of B!
The bdy system Sks 2

Hr

HB




Recent developments

\ From the consistency, the BH interior is encoded inHg

The bdy system
R

The entanglement wedge of Ris RU I

“Island”
Island formula -

S Area(01)
o= mmlext i@y

| Smatter(R » I)

HB




Recent developments

ngelhard

Entropy ¢ R
: matter
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ok Area(01)
Sp = mmlext E=ors

| Smatter(R L I)

At Late times, the island becomes a part of Hawking
radiation, which leads to the unitary Page curve




Replica calculation in a gravitational system

The goal: perform the replica calculation for the entropy of Hawking

radiation and derive the island formula
KG-Hartman-Tajdini (see also Almheiri-Hartman-Maldacena-Shagoulian-Tajdini )

Replica trick: Sr = —trrprlogpr
= (1 - ”87@)2%‘77,:1 ZEE:

" trpg

The replica calculation of an entanglement entropy amounts to computing
the replica partition function: Z,, = trp%

Tcan be computed using the path-integral




Path-integral in QFT

P2
e O(T)=02 : T
(@)l Hga(e) = [ " Dpe el - |
11 17, ¢(O):¢1
number T
———) a’/‘
«
Path-integral with one open cut defines a quantum state .~
b.c. unspecified
£ s W] = (B119) = (oleH o)
I\Ij> = €_TH|¢1> ' T Wave functional

“state”

1




Path-integral in QFT

) = e |g) :T]

state =
Path-integral with two open cuts defines an operator
¢1
: : cuts
density matrix: p = |UW(U| = &
"operator”

d1




Path-integral in QFT

reduced density matrix:

A~ A




Path-integral in QFT

o = / Dby (%) palér (2)){1(2)|oa = / D¢, ()

Insert “1"”

T / D (2)]éh1(2)) (61 ()] HElE




Path-integral in QFT




Path-integral in QFT

Zn = trp} can also be computed by n-copies of the original geometry

&
\ branch point
Lo s (Beg G/ =conical excess ?*metric singular

Sa = —trapalogpa
=l nd 17




Path-integral in Gravity

We compute the entanglement entropy in a system with gravity

Difference from QFT:

R

No Gravity
Flat

1. Geometry should satisty the Einstein eq.

—branch-point becomes smooth

Gravity
AdS

2. Need to consider various geometries that
satisfies the b.c.




Path-integral in Gravity

Prepare an evaporating BH using the Euclidean path-integral

“"Vacuum state”




Path-integral in Gravity

Prepare an evaporating BH using the Euclidean path-integral

Insert a local operator during path-integral

— creates a matter shockwave after
Lorentzian time-evolution

Evaporating BH




Path-integral in Gravity

Prepare an evaporating BH using the Euclidean path-integral

Insert a local operator during path-integral

— creates a matter shockwave after
Lorentzian time-evolution

In Lorentzian regime, an evaporating BH is
created by the “gravitational collapse”

Evaporating BH




Path-integral in Gravity

i trp — / Dg,uup¢ e_IgraV[g]_Imatter[gy¢]
oM =fixed

Integrate over geometries




Path-integral in Gravity

i trp — / Dg,uz/p¢ e_IgraV[g]_Imatter[gy¢]
oM =fixed
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Integrate over geometries

Saddle point

approximation Fill in with a geometry that solves Einstein eq.

After analytic continuation, we obtain
the Lorentzian evaporating black hole




Replica Calculation in Gravity

The replica calculation of the entropy of Hawking radiation Sramounts to
computing the replica partition function: Z,, = trp’%

Integrate over geometries




Replica Calculation in Gravity

The replica calculation of the entropy of Hawking radiation Sramounts to
computing the replica partition function: Z,, = trp’%

ZQ — trp%%

~Usual computation Wormhole saddle
on a fixed geometry




Replica Calculation in Gravity

metric is smooth at branch point

Wormhole saddle




Replica Calculation in Gravity

Wormhole solution exists at any n

() |

| Zmatter [gwormhole

=
()
~ e_IgraV [gvvormhole
\‘L
— exp | —1 =
e 1% grav[gsad

dle

_WA

= h—

| Smatter(R U [)

from the back reaction at oI




Replica Calculation in Gravity
Sr = —trrprlog pr
= (L +n0y )} Znli2;

Island formula is derived:

Area(0I)

1 I 4TG N 1
Einstein equation Back-reaction of the Matter entropy

of the wormhole dynamical branch point ~ from the wormhole geometry




