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New insights from Holographic EE:

 With recent progress, it is possible to compute the Page curve
In a controlled manner!

Penington [arXiv:1905.08255]
Almheiri, Engelhardt, Marolf & Maxfield [arXiv:1905.08762]
% Almheiri, Mahajan, Maldacena & Zhao [arXiv:1908.10996]

mm) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by

Spr(R) = min { ext (SQFT(R  islands) + A@(islands))) }

islands 4GN

 evaluate the (semiclassical) entanglement entropy of quantum
fields in the bath region R combined with various space-like
subregions in the gravitating region, ie, islands, which also
contributes the usual Bekenstein-Hawking entropy




=) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by

See(R) = min{ ext (SQFT(R U islands) + A(a(iSIaﬂdS))) }

islands 4GN

Late: large entanglement between

Early: island is the empty set; radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island
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=) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by
[ SEE(R) = IIllIl{ ext (SQFT(R U islands) -+ A(@(lslands))) } ]

islands 4GN

Late: large entanglement between

Early: island Is the empty set; radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island

Key ingredients of early calculations:
—> absorbing or transparent b.c.

—> two-dimensional JT gravity

—> quantum extremal surfaces



Aside:

* Einstein-Hilbert term is topological in two dimensions
 Jackiw-Teitelboim (JT) gravity introduces extra scalar, dilaton
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= describes physics of extremal horizons in higher dimensions
=—» |low-energy sector of Sachdev-Ye-Kitaev (SYK) model:
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Aside:

* Einstein-Hilbert term is topological in two dimensions
 Jackiw-Teitelboim (JT) gravity introduces extra scalar, dilaton

D 1
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= describes physics of extremal horizons in higher dimensions
=—» |low-energy sector of Sachdev-Ye-Kitaev (SYK) model:

« JT black holes:
dr? , r? — u?
ds® = —f(r)dt* + ) with f(r) = Lg'u

~ AdS, geometry

.
and ¢ = <I>bT—

C




Aside:

* JT black holes:
2 2 2

2 = —f(r)dt? + m with f(r) = - ;g“ .

~ AdS, geometry

.
and ¢ = &,—

Te

* RT surface: simply a point in bulk
extremizing ®(x)/4Gy




Aside:
* JT black holes:

2 . o
ds® = —f(r)dt* + ?7;‘) with f(r) = L%'u :
~ AdS, geometry
and @ = b,
T

C

* RT surface: simply a point in bulk
extremizing ®(x)/4Gy

* Quantum Extremal surface:
extremizes ®(x)/4Gy plus
guantum Sz of matter fields
(need Cauchy slice connecting

to boundary time S|iC€) (Faulkner, Lewkowycz & Maldacena; Engelhardt & Wall)




=) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by
[ SEE(R) = IIllIl{ ext (SQFT(R U islands) -+ A(@(lslands))) } ]

islands 4GN

Late: large entanglement between

Early: island Is the empty set; radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island

Key ingredients of early calculations:
—> absorbing or transparent b.c.

—> two-dimensional JT gravity

—> quantum extremal surfaces

extremize geometric/grav. entropy plus quantum Sgz of
matter fields (Faulkner, Lewkowycz & Maldacena; Engelhardt & Wall)



=) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by
[ See(R) = min{ ext (SQFT(R U islands) + A(@(islands)))} ]

islands 4G N

Late: large entanglement between

Early: island Is the empty set, radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island

Example: Not Evaporating Black Holes!
Almheiri, Mahajan & Maldacena [arXiv:1910.11077]



Example: Black Holes in Thermal Equilibrium

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
« simple holographic model: 2d JT gravity”*= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium
> Hartle-Hawking state

horizon

|

\_'_H_'_I

2d Euclidean BH CFT, on thermal cylinder



Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
 simple holographic model: 2d JT gravityA= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium

flat space, R!

AdS, black hole



Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
 simple holographic model: 2d JT gravityA= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium

flat space, R!

AdS, black hole

Thermal equilibrium? No information paradox?



Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
 simple holographic model: 2d JT gravityA= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium

flat space, R!

AdS, black hole

« eternal BH and bath are continuously exchanging radiation



Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
* simple holographic model: 2d JT gravity’A= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium

What does Page curve look like for eternal black hole?
 eternal BH and bath are continuously exchanging radiation
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Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
* simple holographic model: 2d JT gravityA= 1d quantum mech’s

* prepare state with 2d black hole & bath in thermal equilibrium

N

No 1sland

a —il

yr; lane plane YR
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Black Holes in Thermal Equilibrium:

Almheiri, Mahajan & Maldacena
(see also: Rozali, Van Raamsdonk, Waddell & Wakeham)

+ CFT
* simple holographic model: 2d JT gravity’A= 1d quantum mech’s

e prepare state with 2d black ho

_ Quantum Extremal Island:
 in Page phase, information about BH

No island new QESS appear interior is encoded in

/ bath radiation

blane YR

w plane
QESs outside
BH horizon!!




mm) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by

Spe(R) = min { ext (SQFT(R U islands) 4 A(a(islands») }

islands 4GN

Late: large entanglement between

Early: island Is the empty set; radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island

Questions, Questions, Questions:

* how important is two dimensions?

- are dof on Planck brane part of boundary or bulk?

e was JT gravity important?

« was ensemble average of SYK model important?

* how was information encoded in Hawking radiation?



=) |s|and Rule:

* black hole coupled to an auxiliary non-gravitational reservoir
(the “bath”), which captures the Hawking radiation

* (correct) entropy of the Hawking radiation is given by

Seep(R) = min{ ext (SQFT(R Uislands) + A(O(islands))
islands 4GN

Late: large entanglement between

Early: island Is the empty set; radiation and region behind horizon;
agrees with Hawking's calculation new saddle with nontrivial island

Questions, Questions, Questions:

Many of new insights can be understood as familiar
properties of holographic entanglement entropy



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane:
1

— —1)
T L= d+1 (
bu 167Gy / e [ +1(9)

Ib = —Tofddl'\/




Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane:

1 d(d—1)
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Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane:
1

— —1)
T L= d+1 (
bu 167Gy / e [ +1(9)

Ib = —Tofddl'\/




Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane:

. 1 d /= (d_]‘)(d_Q) [/~ 2/ wp2
Iinduce B ]_67TGeff fd v I |: fgff + R(g) +L ( R ) T
- 1 2L 1 2 A7 Gy LTo
with = D o~ |1
Geff (d - 2) Gbulk geff L d — 1



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane: r L2/,

B 1 d = (d_l)(d_Q) ([~ 2/«D2»
Iinduce o 167TGeff fd ! J |: ﬁgff i R(g) " " ( R ) "
R R [ - & d—1 L?



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane: r L2/,

B 1 d = (d_l)(d_Q) [~ 2/ wD2

Linanee = T506 f A { g, THOFECRD S
" 1 B 2L - 1 Ni 1_47TGbu1kLTO <<i
R R [ - & d—1 L?

* “position” of brane can be determined by:
using Israel junction conditions

Cross-section
of AdS,,,

ds* = L* [dp2 + cosh?p dZCQi}—— AdS,



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction

creates extra d-dim. graviton mode localized on brane: r L2/,
1 —1(d-2) = d

Iinduce — fddx _g |i(d gz(d ) _|_ R(g) _|_ L2(“R277) _|_ .. ]

eff

Wt G (d—2)Gow T 2, L2

d—1 <72

* “position” of brane can be determined by:
using Israel junction conditions

cut off
at Pbrane

ds* = L* [dp2 + cosh?p dZCQi}—— AdS,



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane: r L2/,

. 1 d  ~ (d_]‘)(d_Q) D/~ 2/ up2»
i = 1 [ #'av/75 | R + LR +
WIth G T 4=2)Gon . 2, L2 d—1 L2
* “position” of brane can be determined by:
using Israel junction conditions
\ ( paste to
N 2nd copy
<> AKZ:, - gij AKEg
= —87Ghu 1o éij

pd ~
~ 7

ds* = L* [dp2 + cosh?p dZCQi}—- AdS,



Randall-Sundrum gravity (quick review):

e introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane: r L2/,

. 1 d — ~ (d_]‘)(d_Q) [/~ 2/ wp2
s = 1o [ o/ | R + 2R 4
Wlt Geff B (d o 2) Gbulk ’ ngf o L2 d - 1 L2

* “position” of brane can be determined by:
using Israel junction conditions or solving brane gravity eom

ENEPYINRE
2 £2 i
with /5 = L cosh py,.ne

L2 dp +oosh2p dZ <—-—Ade




Randall-Sundrum gravity (quick review):

Introduce d-dim. brane in (d+1)-dim. AdS geometry, backreaction
creates extra d-dim. graviton mode localized on brane: r L2/,

. 1 d — ~ (d_]‘)(d_Q) [/~ 2/ wp2
Iinduce B ]_67TGeff fd v I |: fgff + R(g) +L ( R ) T
wit Geff B (d o 2) Gbulk ’ ngf - L2 d—1 L2

“position” of brane can be determined by:
using Israel junction conditions or solving brane gravity eom

<
—_—
<
< > brane

(lots of geometry
hidden here)




Randall-Sundrum gravity:

Sd—l
(a) holographic CFT, coupled to
conformal defect (ie, boundary
CFT,.1) qd-2
( )
(b) holographic CFT,4 coupled to
CFT,4 with gravity on AdS,
. J
Hd—l

(c) AdS,, gravity coupled to
brane with AdS, geometry

lots of geometry
hidden here



Black Holes in Thermal Equilibrium:
* AdS,,, gravity coupled to brane with AdS, geometry




Black Holes in Thermal Equilibrium:
* AdS,,, gravity coupled to brane with AdS, geometry

« empty AdS,,,; space can be described as “hyperbolic” black hole

L*dp®  p*—L° o 5 o
(p2—L2)_ R2 dt™ + p~ dxg_, ( )

* describes TFD state of boundary CFT on
R x H% ! attemperature T = 1/, »

Q\}Qxl_]dll

ds® =




Black Holes in Thermal Equilibrium:
* AdS,,, gravity coupled to brane with AdS, geometry

« empty AdS,,,; space can be described as “hyperbolic” black hole

L2 dp2 p2 L L2
-7 R

ds? — dt> + p?d¥2% |, E—

\

* describes TFD state of boundary CFT on
R x H% ! attemperature T = 1/, »

* insert brane, describes TFD state of boundary
CFT coupled to conformal defect on R x H%1
at temperature T = 1/,

\
$— R x H4-1
R x H4~2




Black Holes in Thermal Equilibrium:
* AdS,,, gravity coupled to brane with AdS, geometry

« empty AdS,,,; space can be described as “hyperbolic” black hole

L2 dp2 p2 _ L2

2 _ 2 2 2
=y e e
* describes TFD state of boundary CFT on
R x H% ! attemperature T = 1/, »
* insert brane, describes TFD state of boundary
CFT coupled to conformal defect on R x H%1
at temperature T = 1/, -

* induced brane metric “inherits” hyperbolic black hole geometry

/2 dﬁQ ﬁ2 _ /2 )
ds® = 523_ i 2 dt? 4 p° dX5_,




Black Holes in Thermal Equilibrium:

* previous discussion lifts to higher dim’l holographic model with
d=2 JT gravity replaced by induced d-dim. Einstein gravity

bath space, R11

AdS, black hole



Black Holes in Thermal Equilibrium:

* previous discussion lifts to higher dim’l holographic model with
d=2 JT gravity replaced by induced d-dim. Einstein gravity

brane perspective: bath space, R x 41

d-dim. hyperbolic

defect/interface black hole
sits in middle ie, AdS, black hole
of bath space

boundary: R x H%~?



* boundary CFT coupled to R x Ha-1
conformal defect:

thermofield
double



* boundary CFT coupled to
conformal defect:

* EE of a bath (and thermal copy),
some distance from defect:

* evolve in time; end points drawn
closer to the defect

i




* boundary CFT coupled to
conformal defect:

* EE of a bath (and thermal copy),
some distance from defect:

* evolve in time; end points drawn
closer to the defect

horizon « evolution of endpoints
on AdS boundary

—> reminiscent of familiar
holographic EE scenario




—> reminiscent of familiar holographic EE scenario:
two saddles compete to give minimal RT surface

“disconnected phase” “‘connected phase’
entanglement wedge entanglement wedge

« entanglement wedge reconstruction: can recover bulk operators
(within code subspace) inside entanglement wedge with
boundary CFT operators in corresponding boundary subregion



—> reminiscent of familiar holographic EE scenario

Quantim
> Extremjal

Early times: Late times:
* RT surfaces join opposite sides < RT surfaces on single side
of BH = EE grows with time of BH - EE fixed in time
 entanglement wedge close to * entanglement wedge extends
boundary through brane - QE island

——> growth phase ——> Page phase



Question: How did we get from RT entropy

See(R) = min{ ext (

YR

A(XR) N A(or)
4Gruk  4Grorane

(Bulk perspective)
to the island rule?

Spr(R) = min { ext (SQFT(R Uislands) + A(a(lslands))) }
islands 4GN

(Brane perspective)



Evaluating RT entropy:
1) extremize RT surfaces away from the brane: hoo K, g =

brane




Evaluating RT entropy:
1) extremize RT surfaces away from the brane: hoo ]CZ g =

(potential)
Island

‘Y without brane, or
would be fixed by
data on other 0AdS

* many candidate extremal RT surfaces crossing brane with
different profiles oRr



Evaluating RT entropy:

1) extremize RT surfaces away from the brane: hoo ]CZ g =

finite IR contributions

|

QFT entropy -
Sopr(RUisland) | [ se

R -

e T —

..........
.
'l

(identical)
UV divergent boundary terms

# A(OR) -+ 7 / d%2yv/h (curvature) + - - -
o

6d—2 5d—4 R

« at this step have evaluated Sorr(R Uislands) +

brane

Wald-Dong entropy
for brane gravity

A(or)
4Geyy
L7 - 1 5 im, g
8(d —2)(d — 4)Grs _/(,Rdd 2y\/§ (2Rij” ' m
d 7 ]

A(0(islands)) N
4G N




Evaluating RT entropy:
1) extremize RT surfaces away from the brane: hoo ]CZ g =

finite IR contributions brane

|

FT entro g .
SQFT (R Uisl a?;) ......... p A Wald-Dong entropy
ermeEEsme ol T for brane gravity
R - A(or)
Swp = +
,,,,,, AGeyy
........... L2 s _ © i
i -....‘. 8(d—2)(d— )Cns ./aRd y\/g (2R,;jn n? .,
— ) - R KR 4
(identical) \ d—1
UV divergent boundary terms OR
# A(S(if;) + 51,%_4 /aR(flde\/E (curvature) + - - -
A(O(islands))

« at this step have evaluated Sorr(R Uislands) +

AG
2) extremize RT entropy by varying the island boundNary OR!

—> extremizing over possible islands!



How did we get from RT entropy

. A(Xr) , A(or)
R) = t
See(R) mm{ e;{R <4Gbulk " 4Grrane

(Bulk perspective)

to the island rule?
SWD (8(isla,nds))

Spu(R) = mm{ ext (SQFT(R U islands) 4 A(a@s}wﬂs))) }

islands AGN
/ A ' j
(Brane perspective)

3) connected vs T
disconnected 1) extremize RT surfaces away
phase from the brane

2) extremize RT entropy by varying
the island boundary or !!!



—> reminiscent of familiar holographic EE scenario

Quantim
> Extremjal

Early times: Late times:
* RT surfaces join opposite sides < RT surfaces on single side
of BH = EE grows with time of BH - EE fixed in time
 entanglement wedge close to * entanglement wedge extends
boundary through brane - QE island

——> growth phase ——> Page phase



—> reminiscent of familiar holographic EE scenario

Early times: Late times:
* RT surfaces single side
of BH =2 EE ed in time
 entangleme edge extends
boundary - QE island

— e phase



New insights from Holographic EE:

» previous discussion lifts to higher dim’l holographic model with
d=2 JT gravity replaced by induced d-dim. Einstein gravity

* new model reproduces precisely the behaviour originally seen
with d=2 model from familiar properties of holographic EE

N
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Questions, Questions, Questions:

* how important is two dimensions?

—> not at all, our construction extends discussion to gravity
and black holes in d dimensions
(see also: Almheiri, Mahajan & Santos)

- was JT gravity important?

——> N0, our construction extends discussion to Einstein gravity
and black holes in d dimensions

« was ensemble average of SYK model important?

——> Nno, our construction relies on standard rules of AAS/CFT
correspondence, ie, do not average over couplings in
boundary CFT

(Note top-down construction with D3 L D5 by Karch & Randall)



Questions, Questions, Questions:

* Almheiri, Mahajan & Maldacena distinguish “full quantum description”
of radiation and “semiclassical description” which includes
outgoing radiation and purifying partners on QE island (ie,
boldface notation)

Island Rule:

See(R) = min{ ext (SQFT(RU islands) + A(a(lslands)))}
islands 4GN

Y Y

“full guantum description” “semiclassical description”

e what’s up with that?



Randall-Sundrum gravity:

(a) holographic CFT, coupled to
conformal defect (ie, boundary
CFT,.1)

(b) holographic CFT,4 coupled to
CFT,4 with gravity on AdS,

Hd—l

(c) AdS,, gravity coupled to
brane with AdS, geometry

lots of geometry
hidden here



Randall-Sundrum gravity:
\ Sd—l
(a) holographic CFT, coupled to
conformal defect (ie, boundary
CFT,.1) qd-2

L)

* these descriptions provide UV
complete framework; provide “full
quantum description” of radiation

AdS/CFT correspondence

\ 4

(c) AdS,, gravity coupled to
brane with AdS, geometry

lots of geometry
hidden here



Randall-Sundrum gravity:
(

A(a(islands))) }\

Island rule: Sgz(R) = min{ ext (SQFT(RUislaﬂdS) + 1C
N

islands

* becomes mnemonic for this “effective” gravitational theory

e within this framework, can not reveal “hidden”correlations
compare: Akers, Engelhardt & Harlow )

|

(b) holographic CFT, coupled to
CFT,4 with gravity on AdS,
* this description provides effective

low energy framework, eg, cut-off
In CFT, with gravity theory

- also only keep “local” interactions
between brane and boundary

 provides “semiclassical description”
of radiation and Hawking partners

 framework for calculations in
Almheiri, Mahajan & Maldacena



Conclusions:

 simple holographic model illustrates the ,
appearance of quantum extremal islands m""

* new Iinsights viewed as familiar properties
of holographic EE =» are insights universal’”
e TS i s, m e .1,--“ 0%,
« Page phase can be described by saddle S s
point without revealing microscopic detalls W|th I
—p What/how learn about mlcrostates and -
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Conclusions:

 simple holographic model illustrates the =
appearance of qguantum extremal islands

* new Iinsights viewed as familiar properties
of holographic EE =—» are insights universal??

A T A T e L L

- — - - > - St

« Page phase can be descrlbed by saddle & .
point without revealing microscopic detalls W|th I
—p What/how learn about microstates and informati

» what about: evaporating BHs? massive BH"' ¥4 " 2
further insights to holographic EE and complex
ha
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