B 3

Entropy of Hawking radiation in entangled
disjoint universes and the island formula

(Y 2N UEDEEFHICBIT 5 h—%
YIBHOIY trE— 74 5 Y FAKN)

it
H
il
N






Contents

1 Introduction 3
2 The Black Hole Information Paradox and the Island formula 10
2.1 AdS; Black Hole coupled to Non-gravitating Baths CFT, . . . 10
2.1.1 Black hole in Jackiw-Teitelboim gravity . . . . . . . .. 12

2.1.2 Coupling to the Baths . . . . .. ... .. ... .... 16

2.1.3 the von Neumann entropy of the Hawking radiation . . 20

2.2 The Island formula . . . . . .. ... 30

3 Asymptotically Flat Black Hole in Disjoint Universes setup 32

3.2

3.3

4 The
4.1
4.2

Setup . . . . . 34
3.1.1 Two disjoint asymptotically flat universes . . . . . .. 34
3.1.2 Islandsinthesetup . . . . . ... ... .. ... .. .. 35
3.1.3 Embedding of two universes . . . . . .. .. ... ... 36
An asymptotically flat black hole and its radiation entropy . . 37
3.2.1 Penrose diagrams . . . . . ... ... L. 39
3.2.2  Quantum extremal surface . . . . . .. ... ... ... 42
Black hole interior in the presence of shock wave . . . . . . . . 43
3.3.1 Dilatonpart . . . . . ... 46
3.3.2 C(lassical extremal surfaces . . . . . ... ... .. ... 46
3.3.3 CFTentropy part . . . . . . . . ... ... ... .... 49
3.3.4 Quantum extremal surfaces . . . ... ... ... ... 53
3.3.5  QESs with non-trivial CFT entropy . . . . . .. ... 59
3.3.6  The von Neumann entropy . . . . . . .. ... .. ... 64
Island formula and Baby Universes 66
Baby Universe and Ensemble nature of Semi-Classical Gravity 67
Gauss Law modified by the Baby Universe . . . . . .. .. .. 73
4.2.1 The modification of Gauss Law . . . . ... ... ... 74
4.2.2 Comment on gravitational dressing . . . . . ... ... 79



5 Summary and Future Directions 79

5.1 Summary . ... 79
5.2 Future Directions . . . . . . . ... ..o 81
A von Neumann Entropy in CFT; 85
A.1 The vacuum entropy formula . . . . . . . ... ... ... ... 86

B von Neumann entropy and local quench for two disjoint in-
tervals 89

C The von Neumann Entropy of the naive Hawking Radiation,
the Black hole and the Baby Universe 97

C.1 The entropy of the naive Hawking radiation S(pr) = S(psrusv) 97
C.2 The entropy of the naive Hawking radiation and the baby

universe
S(pRugU) = S(pBH> ........................ 99
C.3 The entropy of the baby universe S(ppv) = S(prUrR) - - - - - 101



1 Introduction

The black hole information paradox is one of the most important problems
in quantum gravity. The starting point of the paradox is the entropy of a
black hole, that is, the Bekenstein-Hawking entropy [1-4],

A
4Gy’
where A denotes the area of the black hole horizon. The existence of such an
entropy suggests that a black hole looks like a thermal object and thus has
a temperature, which is called the Hawking temperature. This temperature
means that a black hole radiates, and such radiation is known as the Hawk-
ing radiation [1,2]. Through Hawking radiation, a black hole evaporates.
Hawking argued that quantum information inside a black hole would be de-
stroyed during the (formation and) evaporation process of the black hole,
and thus the von Neumann entropy of the system increases without bound
under the process. Such an increase of the entropy (or loss of quantum infor-
mation) is contradicted with the unitary time evolution of quantum gravity,
and the contradiction is known as the black hole information paradox. In
other words, such an increase of the entropy implies that a quantum state
of the system evolves from a pure state to a mixed state eventually, which
cannot be achieved by unitary evolution.

Spr = (1.1)

Since the discovery of Hawking radiation, many people have studied the
von entropy of Hawking radiation. In the progress of the study, by using
a toy model, Page showed that the von Neumann entropy of the Hawking
radiation initially should increase and after some critical time, which is called
the Page time, the entropy should decrease [5]'. The entropy behavior is
known as the Page curve. If the entropy follows the Page curve, we do not
naively encounter the information paradox. Therefore we are interested in
how we derive the Page curve by using a semi-classical description of gravity,
not the toy model. The recent developments show that the island formula,
which we mainly focus on in this thesis, enables us to derive the Page curve
using a semi-classical description.

To introduce the island formula, we should go back to Ryu-Takayanagi/Hubeny-
Ryu-Takayanagi formula and their generalizations [6-10] in the AdS/CFT
correspondence [11]. We can calculate the entanglement entropy of a region
in a CFT living in the boundary of anti-de Sitter spacetime (AdS). The en-
tanglement entropy is defined by the von Neumann entropy of the reduced

'For some types of black holes, after the Page time the entropy should remain un-
changed. We will see this behavior in section 2.1.



density matrix for the region and is also known as the fine-grained entropy.
In the AdS/CFT correspondence, by using the Ryu-Takayanagi formula, we
can also calculate the entropy semi-classically on anti-de Sitter spacetime.
This formula tells us that the entropy of a sub-system (subregion) on the
AdS boundary, say A, is calculated by finding the minimal extremal surface?
that extremize and minimize the generalized entropy

_ Area(y)
Sgen. = ﬂ

and the generalized entropy evaluated by using the surface gives the von
Neumann entropy of the sub-system. Here Area(y) denotes the area of the
surface, and Seg(€4) denotes the von Neumann entropy by using an effective
field theory on the background spacetime in the region £4 bounded by the
surface v and the sub-system A, i.e., 0, = YUA. The domain of dependence
of the region &£, is called the entanglement wedge of A. See figure 1.

+ Set(Ea), (1.2)
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Figure 1: Time slice of AdS spacetime with a boundary region A (red arc) and
its complement A (blue arc). The minimal extremal surface 7 is represented
by the orange line. The region bounded by the boundary region A and the
extremal surface 7y is £4, and its bulk complement region is &5.

In the papers [12,13], by using such a formula, the authors obtained the
von Neumann entropy of a black hole that follows the Page curve within

2 The extremal surface must satisfy the homology constraint, which means that there
is a surface smoothly interpolating between the boundary region and the extremal surface.
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the semi-classical gravitational description. Note that the entropy is equal
to that of the Hawking radiation since the total state is pure in their se-
tups. Therefore, it turns out that such a formula can be used to calculate
the entropy of the Hawking radiation, which does not imply the black hole
information paradox and is consistent with the quantum gravity.

An essential ingredient in the calculation is contributions from inside the
black hole. In the process of Hawking radiation, entangled Hawking quanta
are created inside and outside the black hole horizon. In such a naive picture,
as the black hole evaporates, there are many Hawking quanta inside the black
hole. They are entangled with the quanta outside the horizon, leading the
entropy of the Hawking radiation beyond the Bekenstein-Hawking entropy
of the black hole. The behavior implies the black hole information paradox.
In such a case, the naive von Neumann entropy of the Hawking radiation
measures the apparent entanglement between Hawking quanta inside and
outside the black hole. However, the calculations of the entropy [12, 13]
showed that in calculating the entropy, we must include the contribution
from inside the black hole after the Page time, at which the von Neumann
entropy of the Hawking radiation is equal to that of the black hole. Such an
inclusion implies that, after the Page time, interior degrees of freedom of the
black hole, such as the Hawking quanta inside the black hole, are encoded into
the Hawking quanta outside the black hole, more precisely the early Hawking
radiation, which is the radiation before the Page time. By including such a
contribution into the calculation of the entropy, the von Neumann entropy of
the Hawking radiation does measure the true entanglement between the black
hole and the Hawking radiation, not the apparent entanglement between
Hawking quanta inside and outside the black hole.

As explained above, the contribution from the interior of the black hole
is significant. In calculating the entropy of the Hawking radiation, such a
contribution is incorporated in what is called the island. It was proposed that
the von Neumann entropy S[R] of the Hawking radiation R can be calculated
by the following so-called island formula [14]?

Area(0I)
4G
where Area(0/) means the area of the endpoint 01 of the island I, Seg[RU ]

is the von Neumann entropy calculated semi-classically of the region R U I,
E;ct means that we choose the regions I which extremize the functional of

SIR] = MinI{ExtI[ +SeH[RuI]} } (1.3)

the region in the square brackets, and MIin means that if there are some

3See also [15] for a nice review of this formula.



candidates for the region I, then we choose the region I which gives the
minimum value of the functional between the candidates I. In later sections,
we will explain this formula in detail. For example, as explained in section
2, we can apply this formula to the AdS black hole coupled to the heat bath
(see figure 2), and get the von Neumann entropy following the Page curve.

oI I ar’
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Figure 2: The Penrose diagram of the AdS black hole coupled to the flat
bath spacetimes with the regions R (red region) and I (blue region). Before
the Page time, the island region is empty. After the Page time, the island
region I becomes non-empty.

Let us briefly explain why we can get the von Neumann entropy following
the Page curve by using the island formula. Before the Page time, by the
extremization and minimization in the island formula, we get the empty
island region. In this case, since there is no contribution from the region I, the
island formula (1.3) becomes S[R] = Seg[R], and this implies the Hawking-
like growth of the entropy. If the story ends here, we run into the black hole
information paradox again, but that is not the case. After the Page time,
after which the island contribution becomes essential, by the extremization
and minimization in the island formula, we obtain the non-empty island
region, and the island formula (1.3) becomes Area(0I)/4G+ Sex[RUI], where
the island region I almost covers the region behind the black hole horizon®.
In this case, because the endpoint of the island region almost coincides with
the location of the black hole horizon, we can approximate the area term
Area(0I)/4G as the Bekenstein-Hawking entropy Spy °. Moreover, because

4The detail properties of the island region depend on the model what we consider, but
typically the non-empty island cover the region behind the black hole horizon.
5If we consider a two-sided black hole as figure 2, the black hole entropy is given by



the spatial region RUI covers almost all of a Cauchy slice, the von Neumann
entropy Seg[R U I] becomes very small compared to the Bekenstein-Hawking
entropy; thus, we can neglect this von Neumann entropy. Therefore, after the
Page time, the island formula becomes S[R] = Spy. In summary, before the
Page time, the island region [ is empty, and thus the von Neumann entropy
increases, but after the Page time, the island region is no longer empty, and
thus the von Neumann entropy does not increase, and it is given by the
Bekenstein-Hawking entropy. In later sections, we will see that the actual
calculations correspond to the description given above in specific settings.

As noted above, the black hole interior degrees of freedom are encoded
into the early Hawking radiation after the Page time. In other words, after
the Page time, we can access the interior degrees of freedom from the early
Hawking radiation. We can see this statement more explicitly by using the
entanglement wedge reconstruction (conjecture) [15-17]°. To explain entan-
glement wedge reconstruction, we consider the situation depicted in figure 1.
In this situation, the entanglement wedge states that bulk operators in the
region 4 (or &) can be expressed in terms of operators in the region A (or
A). The relation between operators in two regions would be very compli-
cated generally, but there are some proposals for the relation, e.g., the Petz
map [20,21], the modular flow [22,23]. By applying this entanglement wedge
reconstruction to a black hole setup, operators in the (bulk) island region I,
which corresponds to the region €4, can be expressed in terms of operators in
the region R, which corresponds to the region A. In the paper, [24], using a
simple gravitational model, the authors considered the entanglement wedge
reconstruction to explicitly reconstruct operators in the island region from
the Hawking radiation.

The island formula seems to have solved the black hole information para-
dox in the sense that it can derive the Page curve within a semi-classical
description, but the island formula does not reveal all of the paradox. For
example, it does not yet reveal the structure of the quantum state of a black
hole system, such as matrix elements of the density matrix of the Hawking ra-
diation. Therefore, we need to further investigate the black hole information
paradox, in addition to the island formula itself, from various perspectives.

the twice the Bekenstein-Hawking entropy 2Spp, since there are two horizons in such a
black hole.

6This conjecture is a “quantum” version of the HKLL bulk reconstruction [18,19] in
the AdS/CFT correspondence.



Outline of this thesis

In this thesis, we study the island formula, the entropy of Hawking radiation,
and also the entropy of a black hole from two perspectives. Below we briefly
explain them and their results.

Disjoint universe setup in Asymptotically Flat Black Hole

Firstly we focus on a disjoint setup for a black hole in asymptotically flat
two-dimensional dilaton gravity, and under the setup, we will study the von
Neumann entropy. We need to explain the disjoint setup firstly. The disjoint
setup is firstly introduced in the papers [25,26] and the authors consider
black holes in AdS spacetime [25] and dS spacetime [26]. The disjoint setup
is thought to be an idealized version of the evaporation of a black hole by
Hawking radiation. In the setup, we consider two universes, say A and B,
and assume that the universe A is non-gravitating, B is gravitating and
contains a black hole, and the matter states on two universes A and B are
entangled with each other. The entanglement of matter states between the
two universes mimics the entanglement between a black hole and its Hawking
radiation.

In this thesis, we use the setup for a black hole in asymptotically flat
two-dimensional dilaton gravity based on our paper [27]. For concreteness,
we consider the CGHS model [28] as the gravitational sector. In the setup,
we will study the von Neumann entropy of the universe A or the universe
B, which corresponds to the entropy of the Hawking radiation or that of
the black hole, respectively. The resulting von Neumann entropy follows the
Page curve as a function of the strength of the entanglement between the

two universes’.

We also investigate how the von Neumann entropy is modified when the
entanglement between the universes is changed by an operation called local
quench in the universe B. The resulting von Neumann entropy shows that
the local quench “accelerates” the evaporation of the black hole in our setup.

The Island formula and Baby Universes

Next, based on our paper [29], we reconsider an ensemble of states appearing
in a semi-classical description of a black hole by introducing new degrees

"The Page curve as a function of the strength of the entanglement is close to the original
work by Page [5].



of freedom, which we call the baby universe, and discuss the relationship
between the island formula and the baby universe. We also discuss some
physical implications of the baby universe.

The introduction of the baby universe is related to the chaotic dynamics of
a black hole. In the semi-classical description of a system consisting of a black
hole and its Hawking radiation, the dynamics of a black hole are so chaotic
that it is natural to describe the state of the system by an ensemble of semi-
classically indistinguishable states. Indeed, such an ensemble description of
the state of the system is used to derive the Page curve for typical states in
the original Page’s paper [5].

If we accept the existence of the ensemble literally, the naive von Neumann
entropy does not follow the Page curve, and we get Hawking’s result that
implies the black hole information paradox. To get the Page curve, we need
to consider a different way of treating the ensemble when calculating the von
Neumann entropy.

We can consider such a treatment of the ensemble by introducing new
auxiliary systems, which we call the baby universe. By introducing the baby
universe, we can purify the original system consisting of the black hole and
the Hawking radiation. Then we can get the von Neumann entropy following
the Page curve by dividing the system, which includes the baby universe, into
two parts appropriately.

Besides the fact that the entropy following the Page curve can be obtained
by introducing the baby universe, there are several other implications. For
example, we can consistently consider the gravitational dressing of operators
in the island region, as explained later. In general, in the paper [30], it was
proposed that such gravitational dressing would be inconsistent with the
island formula. However, our prescription using the baby universe avoids the
paradox.

Organization of this thesis

In section 2, we briefly review the recent progress of the information paradox
and its resolution by the island formula in an AdS/CFT setup. In section 3,
we consider a black hole in asymptotically flat two-dimensional dilaton grav-
ity by using the disjoint setup, and we calculate the von Neumann entropy of
the universe A (B). We also study the von Neumann entropy of the universe
A (B) under local quench and discuss its physical interpretation. In section
4, we reconsider the treatment of an ensemble of states in a black hole plus
Hawking radiation system by introducing the baby universe, and we calcu-



late the von Neumann entropy under the presence of the baby universe and
discuss the relationship between the baby universe and the island formula.
We also explain some physical implications. In section 5, we summarize our
results and suggest future directions.

2 The Black Hole Information Paradox and
the Island formula

In this section, we review the recent progress of the black hole information
paradox. In particular, we see that the correctly calculated entropy of Hawk-
ing radiation follows the Page curve, not the Hawking result.

For simplicity, to calculate the entropy of Hawking radiation explicitly,
in 2.1 we consider the setup discussed in the paper [31]®. We consider AdS
spacetime coupled to two external flat spacetimes in the setup.

2.1 AdS; Black Hole coupled to Non-gravitating Baths
CFT,

The gravitational model which we consider is two dimensional Jackiw-Teitelboim
gravity, whose action is given by

_ 1
B 167TGN

I / Pan/=G[OR +2(® — )] (2.1)
where ¢q is a just constant corresponding to the extremal entropy. The
boundary conditions of the dilaton ¢ and the metric g,, are given by the
usual ones [35]

Or
((I) - (bo)‘bdy = e
Cutl (22)
Guuloay =~ 5

cut

where e, is a cutoff, ¢, is a just constant corresponding to the renormalized
dilaton value, u is a physical boundary time.

A two-dimensional matter CFT lives on the gravitational system and
couples to the metric, but not the dilaton. The CF'T matter plays the role of
Hawking quanta. For simplicity and convenience, we assume that the matter

8See also, e.g., [32-34] for the related discussions.
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CFT is holographic, whose central charge is large ¢ > 1 and whose CFT
spectrum is sparse [36].

The same CFT also lives in two external flat spacetimes, which are non-
gravitating and coupled to the gravitational system at the AdS boundaries
with the transparent boundary condition®. See figure 3. The two external
flat spacetimes play a role of a heat bath in equilibrium with the black hole.
The boundary condition allows the CF'T matter to move freely between two
spacetimes.

Then the total action is given by

I = ]JT[g/ula (I)] + ]C'FT[gum X]a (23)

where we denote the CFT field by y. Using this setup and a semi-classical
description of gravity, we consider an eternal AdS black hole coupled to the
two external flat spacetimes. The CFT matter state on this background
spacetime is the Hartle-Hawking state. See figure 3 again. They mimic an
eternal black hole in asymptotically flat spacetime. In the combined system,
we calculate the von Neumann entropy of Hawking radiation, which is also
often called the entanglement entropy.

OYAVAVAVE VAVAVAVEVAVAVA

. .
. .
. .

Left Flat Bath AdS BH f,’:ight Flat Bath

Figure 3: Penrose diagram of the AdS eternal black hole coupled to the
baths, which are half of Minkowski spacetime.

9Note that, in usual AdS/CFT setups, we usually impose the reflecting boundary con-
dition, by which matters on AdS spacetime are reflected back to the AdS spacetime.

11



2.1.1 Black hole in Jackiw-Teitelboim gravity

To introduce the black hole solution, we need to focus on the equations of
motion for (2.3) given by

R+2=0, .
V,u,vucb - g;wVQ(I) + gul/(@ - ¢0) = 87TGN<T;W>7 (25)

where we defined the expectation value of the CF'T stress-energy tensor by

28
V=g 09"

(Tuw) log Zcpr. (2.6)

The first equation (2.4) can be satisfied by taking the metric to be
Poincare coordinates
s  —dt? + dz2?
ds = ———
z

Adr*da~
(xt 4+ 27)%’
where, in the second line, we introduced coordinates defined by % = 2 + ¢.
The Poincare coordinates cover a part of AdSy spacetime, and, unlike the
usual one, the coordinate z is negative z < 0, or equivalently z+ + 2~ < 0.

See figure 4.

(2.7)

Since we are interested in an eternal black hole solution, we consider the
case that the stress-energy tensor vanishes (7),,) = 0 for the coordinates in
AdS spacetime. In this case, we can easily solve the second equation (2.5),
and the general solution is given by [35,37]

A+ B(xt +27)+ Cata~
xt +x-

where A, B, C' are constants. For later convenience, by taking the constants

2
to be A = =2¢,, B=0, C = —2¢, (%) , and we consider the dilaton

profile
2
1+ (%) xtr™
o = ¢0 —2 ¢r oo
oot (2.9)
- (g) (12 — 22)
= ¢0 - (br > )
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Figure 4: The Penrose diagram of the AdS; spacetime. The green shaded
region is covered by the Poincare patch corresponding to the Poincare coor-
dinates (2.7).

where [ is a constant related the inverse temperature of the black hole. In
the limit 2 — 0, we can see that this dilaton profile is consistent with the
boundary condition of the dilaton (2.2).

In JT gravity, the geometry of a black hole is characterized by the cor-
responding dilaton profile. From the dilaton profile (2.9), we check that it
actually corresponds to an eternal black hole [37]. Before staring it, we note
that in JT gravity (, or more generally two-dimensional dilaton gravity), the
vector & = &1, = €0,® 0, is a Killing vector for the metric [38], owing to
the equation (2.5) with the vanishing stress-energy tensor.

At first, the location of the (Killing) horizon is a null surface on which
the Killing vector ¢ is null,

9w€'E” =0  at the horizon, (2.10)
and the bifurcation surface is the fixed point of the Killing vector
£E=0 at the bifurcation surface, (2.11)
or equivalently

0,0 =0 at the bifurcation surface. (2.12)

13



Next, the the singularity is located at

®=0 at the singularity. (2.13)

For the dilaton profile (2.9), the bifurcation surface is located at

xﬁ;:—g — ty =0, sz—g, (2.14)
the horizons at ™ = —g and x~ = —g. The locus of the singularity is given
by

o 00 (B (- 20 (BN (BY (1, (22
20, \ 7 2¢, \ 7 s 20, '

(2.15)

These discussions give the Penrose diagram for the eternal black hole de-
scribed by the dilaton profile (2.9), see figure 5.

In considering the black hole, it is convenient to introduce the static
coordinates, which cover the exteriors of the black hole. They are related to
the Poincare coordinates through

LB

™

Tyt

B Y
and this coordinates system covers the right exterior of the black hole!".
We note that, in the static coordinates, the inequality ™ + 2= < 0 implies

yt 4+ 1y~ < 0. Using this coordinate system, the metric and the dilaton
become

x tanh (2.16)

2\ ? dytdy~
ds? = <%) - y : (2.18)
sinh (%(zﬁ + y‘))
2m 1
b = ¢y — ?@ , (2.19)
tanh (g(y+ + y—)>
and the horizons are at y© = —oo and y~ = —oo. The singularity is not
covered by the static patch.
10The coordinates that cover the left exterior is given by
+_ B 1
== . 2.17
! T tanh % (2.17)

Note that in the left exterior of the black hole, y* +y~ > 0.

14



Figure 5: The Penrose diagram of the black hole in AdS>. The dotted lines
are the horizons, the black dot (23)is the bifurcation horizon, and the wavy
lines are singularities. The Poincare patch (2.7) (green shaded region) covers
a part of the black hole. The right exterior of the black hole (red shaded
region) is covered by the static or the Schwarzschild patches (2.18) or (2.21).

We can also express the dilaton profile in terms of the so-called Schwarzschild
coordinates. The Schwarzschild coordinates r,tsy, are related to the static
coordinates (2.18) by

2
tanh (%a) = %r, T = tsch, (2.20)

where y* = o & 7. In the Schwarzschild coordinates, the metric and the

15



dilaton become

2
ds? = — (7’2 — (%W) ) dtd, + L;Q (2.21)
(%)

® = ¢y + &, 1, (2.22)

and the horizons are at » = 2%, which is the Schwarzschild radius. In the
Schwarzschild coordinates, the singularity is also not covered by the patch
again.

Since, as we saw above, we determined the location of the horizons, we
can evaluate the Bekenstein-Hawking entropy of the black hole (or the black
hole entropy), which is given by the dilaton value at the horizon in JT gravity,

q)|H0rizon
SBH = A

4Gy
2.23
. ¢0 + %r(lﬁ?“ ( )
4Gy
2n
4g°N is called the extremal entropy, and fGiT is called the near-extremal
entropy.

Dual description of the Black Hole

In the above analysis, we consider JT gravity in AdSy. Using the AdS/CFT
correspondence, more precisely N AdSs/NCFT) [39], we can describe it holo-
graphically. The holographic dual is given in this setup by the two quantum
mechanical (QM) systems living in the two AdS> boundaries. We do not
explain it explicitly here.

2.1.2 Coupling to the Baths

Next, we introduce the baths and couple them to the black hole explained
above. We note that the two-dimensional matter CFT lives in the bath and
black hole regions. We also note that we impose the transparent boundary
condition at the boundaries of two regions.

Since the bath we consider here is non-gravitating and flat, we fix the

metric to be L
2 _ dy™dy

2 )
cut

ds

- (2.24)
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where we consider the regions y™ +y~ =20 < 0 and y" +y~ =20 > 0
corresponding the left and the right bath respectively, and we introduced the
cutoff ., to glue the bath to AdS spacetime with the boundary condition
(2.2). At the present stage, these coordinates y* in the bath region are not
related to the static coordinates y* (2.18) in the black hole region. However,
as we will see, they are related.

Because we are interested in the case that the baths have a temperature
and interacts with the black hole, we take the CFT state of the bath region
to be in a thermal state in the coordinates y*, and thus the stress-energy
tensor becomes thermal one, that is,

ive
(T,

ytyt) = 5 in the bath region. (2.25)

On the other hand, when we introduced the dilaton profile (2.9) correspond-
ing to the eternal black hole in the Poincare coordinates z*, we took the
stress-energy tensor to be zero in the black hole region

(Typtpt) =0 in the black hole region.

Now we want to find the coordinate transformation 2% (y*) in the black hole
region that brings the stress-energy tensor to the thermal one, (T+,+) = 1557
By using the transformation of the stress-energy tensor

At \? c I
@ <Txixi> = <Tyiyi> + E {‘T Y } ) (226)
we get the condition for the coordinate transformation
272
{xi<yi)7yi} = _F7 (227>

12

1! !
where {f(z),2} = —3 T+ (?—,) is a Schwarzian derivative. The coordinate

transformation (2.16) satisfies the condition (2.27)!!, thus we can use the
coordinate transformation (2.16), and the coordinates y* are continued from
the bath region into the black hole region. The continued coordinates cover
the right exterior of the black hole and the bath regions (see figure 6). By
using the coordinates the metric is expressed as

(QW 2 oty for yt+y <0

= r vy Yy )

5 inh?2 (z + - )

A2 = sinh” ( 5(y* +y7) (2.28)
dytdy~

for yt+y >0.

2

Ecut

11 A more general solution can be obtained by using the SL(2,R) symmetry, and thus

+/,+
it is given by % with ad — be = 1, where % (y*) is given by (2.16).
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By a similar arguments as above, we can get the expression for the left

region: 7+

region: 3=

Figure 6: The Penrose diagram of the AdS black hole coupled to the flat bath
spacetimes. The Penrose coordinates & cover the green shaded region. The
y* coordinates (2.28) cover the right exterior of the black hole and the right
bath regions (red shaded region). The combined region (red shaded region)
is similar to the right Rindler wedge of Minkowski spacetime.

exterior of the black hole and the left bath,

2r\” dy*dy~
(%) 5 vy for y"+y >0,
i T (yt -
dsty, = sn (30" +47)) (2.29)
dy*tdy~
y52 Y for y*+y~ <0.

cut

Although we got the coordinates that cover the right exterior of the black
hole and the right bath regions and that for left, it is more convenient to
introduce the coordinates that cover both left and right black hole plus bath

18



regions in calculating the von Neumann entropy of the Hawking radiation.
By considering each black hole plus bath region as each Rindler wedge of
Minkowski space, we can get such coordinates. In particular, we can get the
coordinates w* by the coordinate transformation

92 +
exp ( Y > for the right BH-Bath region,

w* = p (2.30)

2 +
— exp (— Wﬁy ) for the left BH-Bath region.

In the w* coordinates, the region w* > 0, w~ > 0 corresponds to the right
black hole plus bath region, and wt < 0, w~ < 0 does to the left one. By
using the w* coordinates, the metric is given by

Adw™dw™

m for the black hole region,
—wtw™

ds* = 1 5\? durtdu- (2.31)
=2 (27) y— for the bath region,
and the dilaton profile is given by
= o+ 3 @% (2.32)
We note that the horizons in the coordinates are at w™ = 0 and w™ = 0. See

figure 7.

Using the relation (2.26) for w® and y*, we can see that the stress-energy
tensor in the w* coordinates vanishes

(Ttwt) =0 in the whole region.

Thus in the w* coordinates, the CFT state is not a thermal state but a
vacuum one. In this case, on calculating the von Neumann entropy, we can
use a simple expression by using the coordinates, as we will see later.

Dual description of the coupling of the black hole with the baths

The black hole coupled to the baths is also holographically described in
terms of the quantum mechanical system and the bath C'FT5, which are
coupled to each other. In the holographic description, the dual state is given

by the thermo-field double (TFD) state on the left and right QM-CFT,
systems

ITFD) = \/— Z T B ) ety antBath © | En) fighe oui-parns (2-33)
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Blue region: w*

Figure 7: The Penrose diagram of the AdS black hole coupled to the flat
bath spacetimes covered by the w* coordinates. The w® coordinates cover
both left and right black hole plus bath regions.

where |Ep)reft Qu-Bath € HiLet QM-Baths |Fn)Right QM-Bath € HRight QM-Bath are
the energy eigenstates of the left and right QM-C F'T5 systems with the energy
E,, and Z(f3) is the normalization factor.

Through the AdS/CFT correspondence, the time evolution of the black
hole and the bath systems is expected to be described by the unitary time
evolution of this dual state.

2.1.3 the von Neumann entropy of the Hawking radiation

Now that we introduced the setup, we start to calculate the von Neumann
entropy of the Hawking radiation. As explained above, by using the w®
coordinates, we can simplify the calculation. In particular, after calculating
the von Neumann entropy in the w* coordinates, by using the coordinate
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transformation (2.30) we transform the result into the one in the physical
coordinate y=.

Before starting the calculation of the von Neumann entropy of the Hawk-
ing radiation, we need to specify the region where we calculate the von Neu-
mann entropy. Since we couple the black hole to the baths in thermal equi-
librium, the Hawking quanta emitted from the black hole move to the bath
region, and they are stored in the bath regions; thus, the black hole appears
to lose some energy by the Hawking radiation. However, owing to the ther-
mal equilibrium between the black hole and the baths, the baths provide the
black hole with energy which cancels the loss of the energy by the Hawk-
ing radiation. Therefore the bath and the black hole exchange the Hawking
radiation, leading to the large entanglement between the two systems.

By calculating the von Neumann entropy associated with a bath spatial
subregion R, we can study the von Neumann entropy of the Hawking radia-
tion emitted from the black hole. In particular, we take the region R to be
semi-infinite and symmetric between the left and right regions, see figure 8.
In the y* coordinates, let the endpoint of the region R to be (7,0 = —b) for
the left one and (7,0 = b) for the right one, where b is a positive constant.
Fixing the constant b, we consider the time variation of the von Neumann en-
tropy of the Hawking radiation R. We note that since, on a full Cauchy slice,
the CFT matter state is pure, which is given by the Hartle-Hawking state
as explained at the beginning of this section 2, the von Neumann entropy of
the compliment region R is equal to that of the original region R.

The above choice of the spatial subregion R on the entire Cauchy slice
corresponds to the tensor factorization of a total Hilbert space H into two
Hilbert spaces H = Hr ® Hp, where R is the complement of R. The von
Neumann entropy or equivalently the entanglement entropy of the Hawking
radiation R (or the complement R) measures the entanglement between the
two systems (regions) R and R. In other words, it measures the entanglement
between the black hole in the region R and the Hawking quanta stored in
the one R naively.

In the holographic description, we can factorize the Hilbert space H =
Hiett qM-Bath ®@ HRight QM-Bath 160 Hpath Rad (R) © HqM-Bath Rad (7) Similarly.
We note that in the holographic description, the region R does not mean the
complement region of the region R on the full Cauchy slice in the black hole
plus the bath spacetime, but the region on the quantum mechanical plus the
bath spacetimes, see figure 9. The Hilbert space Hpah Rad (r) COrresponds
to the radiation region R, which does not include the quantum mechanical
systems, in the QM plus the bath C'F'T; system, and Honiath Rad (7) dO€S tO
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its complement region, which includes the quantum mechanical systems. We
note that since HQM Bath Rad () 1cludes the black hole degrees of freedom,
we can call the region assoc1ated with the Hilbert space Honigath rad (7) the
black hole (region) BH = R.

D

Figure 8: The Penrose diagram of the AdS black hole coupled to the flat bath
spacetimes with the region R. The end points of the region OR are by the
black dots. In the y* coordinates, the left endpoint is given by (7,0 = —b)
,and the right one is given by (7,0 = b).

R R
R R
Left QM right QM

Figure 9: Schematic picture of the subregions R and R on the quantum me-
chanical plus the bath spacetimes. The quantum mechanical systems are are
represented by the orange vertical lines. R contains the quantum mechanical
systems, implying that the region R should be regarded as the black hole
region BH = R

Under the above factorization Hgath Rad (r) @ HQM-Bath Rad (BH), We focus
on the von Neumann entropy of the reduced density matrix associated with
the Hilbert space Hpath rad (r) (0F Hqwm-Bath Rad (Br))- The von Neumann
entropy of the Hawking radiation R is given by

S(pR) = W Hg, raa (R) [pR log pR]v (2'34)

22



where pg is defined for the state (2.33) by tracing out the remaining degrees
of freedom
PR = trHQM—Bath Rad (BH) [U ’TFD> <TFD’ UT} . (235)

Here U is a unitary time evolution operator on the QM plus the bath CF'T,
system. This von Neumann entropy is also called the fine-grained entropy.
We note that this von Neumann entropy S(pg) is equal to that of the black
hole S(ppu), where ppy is defined by tracing out the Hawking radiation
degrees of freedom.

We evaluate the above von Neumann entropy S(pg)(= S(ppm)) on the
gravity side, i.e., by using a semi-classical description of gravity on the AdS
plus bath system. We will see that a naive computation of the entropy
leads us to a Hawking-like result inconsistent with quantum gravity. As we
will see later, we need to introduce the island formula to get the entropy
consistent with quantum gravity. Using it, we will check that the entropy of
the Hawking radiation is consistent with quantum gravity, i.e., it follows the
Page curve.

At first, we calculate the von Neumann entropy of the Hawking radiation
R naively for the matter CF'T. As noted above, the von Neumann entropy
of the region R is equal to that of the complement region consisting of the
interval between two points (7,0 = —b) and (7,0 = —b). In the w* coor-
dinates with the general metric ds? = Q 2dw*dw~, the CFT von Neumann
entropy on the interval [wq,ws] is given by

|wia|?

efy Qwi, w)Q(w3, wy)

c
Scrr[wr, ws] = - log : (2.36)

6

where ey is a UV cutoff different from one in the JT gravity boundary
conditions (2.2), and |wya|? is defined by |wis|* = |(wi — wy)(wy —wy)|.
Note that the CFT von Neumann entropy here means the von Neumann
entropy of the matter CF'T calculated semi-classically. In appendix A.1, we
give the derivation of (2.36). See also, e.g., [13] for another derivation. By
using the coordinate transformation (2.30) and the metric (2.31), we can
calculate the CF'T von Neumann entropy of the Hawking radiation R. For

the interval between two points (7,0 = —b) and (17,0 = —b), the factors
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wy, wa, {11, 2y are given by
I 2T i 2T
w; = —exp —F(—b +7)], wy = exp ?(b +7) (2.37)
2m 2 2w
Q(w, wy) = cent— /W W] = Ecut— €XP (—b) , 2.38
( 1 1) t ﬂ 1 1 t /8 5 ( )
2 2m 2T
Qwy,wy) = Eent—\/ W Wy = Ecyg—- €X (—b) , 2.39
(wy ,wy) t 3 2 Wy t 3 p 3 ( )

and thus we obtain

2
Scrr[R] = glog (ﬁ <§> cosh? (%T)) : (2.40)

Naively we expect that this von Neumann entropy Scrr|R] is equal to the
entropy S(pg), but this is not correct as we will see below.

We can see that, for late times 7 > 3, the CFT von Neumann entropy
on the Hawking radiation R linearly growths

c 1 B\> o (2 2T T
Scrr[R] = 5 log <7€[2]V82m (;) cosh (?T>> — ?05%—- . for 7>
(2.41)
where - -- are constants which are not depend on time. This linear growth

is consistent with the physical intuition that the baths and the black hole
exchange the Hawking radiation, and thus the exchange gives the entangle-
ment between the Hawking quanta stored in the baths and the black hole,
leading us to the linear growth.

However, the linear growth for sufficiently late times is problematic and
implies the black hole information paradox. This is because the correct en-
tropy of the complement region BH(= R), which is equal to that of the
Hawking radiation R, must be bounded by the Bekenstein-Hawking entropy
of the black hole, Sgy.

To put it another way, if the entropy is not bounded by the Bekenstein-
Hawking entropy, but it linearly grows, then it implies that the initial pure
state, which is given by the state (2.33) holographically, becomes a mixed
state or a thermal state at a sufficiently late time, leading to linear growth
of the von Neumann entropy. Such a time evolution is not unitary, and it is
inconsistent with the unitarity of quantum gravity.

Island formula
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We need to consider the island formula to get a correct entropy, bounded
by the Bekenstein-Hawking entropy. The island formula is given by

Area(01)

S(pr) = MIln {Ext [ en

> + Scpr[R U 1]} } : (2.42)

where Area(0I) means the area of the endpoint O of a new region I called
the island, Scpr[RUI] is the CFT von Neumann entropy associated with the
region RU I, E;(t means that we choose the regions I which extremize the

functional of the region in the square brackets, and Mjin means that if there

are some candidates for the region I, then we choose the region I which gives
the minimum value of the functional among the candidates I. In JT gravity,
the area of the endpoint O is given by the dilaton value at the points.

We note that for the complement region of the radiation region, i.e., BH,
we have the quantum extremal surface (QES) formula!?

{Area(v)

S(pBH) = 1\/_[y11’1 {EXt W

~

+ Scrr [SBH]] } , (2.43)

where Area(y) means the area of a codimension two surface 7 called the
quantum extremal surface (QES), which is homologous to the black hole
region BH on the QM plus CFT system, Scpr[Epy| means that the CFT
von Neumann entropy of the region £y bounded by the QES surface v
and the black hole region BH on the QM plus CFT system, and MwinEid

means that we choose the QES surface which extremizes the functional in
the square brackets and gives the minimal value between some candidates.
This entropy is similar to the generalized entropy of the black hole, which
is defined by the sum of the Bekenstein-Hawking entropy and the (CFT)
matter von Neumann entropy of the region outside the black hole horizon.
We note that if the total state is pure, then after the extremalization and the
minimization, the resulting island region and the QES surface have properties
that v = 01 and (R U I) = Epp, which ensure that the entropies derived from
the island formula and the QES formula coincide. We use either the island
formula (2.42) or the QES formula (2.43) as necessary, which gives the same

result in the current setup.

Since if the island region is empty (no island phase), then the island
formula is equal to the CF'T von Neumann entropy of the region R, Spo-island =

12\We note that if we focus only on a similar formula which includes only the area
part, not the CFT von Neumann entropy part, the QES reduced to the so-called classical
extremal surface (CES).
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Scrr[R], (see figure 10), we consider the case that the island is non-empty
(island phase). Although there is a possibility that the island region consists
of multiple regions, because in such cases, the area contribution becomes
large, we simply consider a region consisting of a single interval. We assume
that the endpoints 01 are symmetric between the left and right regions since
the radiation region is symmetric between the left and right ones. See figure
11. In the y* coordinates, let the endpoint of the region 01 to be (74,0 = a)
for the left one and (7,,0 = —a) for the right one, where a is a positive
constant, which is determined by the extremalization and the minimization
in the island (or QES) formula.

OR .. BH . OR

Figure 10: The Penrose diagram of the AdS black hole coupled to the flat
bath spacetimes with the regions R (red region), BH (green region) in the
empty island case.

Since we need to consider two intervals R U I or equivalently BH (see
figure 11) by the appearance of the non-empty island region, we can no
longer use the expression (2.36). In this case we need to consider the CFT
von Neumann entropy on two intervals, whose expression depends on the
CFT we consider and is non-universal (see, e.g., [40]). For simplicity we
consider the ¢ free Dirac fermions theory, and in the w* coordinates with the
general metric ds?> = Q2dwdw™, the CFT von Neumann entropy on the
two intervals [wy, wo] U [ws, wy] is given by [41]

|w12w23w34w14|2

C
SFermi. [wla Wa; W3, UJ4] - = log

6 eby [wizwal|” Qwy, wi)Qwy, wy )QwT, w3y )Q(w], wy)

(2.44)
In the w coordinates, the endpoints of two intervals R U I (or equivalently
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Figure 11: The Penrose diagram of the AdS black hole coupled to the flat
bath spacetimes with the regions R (red region), BH (green region), and [
(blue region). In the y* coordinates, the left endpoint of the island is given
by (74,0 = —a) ,and the right one is given by (7,,0 = a).

BH), are given by
2 2
wi = — exp (—%(—b + 7')) , wy = — exp (—%(a + Ta)> (2.45)

w3y = exp (%T(—a + Ta)> , wy = exp (%T(b + 7')) , (2.46)

where wy, ws are at the left bath region and the left black hole region respec-
tively, and w3, wy are at the right black hole region and the right bath region
respectively. By using the expression (2.44), (2.46) and the metric (2.31),
we can calculate the CFT von Neumann entropy on the region R U I (or
BH) '3 and by using the result, we can evaluate the island formula (2.42).
However, at late times 7 > [ when the CFT von Neumann entropy Scpr|R]
exceeds the Bekenstein-Hawking entropy, and the island phase is expected to
dominate, the cross-ratio |wagwi4|/|w13was| approaches to one, and the CFT

13The CFT von Neumann entropy on the region R U I is explicitly given by

2 cosh (%”Ta> cosh (%7) ’cosh (%’r (Ta — T)) — cosh (%’r(a + b))‘

sinh (2Fa) cosh (2 (#£257=7) ) cosh (27 (btmtr) )

SFermi. [[UR] = %log

where - -+ are constant independent of the parameters 7, b, 7., a.
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entropy for the two intervals reduces to twice the single interval expression

Stermi. [ U I] = Scpr [wi, wa] + Scrr [ws, w4

at late times 2.47
= 2ScFT [w37 w4] ) ( )

where in the second line we used the fact that the two intervals are symmetric
between the left and right regions. This simplification is expected to occur in
general CFTs, thus we use the simplified expression rather than the original
two interval result. In this case, by using the expressions (2.36), (2.46), and
the metric (2.31), we get the simpler expression

Stermi. [R U I] = 2Scpr [ws, wy

< 43 ‘cosh <%’T (1o — 7')) — cosh <%’r(a + b)> ‘

g
3 TEcutEiry sinh (%a)

(2.48)

Now we can evaluate the island formula for island phase. The functional
Sgen. (@, T,) of the island, which is specified by the parameters 7,, a, is given
by

d(wi,wy)  dlws,wy
Sgen.<a7 Ta) = (122:2 ) + <123G,]\7;U3 ) + SFermi. [wly Wa; W3, Wy

4G N

Q

+ Scrr [ws, w4]>

Y

43 ‘cosh <%” (1o — 7')) — cosh <%”(a + b)) ‘ ]

sinh (%”a)

(2.49)
where in the second line we used the fact that the two intervals are symmetric
between the left and right regions and the approximation (2.48), and in the
third line we used the dilaton profile (2.19). The extremality conditions for
the island I are given by

Or,Sgen.(a,7,) =0, OaSgen.(a,7,) = 0. (2.50)
From the first condition 0, Sgen. (@, 7,) = 0, we get

Ty = T. (2.51)
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By using the result, from the second condition 0,Sgen (@, 7) = 0, we get the
one for the parameter a

1 NCB sinh —W(a_b)

sinh 27;?0’ 371'(]57« sinh 222 m( a+b ’

(2.52)

The above equation determines a, that is, the location of the endpoints of
the island 1. We note that while the location of the black hole horizon is at
yT = —oo and y~ = —oo as we saw in the analysis of the dilaton profile, the
endpoint of the island is at a (or —a), which is finite; thus the endpoints of
the island are outside the horizon for the eternal black hole [31]. This fact
means that the island region contains the region behind the horizon, i.e., the
black hole interior region'*.

¢T
Nep

%’r@ /4Gy becomes large compared to the central charge ¢ and the effect of
the Hawking radiation becomes small, the condition (2.52) reduces to

GN (br

C

In the high temperature limit > 1 where the near extremal entropy

> 1.
(2.53)

a=~b+ ﬁl 6mor at the high temperature limit
GNCB

In this case, the value of the functional Sge, (@, 7,) is given by

¢ + 2_7T¢7’ s
Sisland = Sgen.(aa Ta) ~ 2 {:Tﬂ + élog (%62‘3b>
EoutE
N "Ceuttyy (2.54)

{SBH * 7#)}

where in the second line we used the previous result (2.23) and dropped
terms, which is independent of the parameter b, in the CF'T von Neumann
entropy. In this expression, the CFT von Neumann entropy is very small
compared to the no-island result (2.41) at late times. This is because the
Hawking quanta, which are store in R entangled with their pairs inside the
black hole interior is purified by the inclusion of the island region.

By combining the above results and using the island formula (2.42), we
get
S (PR) = Min {Sno island s Sisland}

2 2.55
NMIH{;— ; QSBH} ( )

14For an evaporating black hole, not eternal, the endpoint of the island is little bit
O(Gy) inside the event horizon, see, e.g., [12].
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where in the second line we used the approximations (2.41) and (2.54) and
further we dropped subdominant terms. The time when the transition from
the no-island phase to the island one happens is called the Page time, 7pqge.
Roughly speaking, the Page time is given by 7pgge ~ ﬁs% The above
discussion gives the Page curve for the eternal black hole. See figure 12.

S(pR) o

Sno—island ~ 3 C%

2SBH . Sisland ~ 2SBH

BSeH
TPage ™ e

Figure 12: Schematic picture of the Page curve for the eternal black hole.
The von Neumann entropy of the Hawking radiation gives the Page curve.
The Page curve (green curve) is given by the smaller value between the two
curves Spo.island (blue curve), Sigana (red curve).

The entropy of the Hawking radiation calculated by the island formula
follows the Page curve and does not exceed the Bekenstein-Hawking entropy.
Thus, we do not encounter the information paradox.

2.2 The Island formula

In the previous subsection 2.1, we considered the AdS; eternal black hole
coupled to the flat baths, by using the island formula we computed the von
Neumann entropy of the Hawking radiation (or equivalently the black hole),
and we checked that it gives the Page curve. In this subsection, we give some
more explanation on the island formula.

Firstly, the calculation of the island formula suggests that after the Page
time, we need to treat the degrees of freedom on (the entanglement wedge
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of) the island region I as that on (the entanglement wedge of) the Hawking
radiation R. This implies that the true Hawking radiation, which is described
by the QM and CFT system holographically in the current setup, consists
of the union of the Hawking radiation region R and the island region I in
the semi-classical gravitational description. Roughly speaking, this means
that the degrees of freedom on the black hole interior are encoded into the
Hawking radiation region R in a very complicated manner. We can make
this statement more precise by using the entanglement wedge reconstruction
(conjecture) [12] in the AdS/CFT correspondence, which states that local
operators on the entanglement wedge on the island region I can be expressed
(reconstructed) by operators on that of the radiation region R. Here we do
not explain such directions.

Next, we can apply the island formula not only an AdS black hole coupled
to a bath system but also a black hole in asymptotically flat spacetime,
e.g., [42-45]. Furthermore, we can apply the island formula to the de Sitter
space with some modifications, e.g., [26,46,47]. Thus, the island formula is
used to solve information paradoxes in various situations. In the next section
3, we will consider the island formula in different modeling of the evaporation
of a black hole.

In the previous subsection 2.1, we considered the case that the matter
theory is the holographic CFT, but it is not necessarily required for the
application of the island formula. We generally consider the effective field
theory on a curved spacetime, not necessarily conformal, and compute the
QFT von Neumann entropy instead of the CFT von Neumann entropy. In
such a case, the island formula is given by

Area(0I)

o + S[RU ]]] } , (2.56)

S(pr) = Mlin {E;ct [

where Ser[R U I] is the QFT von Neumann entropy on the interval RU I by
using the effective field theory on the background spacetime.

Replica Wormhole and the Island formula

We briefly explain the derivation of the island formula. The complete
derivation can be founded in [32], see also [24]'5. We use the setup in the
previous subsection 2.1.

The starting point is the replica trick for the von Neumann entropy of

15See also [45] for the derivation on the island formula in two-dimensional asymptotically
flat spacetime.
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the Hawking radiation

S(pr) = —trr[pr log pr]

n—1
thus we need to evaluate trg [p]. We note that the reduced density matrix pr
is defined holographically by (2.35), and through the AdS/CFT correspon-
dence trg [p] can be evaluated in the gravity side with the semi-classical
limit, G — 0.

In evaluating the quantity trg[p}], we prepare n copies of the original
spacetime, and need to consider the (Euclidean) gravitational path integral
on the n copied spacetime.

The naive gravitational saddle is the disconnected n spacetimes (discon-
nected saddle) since it is topologically trivial. However, this leads to the
no-island result.

Thus we need to consider other gravitational saddles, which are topo-
logically non-trivial and non-perturbative contributions. Such gravitational
saddles are given by wormholes connecting some of or all of the n copied
spacetimes, called replica wormholes (replica wormhole saddle). The domi-
nant replica wormhole is given by the one connecting all the n copied space-
times. After the Page time, the replica wormhole becomes the dominant
saddle instead of the disconnected saddle. By considering the replica worm-
hole, we get the island formula in the limit n — 1 through the replica trick
(2.57).

3 Asymptotically Flat Black Hole in Disjoint
Universes setup

In this section, we consider different modeling of the evaporation of a black
hole, sometimes called the disjoint (universes) setup. In particular, we focus
on a black hole in asymptotically flat spacetime under the disjoint setup!®.

In the disjoint setup, we introduce two universes A and B, and assume
that the universe A is non-gravitating, the universe B is gravitating and
contains a black hole, and the matter state on the two universes is given by
an entangled pure state |V) 4, which we explain later.

16There are also studies of black holes in asymptotically flat spacetime that do not use
the disjoint setup. See e.g., [42—-45] for the discussions.
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Intuitively, we can consider the setup as follows: we consider an evaporat-
ing black hole in a gravitating universe, collect all Hawking quanta, and put
them in the other non-gravitating universe (the auxiliary universe). This re-
sults in the entanglement between the two universes represented by the state
|U) 4, which has a similar structure to the Hartle-Hawking state on a black
hole. See figure 13.

Hawking Radiation
/J R
.t BH
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Figure 13: Schematic picture of the preparation of the disjoint setup. Left:
A black hole (in the universe B) emits Hawking quanta by Hawking radia-
tion, which are entangled with the black hole. Green dotted lines imply the
entanglement between the black hole and the Hawking radiation. Right: We
collect the Hawking quanta and put them into the auxiliary non-gravitating
universe A. In this case, the universe B is entangled with the universe A.
Green dotted lines also imply the entanglement between (black hole in) the
universe B and (the Hawking radiation in) the universe A.

L J
L 4

In the papers [25,26], by using the disjoint setup for two-dimensional
black holes in AdS and dS spacetime, the authors studied the entropy of
the Hawking radiation by using a modified version of the island (or HRT)
formula, and checked that the von Neumann entropy of the Hawking radia-
tion on the universe A, which is equal to the von Neumann entropy of the
universe B, obeys a Page curve as a strength of the entanglement between
the two universes A, B, not the time like the previous section.
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In this section, as noted above, we consider an evaporating black hole
in asymptotically flat spacetime by using the disjoint setup, and calculate
the von Neumann entropy of the Hawking radiation on the universe A'", or
the von Neumann entropy of the universe B, by using a modified version
of the island (or HRT) formula, which we will explain later. We note that
the von Neumann entropy of the universe B, which contains the black hole,
corresponds to the von Neumann entropy of the black hole on the universe.

After the calculation, we will consider a perturbation of the entangled
state by a local quench, which we will explain later, and study the von
Neumann entropy of the universe A or B.

3.1 Setup

3.1.1 Two disjoint asymptotically flat universes

We explain the disjoint setup in more detail. At first, we introduce two
disjoint universes, A and B which are asymptotically flat (see figure 14).
For simplicity, we consider two-dimensional spacetimes. Next, we define
two identical CFTs, on each universe A and B, and we assume that on
the universe B, we have a semi-classical gravitational description. Thus the
effective actions on the universes A, B are given by

log Z4 = log Zcpr, logZp = —Igray +10g Zcpr. (3.1)
As the gravitational sector Ig,, of the above effective action, we consider
the CGHS action [28],

1
I rav —
& 167TGN

/de\/—_g (PR —A), (3.2)

which is two-dimensional dilaton gravity in (asymptotically) flat space. The
action contains the dilaton ® in addition to the metric g,,. Also, we intro-
duced a parameter A, which is negative, and similar to, but different from,
the cosmological constant.

The Hilbert space of the system is given by H4 ® Hp, which is bipartite.
Because the two universes A, B are disjoint, classical information can not be
exchanged between them, but CFT matter states on the universes A, B can
be quantum mechanically entangled with each other. We are interested in

1"We sometimes call the entropy the von Neumann entropy of the universe A, and
similarly for B.
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the structure of the entanglement between states on the two Hilbert space.
To study the structure explicitly, we will consider the thermo-field double
(TFD) state on the system

Z Vi li)a [i)e,  pi= Z08)’ (3.3)

where Z(() is a normalization factor, which ensure the normalization con-
dition (¥|W) = 1, |i)a is a CFT energy eigenstate on the non-gravitating
universe A, and \w,> p is the same energy eigenstate on the gravitating uni-
verse B. Although they are same states, since, on the universe B gravity
is turned on, and properties of the states are affected by the fact, thus we
write them in different notations. The parameter [ in (3.3) characterizes the
strength of the entanglement between the two universes, not the temperature
of a black hole. For this reason, sometimes 1/ is called the entanglement
temperature.

3.1.2 Islands in the setup

In the papers [25,26], for the TFD state (3.3), the von Neumann entropy on

the non-gravitating universe A, S(p4) was studied. This quantity is defined
by

S(pa) = —trpalogpa, pa=trp|¥)(V]. (3.4)

The above von Neumann entropy is evaluated by the replica trick [25]

as noted in the previous section. In this disjoint setup case, the dominant

replica wormhole saddle is the replica wormhole connecting all the copies of

the universe B with given consistent boundary conditions. Such a replica
wormbhole leads to the following formula for the von Neumann entropy [25]

S(PA) = Min{snofislanda Sisland}' (35)

Sho—islana 10 the above formula is equal to the CFT thermal entropy
Sno—island = SB(B) given by

Sin(B Z pilog pi, (3.6)

where p; is defined in (3.3). More explicitly, it is given by

Sun(B) = 3log (ésmh (”;)) (3.7)
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in the coordinates (3.10) which we will explain later. One can obtain this
expression from (A.7) with [ = 7.

On the other hand, Sigang in the above formula is given by

Sigland = Ext ®(0C) + S5[C] — Suae[C] | = Egt Seen[C], (3.8)

C 4GN

where Ext means that we choose the configuration that extremize the gen-
c

eralized entropy among all possible intervals C' in the gravitating universe
B. ®(0C)/4Gy is the area term of the generalized entropy, which is given
by the sum of the dilaton values at the endpoints of the interval C. S5[C] is
the von Neumann entropy for thermal states on C, and Syac [C_'] is that of the
vacuum state. Because the TFD state is pure on the two universe A, B, the
generalized entropy has the property that Sgen[C] = Sgen[AC]. This implies
the interval C' in the gravitating universe B can be identified with the island
in current setup. We note that, although the term S.,.[C] does not appear in
the island formula (2.42) (or (2.56)) of the previous section, the appearance
of the term results from the disjointness between the two universes [25].

We are interested in the behavior of the entropy S(pa) as we vary the
entanglement temperature 1/, in particular when the gravitating universe
B contains a black hole. In the papers [25,26], it was argued that, in the
low entanglement temperature 1/5 < 1, because Syo_istand < Sisland the von
Neumann entropy (3.5) is equal to the CFT thermal entropy Sy, (B), which is
analog of the Hawking’s result for the von Neumann entropy of the Hawking
radiation. This also implies that the entropy linearly grows as we increase the
entanglement temperature 1/5. For sufficiently high temperature Syo_isiand
becomes larger than Sigana. Thanks to the formula (3.5), in that case, the
von Neumann entropy is given by Sigang, not the naive Hawking-like entropy
Sho—island- Furthermore, in the limit 1/ > 1, Sigana almost coincides with
the Bekenstein-Hawking entropy in the gravitating universe B. In this way,
we can get the Page curve of a black hole in the current setup.

3.1.3 Embedding of two universes

One can study the above setup by embedding the system into larger Minkowski
spacetime M (see figure 14). Each universe is a Rindler wedge in the larger
Minkowski spacetime. The non-gravitating universe A is the left Rindler
wedge of M, and the gravitating one B is the right one. More specifically,
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we define the light-cone coordinates ¥ = x £t on each universe'®. Also,

for the right Rindler wedge, we define the coordinates (w™,w™) of the larger
Minkowski space M through

wt =% (3.9)

2r
i:—eﬁx .

and for the left one we define w

Figure 14: The system with two disjoint asymptotically Minkowski spacetimes,
A and B. In this figure, these spacetimes (universes) are embedded into the larger
Minkowski spacetimes.

The non-gravitating universe A corresponds to the left Rindler wedge
of M, w* < 0, and the gravitating universe B does to the right one of M,
w* > 0. Also, the thermo-field double state on the universes A, B is mapped
to the (Minkowski) vacuum of M. This situation is similar to the one in the
previous section 2.1.2.

3.2 An asymptotically flat black hole and its radiation
entropy

To use the island formula (3.5), we need to determine the dilaton profile ,
which appears in the generalized entropy (3.8). Because the TFD state leads
to the thermal expectation value of the stress-energy tensor (V|74 |W¥) on

18We note that clearly, the light-cone coordinates are different from the Poincare coordi-
nates for the AdS spacetime in the previous section. We can distinguish which coordinate
we use from the context.
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the gravitating universe B, the dilaton profile is affected by it through the
equations of motion.

In the CGHS model with the action (3.2), we fix the metric to be the flat
one, since by the variation of the action with respect to ® we get R = 0. It
is convenient to use the compact coordinates (z,z7) with the flat metric
given by

dxtdz T
ds? = , ——<1rF<
cos? zt cos? x~ 2= =

. (3.10)

SIE

The above coordinates are related to the usual coordinates (X, X ™) with
the metric ds?> = dX+tdX~, where X* = tanz®. In the x coordinates, the
asymptotic infinities of the spacetime correspond to 2™ = £7 and = = £7.

Next, by varying the effective action on the universe B with respect to
the metric, we get the equations of motion for the dilaton

A
VoVo® — g, V20 = o Gab — 8TG N (V[T |W). (3.11)

Generally, in the conformal gauge, the metric is in the form
ds® = e*drtdr, (3.12)

and using this metric, the above equations of motion becomes

A
—62w8i [672‘08:&} b =87 GN<\I/‘ Tj:t|\I/>, (9+8_<I> =8m GN <\I’|T+_|\I/>—262w.
(3.13)

The Sourceless solution

Firstly we discuss the dilaton profile for the case that the stress-energy tensor
vanishes (V|T,,|V) = 0. For the current setup, this happens in the limit that
the entanglement temperature is very low, 8 — oco. It leads us to the dilaton
profile

Al

Dy = ¢ + — tan rtanz”, (3.14)
where A is the parameter of the CGHS model (3.2). As we will see later,
the dilaton profile corresponds to an eternal black hole in asymptotically flat

spacetime, whose Penrose diagram is identical to the usual eternal black hole
(see the left panel of Fig. 15).
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X2

Figure 15: Left: The Penrose diagram of the black hole without the back-reaction.
Right: The Penrose diagram of the black hole with the back-reaction of the source
(3.15). It develops a long wormhole region in its interior.

The Solution with the source

As we increase the entanglement temperature 1/5, we can not ignore the
back-reaction of the stress-energy tensor to the dilaton profile. The expecta-
tion value of the stress-energy tensor for the TFD state (3.3) is given by

e

(VTesl0) = 525 = (D)5, (WTe W) =0, (3.15)

In this case, we can solve the equations (3.13) for ®, and we obtain

A
Os = qbo-l-‘T’tanxJr tanz” —Xg (2 tana® + 2" tanz”), Xz =4nG(T)p.
(3.16)

The above solution corresponds to an eternal black hole, which has a long
interior region (the right panel of Fig. 15).

3.2.1 Penrose diagrams

Now that we have obtained the dilaton profile (3.16), which we are interested
in, we discuss the causal structure of the spacetime corresponding to the
dilaton profile. Because it turns out that the dilaton profile corresponds to
an eternal black hole, we consider the location of the singularity and the
event horizon of the black hole. Like in the previous subsection 2.1.1, at the
black hole singularity, the dilaton vanishes ® = 0, and the bifurcation surface
of the black hole is given by the point that satisfies the conditions 9.® = 0.
The Bekenstein-Hawking entropy is given by the dilaton value at the horizon
divided by 4G .

39



The sourceless solution

As a warm-up, we firstly consider the causal structure of the dilaton profile
(3.14) for the vanishing stress tensor. In this case, the locus of the singularity
satisfies

Py =0« tanz’ tanz~ = —%. (3.17)
In the coordinates (X, X ™), the locus of the singularity is just a hyperbola
X*tX™ = —4¢o/|A|, which is expected. The singularity intersects with the
right future null infinity 2+ = 7 at 2= = 0, and it also intersects with the
left one = = —% at 2™ = 0. By the observation, we can fix the location of
the event horizon to x™ = 0 and = = 0. This is consistent with the location

of the bifurcation surface; that is, the black hole has only one bifurcation
surface at ¥ = 0. The dilaton value at the surface is given by ®(0) = ¢y,
which is related to the entropy of the black hole, and does not depend on the
parameter A.

The solution with the source

Next we consider the dilaton profile ®5 (3.16) for the case that the stress
tensor is non-vanishing. In this case, the geometry of the black hole is even-
tually deformed by the stress-energy tensor (3.15), due to the back-reaction.
Like the above simple case, we can study the location of the singularity in the
deformed spacetime from the dilaton profile ®3. Near the the right future

null infinity 2+ = 5, we can approximate the dilaton profile as
A 2 X T
$s=—tanz" | tanz™ — A 3.18
= giana” ( ) 2 19
where we dropped the extremal entropy term ¢y. From the above equation,
the singularity intersects with the future infinity at = = x_ which satisfies
27TX5
tanx, = : (3.19)
Al

As we increase the entanglement temperature 1/8 — oo, Xz in the right
hand side becomes larger, and the intersecting point goes to right spatial
infinity, z; — § with ™ = 7. Similarly, the singularity intersects with the

left future null infinity = = =7 at 2™ = 27} satisfing
2r X
tan ) = — 7|TA|ﬁ, (3.20)
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and in the limit 1/8 — 0, it goes to x7 — —7, so this intersecting point
goes to the left spatial infinity. Because the dilaton profile (3.16) is a time
reflection symmetric 7 <+ z~, the singularity also intersects with the past
null infinity similarly, i.e., the singularity intersects with the right past null
infinity 2~ = 7 at 27 = —z} satisfying (3.20) and the left past null infinity
vt = =% at 27 = —x_, (3.19). As a result, as we increase the entangle-
ment temperature 1/5 — oo, the singularity approaches to the reflection

symmetric slice 2+ = 27, in other words the ¢ = 0 time slice.

[

The above discussion also determines the location of the event horizon.
The right future horizon is at = = z, satisfying (3.19). Similarly the left
future horizon is at ™ = —x}. Because these two future horizons do not
intersect on the reflection symmetric slice x+ = 27—, the black hole have a
region in its interior, which is inaccessible causally from asymptotic spatial
infinities (the right panel of figure 15) . Such a region is called the causal
shadow region. The fact that the black hole singularity approaches the reflec-
tion symmetric slice 7 = 2~ as we increase the entanglement temperature
1/ — oo means that the causal shadow region becomes larger in the limit.

We can also check the above observation by considering locations of the
bifurcation surfaces (z};, x) from the conditions 9. ®5 = 0. Due to the sym-
metry z* <+ 2~ of the dilaton profile (3.16), the locations of the bifurcation
surfaces satisfy z}; = r;; = y, and the following condition

Al

Ttany—Xﬁ (cosysiny +y) = 0. (3.21)

In the high entanglement temperature limit 1/5 — oo, the equation (3.21)

reduces to
4X BY+

Al
These bifurcation surfaces approach to the spatial asymptotic infinities, y, —

+7 in the high temperature limit 1/8 — oo. Also, in the limit 1/8 — oo,
the dilaton value at the bifurcation surfaces becomes

(mX5)°
Al

tanyy = (3.22)

D) = do — (3.23)

We note that the dilaton value at the horizons, ®4(77;), becomes smaller
as we increase the entanglement temperature 1/5. The fact implies that, as
we increase the entanglement between the two universes g — 0, the black hole
horizon becomes smaller by the back-reaction from the stress-energy tensor.
The behavior is closely related to the fact that a black hole in flat spacetime
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evaporates through the emission of Hawking quanta. Our current setup (the
disjoint setup) indeed can be interpreted as a model of the black hole plus
a radiation system. The degrees of freedom of the Hawking radiation corre-
sponds to the CFT degrees of freedom in our setup, and the entanglement
of the TFD state (3.3) between the two universes A and B corresponds to
the entanglement in the Hartle-Hawking state. Thus the increase of the en-
tanglement between the two universes, (which we do by hand), emulates the
physics of the actual black hole evaporation process at late times, and as the
entropy of the black hole in our current setup becomes small or zero like an
actual evaporating black hole in asymptotically flat spacetime.

However, at the final stage that the black hole has almost evaporated, we
can not trust a semi-classical description of the black hole. This is because,
in a sufficiently large entanglement temperature regime, the two future and
past singularities get close to the reflection symmetric slice ¥ = z~, and
in the end, they touch the slice. We can determine the critical temperature
from the dilaton values at the bifurcation surfaces (3.23), at which it becomes
ZEro.

3.2.2 Quantum extremal surface

Now we will compute the von Neumann entropy S(pa) of the universe A by
using the island formula (3.5) with (3.8). To do so, we need to consider the
extremalization of the generalized entropy over all possible regions C, whose
endpoints are identified with QES surfaces. In the consideration, we assume
that the region C' is located on the reflection symmetric slice 2+ = 2~ and
it is given by the union of two regions C = C; U Cs , C; : —I<at < -IF
Cy : 77 < rt < 5 with 0 < z < 1. Further, we assume that, when the
island phase dominates, the CFT von Neumann entropy of the union of the
two regions can be written as the sum of the CFT von Neumann entropies
of the single region C; and that of Cy as the discussion in (2.47). Then the
generalize entropy reduces to a function of the variable z,
2

Sgen () = %(z)%—% log % sinh ;—5(1 — x)} —% log {% sin g(l — )

(3.24)

where eyy is the UV cutoff. One can obtain the above CFT entropy part
by using (A.7) and (A.8) with [ = w, L = m. We give a plot of the above
generalized entropy in the top panel of figure 17.

In the high entanglement temperature limit 3 — 0, the location of the
quantum extremal surfaces almost approaches that of the classical bifurcation
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surfaces of the black hole. This is because the quantum extremal surfaces
get close to the asymptotic spatial infinities, and thus, in the limit, the CF'T
von Neumann entropy part in the generalized entropy becomes almost zero.
Therefore, we can regard the island region C' as the causal shadow region in
the black hole interior (figure 16).

Figure 16: The location of the island C' in the black hole with the back-reaction,
denoted by the blue line.

From above results, we can approximate the von Neumann entropy S(p4)
like the discussion of the expression (2.55) and get the following expression

Sno—island = T;;_QBC 6 > Bc
S(pa) = 2 (3.25)
Sisland = ﬁ [¢0 - (ﬂ-fjﬁ) } 6 < /Bca

where (. is the critical inverse entanglement temperature, which is deter-
mined by Sho_island = Sisland- We give the plot of the Page curve for the
above expression (3.25) in the bottom panel of figure 17. Note that in this
section we consider a evaporating black hole in asymptotically flat space-
time, not an eternal black hole in AdS spacetime, thus the resulting Page
curve (the bottom panel of figure 17) is different from the one (figure 12) in
previous subsection 2.1.

3.3 Black hole interior in the presence of shock wave

We have checked that, as we make the entanglement between two universes
stronger, the size of the interior region of the black hole in the gravitating
universe B becomes larger. Thus we can interpret this interior region as the
one that is created by the entanglement between the degrees of freedom in the
gravitating universe B and those in the other universe A. In this subsection,
we investigate the interpretation further by considering local operations in
the gravitating universe B. Such local operations would “perturb” the entan-
glement between two universes. One can model such local operations by local
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Figure 17: Top: Plot of the generalized entropy Sgen(x) as a function of the
size (or the location of the endpoint) of the island in the interior. Bottom: The
resulting Page curve as a function of the entanglement temperature 7' = 1/3. Here
we set the parameters to be ¢ = 1700, |A| = 500, ¢ = 50 in both figures and
B =1 for left figure. (These plots were obtained in our paper [27] and we show
them.)

operator quench on the gravitating universe B. The local operator quench
on B means that we insert a local operator into the region we are interested
in on the gravitating universe B. The insertion of the local operator induces
shock waves in the two null directions on the universe B, along which the
stress-energy tensor has a delta-function-like peak. Through the equations
of motion (3.13), it can change the geometry of the black hole described by
the dilaton profile.

At first we consider a state |¥) on the universes A, B, which we prepare
by applying a local operator O in the gravitating universe B into the TFD
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state

W) = (148 OlB)|TFD) = ———> " #5 jils @ O s (320)

We will consider the von Neumann entropy S(p4) for the above state by
using the island formula (3.5). Because the insertion of the local operator O
does not change the no-island case Syo_islanda™’, We focus on the non-empty
island case Siglana given by the generalized entropy,

©(90) _ _
4G T Sﬁ’E[O] - Svac[c] ) (327)

Sgen = Extgs

where Sg [C] means the CFT von Neumann entropy calculated by using the
state (3.26).

Let (¢, 2, ) be the insertion point of the local operator ©. Then we get
the reduced density matrix of the universe B

_ a1

—eH + = T(pt =) ,—€eH
= =—¢ 0], ONxy,xy) e, 3.28
B trAUB |\I/><\I/| ZO ( 0 0 )pﬁ ( 0 0 ) ( )

where to make the density matrix normalizable we introduced the UV regu-
lator ¢ different from the UV cutoff ey in the CFT von Neumann entropy,
and the normalization factor Zp is given by

Zo = (O(2i)O(0))5. (3.29)

where we introduced the notation (---)g = tr[ps - - -|.

The insertion of the local operator O affects the expectation value of the
stress-energy tensor, thus changes the dilaton profile through the equations
of motion (3.13). The expectation value of the stress-energy tensor is given
by the three point functions tr[ps7:+O0], and it is given explicitly by (e.g.,
[48,49]) in the ¢ — 0 limit

e
(U|T (21| = 1o + Bstonk ozt —ag),

e (3.30)
<\I"T,,<JS_)’\IJ> = Tﬂ? + EShock 6($_ - xa>7

YThe fact that the entropy for the no-island case is unchanged in the presence of the
local quench in the universe B can be understood by the direct calculation of the entropy
using the techniques explained in appendix B.
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where Fgnoq 18 the constant related to the conformal dimension A of the
local operator

A
Eshock = — (3.31)

Thus, the local quench creates a pair of shock waves in the spacetime, one of
which is left moving, the other is right moving. The delta functions in the
expectation value of the CF'T stress-energy tensor manifest the existence of
these shocks. For notational convenience, we write ' = Fgpoa below.

3.3.1 Dilaton part

We consider the effect of the shock waves on the dilaton profile ® in detail.
In the current case with the stress tensor (3.30), the equations of motion
(3.13) become

—e*0, (e_%ﬁifb) =2X3+8rGNES (:zcjE — xf)t) ,

A (3.32)

ZG

2w

84_8_@ - —

We can solve the above equations, and we get the dilaton profile in the
presence of shock wave,

Al

P = ¢y + Itana:+ tanx” — Xg(a tana™ + 2~ tanz ™)

— 817G N E cos® zf (tanazt — tanzl)O(a™ — xf) (3.33)
— 87G N E cos® zy (tanz™ — tanzy )0(x~ — xy),
where 6(x) is the Heaviside step function,
1 >0
0(x) = 3.34
(@) {O x <0. ( )

3.3.2 Classical extremal surfaces

Next, we determine the classical extremal surfaces in the black hole described
by the dilaton profile (3.33). We will see that the locations of the classical
extremal surfaces highly depend on that of the local operator instead. In the
right wedge of the operator insertion point x* > :1:5':, the dilaton profile is
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equal to the one ®g i defined by

A
Qs = o+ % tanx™ tana” — Xp(aT tana™ + 27 tanz )
— 871G N E cos? zf (tanzt — tanz]) — 87G N E cos® 2 (tanz™ — tan ay ).
(3.35)

On the other hand, in the left wedge #* < 27, it coincide with the original
dilaton profile ® = &3 g = D5 (3.16), see figure 18. We note that if there
is no shock wave, i.e., E = 0, a causal shadow region exists in the interior
of the black hole, thus there are two bifurcation surfaces in the black hole.
Even in the presence of the shock wave, the dilaton profile (3.33) has also
two critical points, one of which is located near the left asymptotic spatial

infinity (z%,27) = (=%, —5) and the other is located near the right one
(#%,27) = (5,%). In this subsection, we consider only the local operator

insertions which do not change the location of the left horizon (or the left
bifurcation surface) of the original dilaton profile ®5. To consider such a
situation, we simply consider the restriction of the range of the operator
insertion point to 0 < z$ + x;. Under the restriction, we can consider
only the change of the right critical point below. We can discuss operator
insertions in the region z§ + x5 < 0 similarly.

Figure 18: The dilaton profile (3.33) in the presence of the shock wave. In the
right wedge of the local operator insertion point, 2+ > a:g, we have ® = &g i with
(3.35). On the left wedge, z& < xf)t, the dilaton profile coincides with ®g, which
is identical to (3.16) .

To specify the right classical extremal surface, it is useful to introduce
characteristic two critical points of the dilaton profile ®. We denote by
z* = 27(0) the first critical point of the undeformed dilaton profile ®(x™)
Ji.e.,

0.4 % (3.36)

l‘i:]}

— + —
£y =0—tan z (0) =
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The other critical point is the one 2% = 23 (E) of the deformed dilaton profile

@3 1 (3.35), which satisfies

4
tan 15 (E) = Tl <gX5 + 87G N E cos® a:0> : (3.37)

These critical points are candidates for the classical extremal surfaces
of the full dilaton (3.33), and depending on the operator insertion point

xt = xoi, we choose one of them, which gives the smaller dilaton value.

For simplify of the below discussion, we consider the symmetric insertions
rd = 1y = 70 instead of considering all possible cases. In such a case, from
the symmetry the above two candidate extremal surfaces are symmetric too,
that is, they are on the reflection symmetric slice : x7};(0) = 2;(0) = 2(0),
and z},(F) = 24(E) = zy(E). Generally, we have the relation z5(0) <
xg(F) due to the effect of the shock wave. In the current setup, there are
three possible cases for the operator insertion points (see figure 18), that is,
the operator insertion points is (1) behind the original horizon xy < zx(0) ,
(2) in the middle of two horizons, zx(0) < xy < zy(E) and (3) in the
exterior of the deformed horizon zy(E) < xy.

Case 1

In the case (1), we insert the local operator O into the left region of the
original horizon : g < x4 (0) (top panel of figure 19). In this case, only the
classical extremal surface is the critical point of the deformed dilaton profile
% = zg(E) given by (3.37). This is because 2+ = z5(0) is not a critical
point of the full dilaton profile (3.33), since at this point z* = xy(0) the
full dilaton profile (3.33) becomes the deformed one @5 g (3.35), due to the
condition zy < zy(0). At the classical extremal surface the dilaton value is

given by ®(zy(E)) = Psp(ry(FE)).

Case 2

In the case (2), we insert the local operator O into between the two would-be
classical extremal surfaces xy(0) < g < zy(F) (middle panel of figure 19).
In this case, both the two critical points z* = 2%(0) and 2* = 25 (E) are
classical extremal surfaces of the dilaton profile (3.33).
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Case 3

In the case (3), we insert the local operator O into the right region of the
deformed horizon zy(E) < 2o (bottom panel of figure 19). In this case, only
the classical extremal surface is the critical point of the undeformed dilaton
profile 2% = 27(0). Again this is because the critical point of the deformed
dilaton profile 2* = z7(E) is not that of the full dilaton profile (3.33) in

this region. At the classical extremal surface the dilaton value is given by
@ p(27/(0)).

& L 2 ® E
o xy(0) vy (E)
L 4 y 2 T} Z
xg(0) 2o xg(E)
® * ° 3
xr(0) rg(E) X0

Figure 19: Three possible locations of the local operator O on the reflection
symmetric slice ¥ : at = 7. Top : When zg < zy(0) < zy(E), the classical
extremal surface is located at * = z g (E). Middle : When x5(0) < 2o < zy(E),
both ¥ = xy(0) and ¥ = zy(E) are extremal. Bottom: When z5(0) <
xr(E) < xp, the classical extremal surface is located at % = x(0).

3.3.3 CFT entropy part

To compute the generalized entropy (3.27) we need to give the expression of
the CFT von Neumann entropy Ss g[C] of the reduced density matrix (3.28)
on the region C in the gravitating universe B. Since we are interested in the
high entanglement temperature limit 1/8 — oo, the region C' is the union
of two disjoint pieces C'= C; U C5, as in the discussion of the shockless case

3.2.2. Let the coordinates of C' to be as follows;

rf=-2 -
{92k, oo

+

T :ZU5:|:t5 =
{ ‘i_ﬂ. ’ fOI‘CQ

xG_E'



In the high entanglement temperature limit § — 0 limit, xgt — xét and

x¥ — xg holds. Therefore, if there is no shock wave E' = 0, the CF'T thermal
von Neumann entropy on the region C' = C} U (5 at finite temperature [ is
given by

om0 )] s o 5 )

+Elo
6 g

7T€BUV sinh <% (z¢ — a:;))} - glog [WfUV sinh (% (zg — 25
(3.38)

Also we need the CFT vacuum von Neumann entropy for C = C; U C,, and
the entropy is given by

Siac|C] = ¢ log [L sin (méF - x§)] + % log [L sin (:L‘3_ — x;)}

6 Euv Euv (3.39)
c Lo c Lo '
+6 log p— sin (zf — )| + 6 log p— sin (zg — z35) | -

CFT entropy for a single interval Next, we consider the CFT thermal
von Neumann entropy Ss z[C] in the presence of a local quench. This kind of
von Neumann entropy (entanglement entropy) was discussed in [50], which
we will review in appendix B. As a warmup, we study the simple case of the

von Neumann entropy Sg g[C] of the single interval,
C’:xsi<xi<xé::g, (3.40)

whose endpoint is located at the asymptotic spatial infinity x6i = 5. To

introduce the CFT von Neumann entropy explicitly, we firstly fix the region
C,ie., fix xgt

This von Neumann entropy can be evaluated, at first writing the quantity
trp? in terms of the four point function involving twist operators,

trpg = tr [pg OF"(x1)0n(25)0_n(26) O (24)] , (3.41)

after the derivative of it with respect to n, and taking n — 1 limit. Here
x1 and x4 are given by (B.4), which are related to the operator insertion
point zp. When the CF'T has the large central charge ¢ > 1 and the sparse
spectrum, the above four-point function can be approximated by the vacuum
conformal block with an appropriate choice of branch [50]. We explain this
computation in detail in appendix B.
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The expression of the CF'T von Neumann entropy is constrained by the
causal relationship between the operator insertion point ¥ = 7 and the
endpoint z of the region C [48-59]. Indeed, the local operator insertion
induces a pair of shock waves, one of which is left moving and the other is
right moving, and roughly speaking, we can interpret the pair as an entangled
pair of particles. In this interpretation, the CFT von Neumann entropy
can be non-trivial only when one of the shock waves enters the domain of
dependence of the region D[C] and its “partner” does not. Thus, for the
fixed endpoint 2* = zF of the region D[C], there are four possible forms of
the von Neumann entropy, depending on the relative position of the endpoint
and the operator insertion point as in figure 20.

(1) When the endpoint z5 is in the right wedge of the operator insertion
point xg, i.e., a:5i > xat, both left and right moving shock waves do not enter
the domain of dependence D[C] of the region C. Thus, the shock waves
can not change the entanglement between the region C' and its complement
region, and the CFT von Neumann entropy of the region C' is equal to that
for the shockless case S3[C] owing to causality.

(2) Similarly, when the endpoint w5 is in the left wedge of the operator
insertion point xoi > mgt, both left and right moving shock waves enter the
domain of dependence D[C], and again owing to causality the von Neumann
entropy is equal to that for the shockless case S3[C].

(3) When the local operator is inserted in the causal future or past of
the endpoint, the CFT von Neumann entropy can be changed by the shock
waves. When the operator insertion point is inside the future light-cone of
the endpoint zs, i.e., z; >z, and xj > z;, then the left moving one of the
shock waves contrlbutes to the CF'T von Neumann entropy non-trivially. In
this case, the difference between the non-trivial CF'T von Neumann entropy
and the trivial one, AS = S5 g[C] — S3[C], is given by [50]

B sin o sinh 5 (va —m5)smh (rg — wé)]

ASF—Glog[E +

3.42
a sinh % (x6 —z7) (3.42)

On the other hand, when the local operator is inserted inside the past
light cone of the endpoint x5, i.e., z; > x5 and xd > x, then only the right
moving one of the shock waves contrlbutes non-trivially, and the non-trivial
part is given by

B sinma sinh §(zy — x5)sinh §(zg — wa)] (3.4

c
ASp = 6 log [—

T« sinh Z(zg — 25)
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Figure 20: Three possible causal relations between the operator at 2+ = x(jf and
the interval C. Top and Middle : The local operator is spatially separated from
C. In this case, the non-trivial part of the CFT entropy AS in the generalized
entropy is vanishing owing to causality. Bottom: When the local operator and
the C are causally connected, the right mover emitted by the quench can enter the

causal diamond of D[C]. Only in this case, AS is non vanishing. In particular,
AS is given by (3.42).

CFT entropy for two disjoint intervals In evaluating the generalized
entropy, we need to consider the CF'T von Neumann entropy of two disjoint
intervals C' = C; UCy. The possible form for the CFT von Neumann entropy
is constrained by causality. In the previous subsection, we saw that, as we
increase the entanglement temperature 1/5 — oo, the size of two intervals
become smaller C;, C, — 0. From the observation, it is reasonable to
approximate the von Neumann entropy of two disjoint intervals by the sum
of the von Neumann entropies of the single interval C and that of Cj,

S[C] ~ S[Cy] + S[Cy). (3.44)

Thus it is enough to consider the von Neumann entropy for a single interval
in evaluating the generalized entropy in the high entanglement temperature
limit 1/ — oo. This discussion is very similar to that of (2.47).
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For simplicity, we assume the shock waves do not enter the domain of
dependence of the left interval C1, i.e., 7 > o, thus in this case only the
von Neumann entropy of the right region S[C5] can be changed by the shock
waves non-trivially.

3.3.4 Quantum extremal surfaces

We will study the behavior of the dominant quantum extremal surface as
we change the operator insertion point zy. In particular, we will mainly
study it in the high entanglement temperature limit, where the island con-
tribution dominates, and in such a situation the classical extremal surface
is located near the spatial asymptotic infinity z* = 5. We decompose the

CFT von Neumann entropy Sg g[C] — Syac[C] in (3.27) , into the trivial part

S3[C] — Syac|C] which does not contain the effect of the local quench, and
the remaining one AS = Sg p[C] — S5[C]. In this decomposition, in high
entanglement temperature limit the former part does not give almost no
contribution to the generalized entropy and we ignore the trivial part below.
As we noted before in 3.2.2, under high entanglement temperature limit the
classical extremal surfaces almost coincides with the bifurcation surfaces of
the black hole. Thus, now we will mainly study the non-trivial part of the
CFT von Neumann entropy to get the non-trivial quantum extremal surfaces.
Before studying the case that the non-trivial part of the CFT von Neumann
entropy does not give non-trivial contributions, we explain two limiting cases
where the non-trivial part vanishes.

At first, when the local operator is inserted into the deep interior of the
black hole zy ~ 0, the location of the quantum extremal surface almost
coincides with that of the bifurcation surface of the black hole, which is
deformed by the shock waves, i.e., 2* = 2% (E) given by (3.37). The reason
for the above coincidence is that we insert the local operator into the deep
interior region of the black hole zy ~ 0, which is spatially separated from
the bifurcation surface of the deformed black hole z* = 2% (E), thus, in this
case, the non-trivial CF'T entropy part AS vanishes owing to causality.

On the other hand, when the local operator is inserted into the exterior
of the deformed black hole, i.e., zg > xg(F), because the non-trivial CFT
entropy part AS vanishes in this case again, the location of the quantum ex-
tremal surface almost coincides that of the bifurcation surface of the original
undeformed black hole at 2* = 27(0) given by (3.36). Below, we explain
details of the above behavior of the quantum extremal surfaces.

Before the explanation, we note that the generalized entropy which we
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consider have the contribution coming from the left quantum extremal sur-
face, which is independent of the operator insertion point :Ua—L as long as we
consider the operator insertion for the region zf +z, > 0 (and 23 > 7). In
the high temperature limit, the contribution from the left quantum extremal
surface is given by (3.23) divided by 4Gy and we denote the contribution by
St.

Then, we have the following three cases for the generalized entropy from
the above discussions.

Case 1

When we insert the local operator inside the original horizon zy < xy(0)
(the top panel of figure 20), the location of the (right) quantum extremal
surface almost coincides with that of the bifurcation surface of the black hole
which is deformed by the shock waves. In this case, since the location of the
quantum extremal surface is at ¥ = xy(FE) and the non-trivial CFT part
vanishes AS = 0, we obtain the following generalized entropy

s p(zn(F))

See = —————2=+ 8

& e

1 4 | (7X5)\?
= 1Ca o — m [(—25) + 87T2GNX5E(30$2$0
N
12872 G2
— #EQ cos* o + 16mG N E cos® xg tan g | + Si.
(3.45)

Case 2

When we insert the local operator in between two candidate quantum ex-
tremal surfaces (the middle panel of figure 20), z4(0) < 2o < xy(F), the
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generalized entropy is given by

Ps(zn(0)) Ppp(rn(F))
G T aid }*SL

Sgen = Min {

. 1 (WXIB)Q
ETEN LR TY

Xy 167Gy

+ + S7.
A A 5

+ Min {O, —167G N E cos® x ( E cos® zg — tan xo) }

(3.46)
In this case, the non-trivial CF'T entropy part vanishes again AS = 0.

We can explicitly give the point i = x7 at which the two contribution
coincides satisfies the following equation

27TX5 i 167TGN

E cos® z7. (3.47)
Al Al !

tanxp =

Case 3

When we insert the local operator outside the deformed horizon x g (F) < xg
(the bottom panel of figure 20), we have the following trivial generalized
entropy

) 0
Sgen - 64(1:211[( )) +SL
B . (7X5)? g (3.48)
TAGN [T A b

95



Net result

From above results, we obtain the following generalized entropy as the func-
tion of the operator insertion point xg in the high temperature limit,

(L |, _ X’
4Gy |7 1A
2 X 2
Sgen (0) = < — 2F cos® x ( 7|TA]B + WECOSQ To — tanxo) + 57, for xyg < xr
! (X5)*
= — S fi < x.
\ 4GN ¢0 |A| + L or rr Zo

(3.49)
We display the plots of the above generalized entropy for two different E
cases in figure 21 2°.

The plots show that when the local operator is inserted outside the black
hole horizon, the generalized entropy is not affected by the local operator and
remains unchanged, while when it is inserted inside the black hole horizon,
the generalized entropy is changed by it and decreases. The plots also show
that as we insert the local operator into the deeper interior of the black hole,
the generalized entropy becomes smaller significantly.

This is because if we insert the local operator inside of the horizon and
create the shock waves at the insertion point, the resulting black hole have the
longer interior wormhole region compared to the shockless case, which is seen
from the relation x5 (0) < zy(E), and as a result the entropy of the black hole
becomes smaller ®5(xy(0)) /4Gy > Pp p(ru(F))/4GN. Thus, in some sense,
what the shock waves do is to make the black hole further “evaporate”. The
black hole in the gravitating universe B has been evaporating owing to the
entanglement between two universes A, B, and the local operator insertion
accelerates the evaporation, which means that the entropy of the black hole
decrease faster as a function of the entanglement temperature 5.

We can get the actual von Neumann entropy of the universe A, S(pa),
by using the formula (3.5), that is, the entropy is given by the minimum
between two von Neumann entropy Spo—isiand and Sgen (o). The plot of the
actual von Neumann entropy S(p4) is shown in figure 22. Because we are

20 We obtained the plots in our paper [27] which show in this section by full numer-
ical calculations through the faithful extremization of the generalized entropies, unlike
analytical expressions appearing in the body of this section.
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Symmetric slice case
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Figure 21: Plots of the generalized entropy Sgen, (3.49), as the function of g
(0 < 2o < 7/2) with ¢ = 1700, 8 = 1, |A] = 500, ¢ = 50, e = 0.1. A = 8(E =
80)(top) and A = 1 (E = 10)(bottom). The dotted line is the value of the entropy
for the shock-less case, A = 0(E = 0). (These plots were also obtained in our
paper [27] and we show them again.)

interested in the behavior of the von Neumann entropy S(p4) as a function of
the entanglement temperature 1/8, we give the plot (figure 22) as a function
of 1/ with fixing the operator insertion point z* = zF. As the entangle-
ment temperature becomes higher, the bifurcation surface of the black hole
gets closer to the asymptotic spatial infinity, and the local operator initially
located outside of the black hole horizon is absorbed into the black hole. Like
the expression (3.25), we can again see that, above some critical tempera-
ture f., the dominant contribution to the von Neumann entropy S(pa) is
given by the generalized entropy Sgen(zo) (3.49). In particular, in the high
entanglement temperature limit 1/8 — oo, because the local operator goes
into the deep interior of the black hole against to the black hole horizon of
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Symmetric case (xp*=x0"=1.343)
S(oa)
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Figure 22: Plots of the Page curves corresponding to the shockless case (3.25)
and the case with the shock (3.50) as the function of 7' = 1/8 with fixing the
location of the operator, which we place on the reflection symmetric slice xar =x.
$o = 1700, |A| = 500, ¢ = 50, A = 10, ¢ = 0.01, 2 = 25 = 1.343. The island
begins dominating at 7' ~ 0.993 and the location of the corresponding QES is
2}(0) = 2;(0) ~ 1.328. The von Neumann entropy with a shock decreases faster
than the one without it. (These plots were also obtained in our paper [27] and we
show them again.)

the low entanglement temperature regime, the generalized entropy Sgen (o)
is given by the first line of (3.49). Thus an approximate expression for the
von Neumann entropy is given by

( m2c
Sno—island - % ﬁ > ﬁc
_ (mX5)?
S(pa) = | Shen(T0) = g 0 = ]
2r X 2
_ 2 B~ 2.
\ 2F cos xo( A + |A|Ecos x tanxo) + 55
(3.50)

Since the above expression (3.50) is clearly different from the one (3.25)
without the local operator insertion, we consider the difference between them.

In the previous case (3.25), above the critical temperature ., the von
Neumann entropy decreases as

. 1 (WX5)2
Slsland - 4GN [(b(] |A|

+ 5. (3.51)

o8

f < P



On the other hand, in the presence of the shock waves, the von Neumann
entropy (3.50) decreases faster than the one without the shock waves (3.25)
owing to the additional terms coming from the shock wave, which are pro-
portional to the constant E. This also supports the point of view that the
shock waves accelerate the evaporation of the black hole in our setup.

3.3.5 QESs with non-trivial CFT entropy

We have focused on the cases that the non-trivial part of the CFT von
Neumann entropy AS = S5 5[C] — S5[C] vanishes by choosing the operator
insertion point to be on the time reflection symmetric slice zf = z,. We
note that, in such cases, the quantum extremal surfaces and the local operator
insertion point are spatially separated. As a result, the quantum extremal
surfaces coincide with the classical extremal surfaces, which we can identify

with the bifurcation surfaces of the black hole.

On the other hand, when the local operator is inserted into the causal
future of the original horizon z* = 27%(0), i.e., x5 > 25,(0), 25 < x(0), then
the non-trivial part of the CFT von Neumann entropy does not vanish.

Firstly, we determine the location of the classical extremal surface. The
full dilaton profile is still given by (3.33), and since we expect that the new
classical extremal surface is in the causal past of the local operator insertion
point, we extremize

Dr(z®) = ¢ + JA] tanz tanx” — Xp(at tana™ + 27 tanz )

4 (3.52)
— 87GNE cos® zy (tan ™ — tanzy).

From the above dilaton profile ®z(z*), we get the critical point (x4 (E), 25, (E))
satisfying

2rGNE
37T|T’N coszy.  (3.53)

23(E) = 25(0), tanzj(F) = tanz}(0) +
We note that the above critical point (23,(E), x5, (E)) is different from the
one (2};(E),z4(E)) of ®5 5 (3.35).

The shock wave induces the shift of the horizon along the x™ direction.

In order for the critical point (z3;(E), 27 (E)) to be in the causal past of the
local operator insertion point, we need the condition

321GNE

A cos’ 1y < tanay. (3.54)

tan x7,(0) +
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Next to determine the location of the quantum extremal surface z+ = 3551

in the same situation, we consider the generalized entropy obtained from
(3.42),

Soon(a) Pp(xF) ¢y B sinma sinh % (900 — x5)smh (xd — )
en (L - -
g 4Gy 6 TE o sinh E(xg — x\;f)
+ Sﬁ[é] - Svac[é] + 57
(3.55)

where Sy, is the contribution from the left extremal surface, as in the dis-
cussion in 3.3.4. In the high temperature limit, S;, ~ ®5(27;(0))/4Gy with
(3.23).

We consider the critical point of the above generalized entropy (3.55).
Because the non-trivial part of the CFT entropy AS does not contribute to
its derivative with respect to 27, tan *7”251 is still given by

327GNE

tanzl, = tanzy(0) + | cos” xg . (3.56)

On the other hand, the derivative with respect to x*_ is modified by AS.
By ignoring the trivial CFT entropy part Sg[C] — Syac|C], we obtain

¢ 4
anz,
Q1= |A|

1 1
X 3 + = cos?af, :
6,3 A (smh (wd — le) ~ ginh T ( — x51)>]
(3.57)
Since the above conditions determine 1’351, by substituting the coordinates
xa into the generalized entropy we can give the expression of the generalized
entropy (3.55).

There is also another quantum extremal surface, z& =

= xé , Which is
located at the right wedge of the local operator insertion point fL‘Q > xo In
this case, the non-trivial CFT entropy part AS vanishes, thus the quantum
extremal surface x$2 almost coincides with the bifurcation surface of the
original black hole z/,, = x75(0).

Although there are two candidates for the quantum extremal surface at
xt = xa and T = x@, they can not appear simultaneously owing to
the non-symmetric insertion of the local operator. If the local operator is
inserted into the causal future of the bifurcation surface of the original black
hole z§ > x1;(0), x5 < z5(0), then the bifurcation surface is shifted to the
point (23,(E), z7(E)). In this case, the candidate quantum extremal surface

at xﬁ(()) = :L’$2 is no longer extremal, and only the other candidate quantum
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extremal surface 2% = xa becomes the quantum extremal surface. On the

other hand, if the local operator x§ is inserted into the exterior of the original
horizon zF > 2%(0), then 2% = xa becomes the quantum extremal surface.

Thus, we obtain the generalized entropy

Sgen(1gy,)  for  xp(0) > x5

3.58
Sgen(xa) for 25(0) < xy. (3.38)

SgemE(in)_vxa) = {

In the high entanglement temperature limit, we can get the generalized en-
tropy Sgen(xgl) by evaluating it at the point specified by (3.56) and (3.57)
into the expression (3.55). Sgen(7,) almost coincides with the entropy of
the original black hole ®4(175(0))/4Gy. From the formula (3.5), the von
Neumann entropy is given by the minimum between the above generalized
entropy and the thermal CFT von Neumann entropy Spo_isiand,

S(pa) = Min {Sno—isiand, SegenE} - (3.59)

Plot of the result

We consider the case that although the location of the left moving shock wave
is fixed 7 =z, and we can change that of the right moving one as shown
in figure 23. We consider the case x§ > z};(F) so that the local operator
insertion point can move between the interior and the exterior of the black
hole. Under the above conditions, we plot the generalized entropy Sgen, E(x(jf)
as a function of z; in figure 24.

As we decrease the value of z, the local operator is “falling” into the
region behind the black hole horizon, and we are interested in the behavior
of the von Neumann entropy as the local operator is falling to the black hole
horizon and eventually enters the black hole interior.

This plot in figure 24 for the asymmetric local operator insertion is com-
pared to the similar plot shown in figure 21, where we insert the local operator
on the reflection symmetric slice (3.49), as in the top panel of figure 23.

The two plots (fig 24 and 21) have the common feature that when we
insert the local operator outside the black hole horizon = > 2;(0), the two
generalized entropy almost coincides with the classical entropy of the original
black hole, that is, the Bekenstein-Hawking entropy of the black hole, which
is given by ®3(27;(0))/4Gy with (3.23). This is because the non-trivial CFT
entropy part AS vanishes owing to the space-like separation between the
local operator insertion point and the quantum extremal surface.
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Figure 23: Top: The operator inserted on the time reflection symmetric slice
(the blue line). In this case the operator is spatially separated from the bifurcation
surface of the black hole at z* = xi (0). (The black hole horizon is drawn by the
red lines.) Bottom: The operator inserted on the non time reflection symmetric
slice. In this case, the bifurcation surface can causally contact with the operator.

On the other hand, when we insert the local operator into the black
hole interior x; < x(0), their behaviors of the generalized entropy are
different. In particular, we can see that there is a bump in the plot for the
asymmetric insertion (figure 24), however, for the symmetric insertion (figure
21), there is no such a bump. The presence of the bump is related to the
fact that the quantum extremal surface for the asymmetric insertion is in
the causal past of the local operator insertion point, i.e., the non-trivial CF'T
entropy part AS does not vanish. On the other hand, for the symmetric
local operator insertion, owing to the space-like separation between the local
operator insertion point and the quantum extremal surface, the non-trivial
CFT entropy part AS vanishes.

We can interpret the bump in figure 24 as a result of the dynamics of
the black hole. In order to explain the interpretation, it is useful to follow
the plot backward in the z; direction. As we decrease x,, the black hole
becomes larger owing to the absorption of the local operator, and this gives
the sudden increase of the generalized entropy in the plot. After the increase
of the black hole size, the black hole starts to evaporate again, and therefore,
the generalized entropy starts decreasing.

62



Non-symmetric case (xo*=1.373)
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Figure 24: Plot of the generalized entropy given in (3.58) as a function of x;, with
fixing xJ (the case of the non-symmetric insertion), with the choice of parameters
$o = 1700, |[A| =500, c =50, B =1, A=7,c=0.1, 2y = 1.373. The dotted line
corresponds to the shockless case A = 0. (These plots were also obtained in our
paper [27] and we show them again.)

One can regard the difference between these behaviors of the two gener-
alized entropies as the difference in the ways of these two insertions. The
symmetric operator insertion can be regarded as a local operation, since, in
the symmetric case, the local operator is inserted in either the domain of de-
pendence of the island region D[C] (, which we can consider as a part of the
radiation system on the non-gravitating universe A) or its causal complement
region D[C] in the universe B, as in the top panel of figure 23. Because they
are local operations, they can only decrease or unchanged the von Neumann
entropy, not increase?!. On the other hand, local operators inserted asym-
metrically can enter a region that is behind the horizon and belong to neither
of the two domains of dependence D[C] and D[C] (the bottom panel of figure
23). Thus, these asymmetric operator insertions are not local operations, so
they can increase the entanglement between two regions C' and C, leading to

the bump in figure 24.

21This property is used to characterize entanglement in quantum information theory,
see details in, e.g., [60].
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3.3.6 The von Neumann entropy

We can give the von Neumann entropy S(p4) by using the formula (3.59)
with the above results. Again we plot the von Neumann entropy S(pa) as
a function of the entanglement temperature 1/4 with fixing the operator
insertion point ¥ = x7 in figures 25 and 26. As we increase the entan-
glement temperature, the location of the bifurcation surface approaches the
asymptotic spatial infinity, so the black hole horizon expands, and the local
operator is absorbed into the black hole. Thus, in this case, we can again
observe the same physics as in the case that we vary z .

Non-symmetric case (xo*=1.373, xo™=1.332)
S(pa)
140

120
100 |

80 . — the shockless case

[ the case with a shock
60 "
40|

20 -

100 101 102
Figure 25: Plots of the Page curves corresponding to the shockless case (3.25)
and the case with a shock wave (3.59) as the function of the entanglement
temperature 7' = 1/ with fixing the position of the operator, which is not
on the reflection symmetric slice, ie :Ug # x,, with the choice of parameters
¢o = 1700, [A] = 500, ¢ = 50, A = 7, = 0.1, 2y = 1.373, z; = 1.332. The
island begins dominating at 7" ~ 0.993 and the location of the corresponding QES
is 2;(0) = 2;(0) ~ 1.328. (These plots were also obtained in our paper [27] and
we show them again.)

When we choose the operator insertion point and the conformal dimension
of the local operator suitably, the behavior of the resulting von Neumann
entropy becomes complicated as in figure 26. It is reasonable to compare
this behavior with that of the von Neumann entropy for the shockless case
(3.25). In the latter case where there is no shock wave, the transition between
the no-island entropy Spo—_islana and the island entropy Siglana happens only
once. However, in the former case, the transition between the no-island and
island entropy can happen multiple times.
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Non-symmetric case (xp*=1.373, xp~=1.332): Large shock
S(pa)
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Figure 26: Similar plot to figure 25 but the shock wave has a larger energy than
the previous case. We plot the Page curve only around the points at which the
non-trivial dominance changes happen unlike the previous case (figure 25). The
Page curve is given by the minimum between them. We set the parameters to be
$o = 1700, |[A| = 500, ¢ = 50, A = 8, & = 0.01, zj = 1.373, z; = 1.332. In this
case, the transitions between them happen several times. The first transition is at
T ~ 0.993 and the location of the corresponding QES is z;(0) = 2(0) ~ 1.328.
(These plots were also obtained in our paper [27] and we show them again.)

Indeed, in figure 26, we can observe that at sufficiently low entanglement
temperature, the no-island entropy Spo_islana dominates, and by increasing
the entanglement temperature, the island entropy Sigang becomes the dom-
inant contribution like the behavior of the Page curve without the shock
wave. However, this is not the end of the story. Namely, as we further in-
crease the entanglement temperature, the black hole horizon expands, and
thus the local operator is falling to the black hole horizon. This results in
the size change of the black hole and the sudden increase of Siglana. Now
that the island entropy Siglana, Which is affected by the local operator, gets
larger than the no-island entropy Sho_isiand, above this temperature the no-
island entropy Spo—island again dominates. Again as we further increase the
entanglement temperature, the size of the black hole becomes smaller ow-
ing to the emissions of Hawking quanta, which corresponds to the increase
of the entanglement temperature, thus eventually the island entropy Sigand
becomes smaller than the no-island one S,_isiang, and it becomes dominant
once again.
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4 The Island formula and Baby Universes

In this section, we focus on the island formula in a setup that a AdS black
hole is coupled to the bath C'F'T" like in section 2 from a different perspective.
In particular, we reconsider a treatment of the ensemble of quantum states
that appears in a semi-classical description of a black hole by introducing
new degrees of freedom, which we call the baby universe, and discuss the
relationship between the island formula and the baby universe. We also
discuss some physical implications of the baby universe. We note that the
baby universe explained below is different from the non-gravitating universe
A in previous section 3.

The introduction of the baby universe is related to the random fluctua-
tions of an evaporating black hole. At first, we explain this relation briefly.

In principle, the evaporation process of a black hole is described by the
bipartite system associated with the Hilbert space of the black hole Hgy
and that for the Hawking radiation Hg. In this case, the state on this total
system is given by an entangled state between the two systems Hgpy and
Hp. Of course, since the description of such an entangled state involves a
quantum theory of gravity and such an entangled state depends on the detail
of the quantum gravity, thus it seems impossible to study such a system
efficiently. However, as was firstly discussed by Page [5], one can obtain a
time variation of the von Neumann entropy of the Hawking radiation, which
is consistent with the unitarity of quantum gravity, by taking the average
of the entropy over the random fluctuations in the entangled state. This
averaging operation enables us to have a partially fine-grained description
of the evaporating black hole while maintaining semi-classical properties, to
the extent of obtaining results, which is consistent with the principles of
quantum theory. Indeed, in such a prescription, the island formula enables
us to recover the Page curve within a semi-classical description of gravity.
In particular, the Euclidean replica wormholes nicely capture the effects of
these random fluctuations and their averaging geometrically.

We focus on a description of these random fluctuations in a Lorentzian
spacetime in the semi-classical regime. We argue that the averaging over the
random fluctuations can be “purified” by introducing an auxiliary system,
which is often called a baby universe and entangled with the original space-
time. This new spacetime, the baby universe, is connected to the original
spacetime with the black hole by an Einstein-Rosen (ER) bridge correspond-
ing to the entanglement between the two spacetime. One can think of the
baby universe as accommodating partially fine-grained information of the

66



evaporating black hole (see figure 29). It is enough to use such information
to derive the Page curve.

Below we will see the above discussion in more detail and explain some
physical implications.

4.1 Baby Universe and Ensemble nature of Semi-Classical
Gravity

In this subsection, we explain the role of the baby universe in the evaluation of
the von Neumann entropy of Hawking radiation through the island formula.

For this purpose, we begin with the fact that we have two distinct de-
scriptions of a quantum theory of gravity. One of them is the fine-grained
description, and the other is the coarse-grained one.

In the first full-fledged fine-grained description of quantum gravity, we
have a sufficient number of observables (i.e., the complete set of operators of
quantum gravity) to distinguish quantum states completely. Notice that, in
this fine-grained, we can perform measurements with arbitrary precision. We
focus on the gravitational system which has a black hole emitting Hawking
quanta by the Hawking radiation. In the full-fledged fine-grained microscopic
description, in the system a state has the following form,

k

Unr) = ZZ M|y pala)r (4.1)

i=1 a=1

where FM is a fired number. Here we introduced the orthonormal bases
|9;) g of the Hilbert space Hppy for micro-states for the black hole, and
|a) g for the Hilbert space Hg for the Hawking quanta participating in the
entanglement between the black hole and the Hawking radiation. A and k
are the dimensions of their two Hilbert spaces.

The second description of the system is the coarse-grained one by using
a semi-classical gravitational theory, where we have a limited number of ob-
servables, i.e., a subset of the complete set of observables of quantum gravity,
or coarse-grained observables such as thermodynamical quantities. The spa-
tial and time resolution of such observables are much worse than the Planck
scale. In this description, the precise measurement of the coarse-grained ob-
servables can not fully specify the full quantum state of the full theory, but
at best only specifies a set of states that have the same expectation values
of the coarse-grained observables and correspond to the same semi-classical
spacetime geometries.
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Due to the limited number of observables and also to the fact that the
resolution is much worse than the Planck scale, one is forced to describe the
system in a coarse-grained way, in terms of a mixed state, i.e., an ensemble of
states {par, |Uar) }ar, where pyy is a probability distribution, which we explain
later. This ensemble includes the class of the states |Wy,) given by

k

W) = ZZ CMi) prla)r (4.2)

i=1 a=1

with the random coefficient matrix CV.

Semi-classically we can not distinguish two such states |¥y;), |¥y) , which
have different random coefficients CM CY. This suggests that a coarse-
grained observer describes the state by the mixed state as follows,

PBHUR = ZPM|\PM><‘I’M| ; (4.3)
i,

where p); is the Gaussian probability distribution determined by the ensem-
ble of states or random coefficient matrix CM. Explicitly the probability
distribution is given by (e.g., [61,62])

Nk
M= (A%) exp (—Nktr(CYCOMTY), (4.4)

and it satisfies the normalization condition ) ,,pp = 1. See also (C.1)-
(C.3) in appendix C. We also note that the coefficients Cj, are satisfying the
following relationship,

<1>—1

(CiaCly) = 011005

k/\/
(CiaCL;Cry Ch) = (k‘/\/) (0ij00p - Okibys + Gitdas - Gj10py)

(T, Ciy,) (T, CF L)) = W

<(HZ:10iaaa>(H£n 1OT )) =0 form 7& n

BuJb

(all possible contractions of indices)

(4.5)
where (-) means the average over the random coefficient matrix C/.

One can consider the randomness of the coefficient in the state (4.2) as the
consequence of the highly chaotic dynamics of a black hole. More explicitly,
the randomness can be understood as follows: Suppose that an observer tries
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to determine the fine-grained state (4.1) by measurement of observables. To
do so, the observer needs to perform a measurement with the Planck scale
precision. However, for a coarse-grained observer, the measurement resolu-
tion is much worse than the Planck scale. Note that during the measurement
time-scale, the microscopic state can time-evolve. Thus, if the measurement
time-scale is much longer than the Planck scale, the microscopic state can
time-evolve to almost all possible states of the form (4.2). In this way, a
coarse-grained observer sees the black hole state as the state (4.2) with ran-
domness. From the above discussion, we can intuitively understand why
the randomness appears in the semi-classical description of the black hole
dynamics.

Once we coarse-grain the system, we get the mixed state (4.2), not the
pure state (4.1), and apparently we lose the microscopic details of the original
state (4.1). However, within the coarse-grained description, we can compute
some aspects of the fine-grained entropy, which is the von Neumann entropy
calculated by using the fine-grained description, of Hawking radiation by
purifying this mixed state (4.2) by introducing an auxiliary system Hpgy,
which we often call the baby universe. For instance, the recent understanding
of the island formula suggests that by the purification, we can capture some
part of fine-grained information of the Hawking radiation while using the
semi-classical description. The related discussions on random fluctuations in
black hole physics can be found in, e.g., [63-65]. We also note that Gaussian
random fluctuations have a geometric interpretation in terms of the end-of-
the-world branes in two-dimensional JT gravity [24].

We note that to purify the original system with the mixed state (4.3), we
need to introduce an auxiliary system Hpgy whose Hilbert space dimension
is at least equal to or greater than that of the original system. In particular,
the dimension of the baby universe Hilbert space Hpgy depends on the coarse-
graining procedure we consider. By using this baby universe Hilbert space,
one can give the simplest purified state by

) srorusy = Y v/Pa|Yar)srorl M) sy, (4.6)
M

where {|M)py} are orthonormal baby universe states. A fine-grained ob-
server can access to the auxiliary system, but a coarse-grain observer can
not. We note that the coarse-grained description using the auxiliary system
is not a full-fledged fine-grained description of the original system consist-
ing of the black hole and the Hawking radiation. This is because we are
artificially adding the degrees of freedom of the baby universe, which do not
appear in the original Hilbert space Hgy ® Hg. In other words, in the fine-
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grained (quantum gravitational) description, the actual fine-grained state
realized in the system is one of the states in the ensemble, not the one with
the baby universe. However, we consider the purified state (4.6) because it
has an effective semi-classical gravitational description, on the contrary to
the full-fledged fine-grained state (4.1) in quantum gravity. Moreover, as we
will explain later, if we focus only on averaged properties of the fine-grained
entropy, such as the Page curve, it is enough to consider the purified state
by the baby universe.

We note that by tracing out the black hole degrees of freedom BH in
the mixed state (4.3), we can get the reduced density matrix of the Hawking
radiation pg, but it gives an approximately thermal mixed state and its
resulting von Neumann entropy S(pgr) gives the Hawking’s result

S(pr) = S( <p(M)R>M )

4.7
= log k, (47)

where we defined,

ponr = trar W) (Culsror] . (panr)v = Y Py pank. (4.8)
M

See the appendix C.1 for the derivation.

Next, we consider the von Neumann entropy of the Hawking radiation
in the fine-grained description. For this purpose, firstly, we consider a ge-
ometric description of the purified state (4.6). In the purified state, the
Hawking radiation Hyr and the black hole Hgy are entangled with the auxil-
iary baby universe Hpy. From the viewpoint of ER=EPR (conjecture) [66],
which states that the existence of the entanglement between two distant re-
gions is related to that of a spatial wormhole connecting the two regions, it is
expected that the entanglement between the baby universe Hpy and the orig-
inal system Hi ® Hpy is geometrically realized by an Einstein-Rosen bridge
that connects the two systems (see figure 29). The detailed properties of
the Einstein-Rosen bridge may depend highly on the choice of the ensemble.
If this combined system is realized within the framework of the AdS/CFT
correspondence, the auxiliary baby universe can be modeled by an additional
boundary, and its gravity dual involves an Einstein-Rosen bridge connecting
the new boundary. This purification process is the key in the finding of the is-
land formula, which captures some aspects of fine-grained information of the
quantum gravity states through non-perturbative contributions in the semi-
classical gravitational description of gravity. For instance, when we describe
an evaporation process of a black hole semi-classically, such non-perturbative
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contributions are required to get a consistent result with quantum gravity.
In such an evaporation process, the discreteness of the energy spectrum of
the black hole micro-states is essential to ensure the unitarity of the pro-
cess. However, in the coarse-grained description, typical energy differences
between black hole micro-states are invisible since they are typically of order
O(e=%ei) where Spy is the Bekenstein-Hawking entropy [67]. We can take
the discrete energy spectrum into account after including non-perturbatively
small contributions, which are provided by Euclidean wormholes [68,69].

What the island formula suggests is that, after the Page time, one should
identify the fine-grained Hilbert space of the Hawking radiation Hg with
the tensor product of two Hilbert spaces Hr ® Hpy in our formulation.
On the other hand, before the Page time, Hgr should be identified with
just that of the Hawking radiation Hg, and correspondingly the fine-grained
Hilbert space of the black hole should identify with the tensor product of
the black hole and the baby universe Hgy ® Hpy. This difference between
the radiation (and equivalently the black hole) Hilbert spaces before and
after the Page time comes from the fact that the inequality between the
Hilbert space dimensions of the Hawking radiation and that of the black
hole changes. Indeed, before the Page time, since the total state (4.6) is
pure, the von Neumann entropy of the union of the black hole and the baby
universe BH U BU equals to the previous von Neumann entropy (4.7) of the
Hawking radiation R, i.e., S(pprupr) = S(pr) = logk, which is consistent
with the behavior of the Page curve before the Page time.

After the Page time, the reduced density matrix of the Hawking radiation
and the baby universe pgpy for the purified state (4.6) gives the the fined-
grained entropy of the Hawking radiation Hgr, which is different from the
von Neumann entropy (4.7) of the naive density matrix (4.3),

S(pr) = S(pruBv)
= log (4.9)

= Spm.

In appendix C.2 we give details of this calculation. The above result (4.9)
reproduces the behavior of the Page curve after the Page time, which gives the
Bekenstein-Hawking entropy Sgy of the black hole. Thus by appropriately
dividing the total system BH U R U BU into two parts, we can obtain the
von Neumann entropy which obeys the Page curve (see table 1).

We also know that the fine-grained entropy S(pr) of the Hawking radia-
tion can be computed by using the island formula (2.56). In the calculations
of the von Neumann entropy using the island formula, it was essential to
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Black Hole

Hawking Radiation

von Neumann Entropy

Before the Page time

BH U BU

R

S(pprupu) = S(pr) = logk

After the Page time

BH

RUBU

S(/)BH) = S(/ORUBU) = Spu

Table 1: How to divide the total system BH U R U BU into two subsys-
tems before and after the Page time, and the corresponding von Neumann
entropies.

include the contribution of the island, which typically occupies a region be-
hind a black hole horizon. Thus it is reasonable to identify the island region
behind the black hole horizon with the Einstein-Rosen bridge of the purified
state (4.6) connecting the original spacetime and the baby universe, which
stores fine-grained information of the original spacetime.

One can naturally identify these baby universe states {|M)py} in the
fine-grained Hilbert space with so-called « states [70-72] in the baby universe
Hilbert space, which diagonalizes the baby universe creation operators [73].
Then each fine-grained state |Wy/)|M) belongs to different super-selection
sectors, since each « state does. In particular, this implies that off diagonal
matrix elements (U |(M|(O ® I)|Wy)|N) for any operator O acting on the
black hole and the Hawking radiation Hgy ® Hp vanish, thus any local
measurement on them can not distinguish the entangled pure state (4.6)
with the following mixed state only with classical correlation

p =D on [Var) (U] @ |M)(M], (4.10)

in the sense that

(@)@ (O] =trlp(Oe D] = pu(¥ulOl¥y).  (4.11)

To put it another way, LOCCs?? acting only on the black hole BH and the
Hawking radiation R, which can be available to a coarse-grained observer,
can not distinguish the pure state (4.6) and the mixed state (4.10). However
one can see that the von Neumann entropies of these two states (4.6) and
(4.10) on R = RU BU are different. Indeed, the von Neumann entropy of
the mixed state p (4.10), contains a classical Shannon term, meanwhile the
von Neumann entropy of the pure state (4.6) does not. From another point
of view, LOCCs on the original system BH U R and the baby universe BU,
which can only be available to a fine-grained observer, can distinguish the

22LLOCC stands for local operation and classical communication, which are fundamental
physical operations in quantum information theory, see, e.g., [60].
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two states (4.6) and (4.10), because the equalities in (4.11) do not necessarily
hold for general operators acting on the Hilbert space Hgpy ® Hr ® Hpy.

In the following subsection, we discuss several implications of the baby
universe and the Einstein-Rosen bridge connecting the baby universe and the
original spacetime. The Einstein-Rosen bridge may depend on the geometric
structure of the baby universe. We can not fully determine the geometry of
the baby universe from the first principles of quantum gravity, but there is
a canonical and minimal choice for such a baby universe; starting with the
original system |¥ /), we prepare its copy \qf M), and regard it as the purifier
(the baby universe) |M) gy = | W) puwi.. Then the state (4.6) becomes

Z VOV 1) ORI ar) pusi.- (4.12)
M

The existence of the boundaries in the original system |W,;) implies that
the purifier system |M)py = |‘i’ M) pui. should also have similar boundaries.
More generally, there are possibilities that we may choose multiple copies of
the original system as the purifier (the baby universe) |M)gy = |Wy)8".
and further choose their linear combinations as the purifier. Again from the
ER=EPR, the entanglement between the original spacetime and the purifier
(the baby universe) implies the existence of the Einstein-Rosen bridge con-
necting two island regions of the two spacetimes. This Einstein-Rosen bridge

will affect the non-perturbative physics of this system.

4.2 Gauss Law modified by the Baby Universe

In this subsection, we discuss the physical implication of the existence of the
baby universe sector introduced in the last subsection, which accommodates
fine-grained information of the original system. We are mainly interested in
how the baby universe helps to recover information of the interior of the black
hole from the Hawking radiation. We will also briefly explain the relation
between our formulation and the paradox discussed in the paper [30].

Before starting the discussion, we give a remark. In the light of the
AdS/CFT correspondence, the introduction of a new additional boundary,
i.e., the boundary of the baby universe sounds puzzling, since the AdS/CFT
correspondence states that a theory of full quantum gravity in the bulk cor-
responds to a (non-gravitating) CFT on the boundary. This means that, in
principle, we can read all the details of the bulk quantum gravity Hilbert
space from the single CFT Hilbert space. Thus, naively we do not need to
introduce the second copy of the CFT, as we did in the previous section,
which results in the baby universe sector.
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Nevertheless, we are forced to do so since we are considering a semi-
classical description of the system. Then, to restore fine-grained information
within the semi-classical regime, we need to introduce an auxiliary baby
universe system and regard the new baby universe degrees of freedom as a
part of the Hawking radiation degrees of freedom after the Page time. If we
do not do this, this restriction amounts to that on the boundary, we are just
accessible to a sub-Hilbert space H.g.se Which characterizes coarse-grained
degrees of freedom. To include the rest of the CFT Hilbert space, which we
term Hpg,e just because it describes fine-grained degrees of freedom, we need
to introduce a second copy of the CF'T Hilbert space, and accommodate Hgpe
to it.

One can obtain the full Hilbert space on the single boundary by gluing
two asymptotic boundaries of the two spacetime (see figure 27). In the re-
sulting bulk spacetime, we have two homologically inequivalent paths, both
of which connect a point in the interior of the black hole (and belong to the
island region) to the boundary of the spacetime (see figure 27). The first
path is the trivial one (the Path 1 (blue dotted line) in figure 27), which en-
tirely lies within the original spacetime. This path necessarily intersects with
the entanglement wedge of the black hole. However, in the presence of the
baby universe, there is a second path (the Path 2 (green dotted line) in figure
27), which does not intersect with the entanglement wedge of the black hole.
Instead, the second path crosses the Einstein-Rosen bridge, which connects
the original spacetime to the baby universe, and ends on the second asymp-
totic boundary, which accommodates fine-grained degrees of freedom, as in
the green dotted line in figure 27. Since these two boundaries of the original
spacetime and the baby universe are glued together, the second path con-
nects the island region and the conformal boundary without passing through
the entanglement wedge of the black hole. As we will see later, in considering
the gravitational dressing, it is natural to consider the second path instead
of the first path.

4.2.1 The modification of Gauss Law

By the presence of the baby universe which has its own asymptotic boundary,
the gravitational Gauss law is inevitably modified. We see this modification
below.

Let ¥ be a Cauchy slice of the spacetime, then the gravitational Gauss
law relates the expectation value of the bulk stress-energy tensor (Tp,u) to
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/|

Original Spacetime Baby Universe (Purifier)

Figure 27: Schematic picture of the geometry of the AdS black hole coupled
the bath CFT (left Penrose diagram) and the baby universe geometry (right
red Penrose diagram) connected by the Einstein-Rosen bridge (transparent
green shaded region), corresponding to the pure state (4.12). After the Page
time, the fine-grained Hawking radiation R is the union of the Hawking
radiation R (violet region) and the baby universe BU (red region). We regard
the above spacetime describing this union by gluing two distinct asymptotic
boundary regions BU and R. The island region [ is connected to the fine-
grained Hawking radiation R U BU through two paths, Path 1 and Path 2.
The Path 1 (thick blue dotted line) intersects with the entanglement wedge
of the black hole BH (orange shaded region), but the Path 2 (thick green
dotted line) does not.

the boundary energy Hy[h] (the holographic stress-energy tensor) as follows

(Thue) = Halh). (4.13)

Here the boundary energy Hpylh] is given by the integration of the ADM
current J* over the conformal boundary 9% [74],

Hylh] = L /82 dtegnidt (k= /87Gy), (4.14)

T 2kK2

where n; is the normal vector to the conformal boundary 0%, and the ADM
current J* is defined by

under the ADM decomposition
ds? = —N2dt* + g;; (da’ + N'dt) (da’ + N7dt) , (4.16)
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and the expansion from the background metric gf; as follows gi; = gf; +
kh;j. More precisely, the gravitational Gauss law in the form (4.13) is a
perturbative version of the gravitational Gauss law which can be derived
from the full Hamiltonian constraint
k,/le . L (g"ﬂij)z) . L(R o 2A) + Hmatter =0
d—1\" 2k2 ’
(4.17)
where g;; is the metric on the Cauchy slice, 7;; is the conjugate momentum,
and H™?"er ig the matter Hamiltonian density. In the above constraint, by
expanding (4.17) from the background metric, g;; = g;; + Khyj, and then at
the second order of the expansion the constraint gives the relation (4.13).
Details of the derivation can be found in, e.g., [74]. The boundary energy
Hp[h] should be understood as the change of the black hole mass, Hy[h] =
Mpp|g+ h] — Mpg[g] owing to the back-reaction from the bulk stress-energy
tensor (Thuk)-

Hmij, 9i5] = 2k%g7" (gijgkl'/ri

In the paper [30], the authors argued that the gravitational Gauss law
suggests an interesting puzzle on the island formula. Assume that we act
a local operation on a state on the island region. Because information of
the island region is encoded in the Hilbert space of the Hawking radiation
Hp, we can regard the local operation as a local operation on the radiation
Hilbert space Hg. This local operation changes the expectation value of the
bulk stress-energy tensor. Then the gravitational Gauss law (4.13) relates
the change of the expectation value of the bulk stress-energy tensor (Tp, %) on
the island region behind the horizon to the change of the boundary energy
Hpy[h]. This implies that any change on the island region, no matter how
it is small, is always detectable from the conformal boundary 0% according
to the gravitational Gauss law. However, this sounds puzzling because 0%
belongs to the entanglement wedge of the black hole. More explicitly, this
means that in the bipartite system Hr ® Hgpy, a local operation only on Hp
can change the state of Hppy.

The above paradox is naturally resolved once we introduce the baby uni-
verse sector which admits the new boundary (see figure 27). In the presence
of this new part of the spacetime, the gravitational Gauss law must be mod-
ified as follows

(Tywir) = Hopulh] + Hapulhl, (4.18)

where Hypp[h] denotes the boundary energy of the original spacetime with
the black hole, and similarly Hypy[h] does the boundary energy of the baby
universe.

The modified gravitational Gauss law (4.18) immediately suggests that,
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in the presence of the baby universe, local operations on the island region
need not to be detected on the conformal boundary of the black hole. To
put it another way, (Thux) # 0 does not necessarily mean Hypglh| # 0.
Rather, it is reasonable to relate the non-trivial change (Ty,) on the island
region to the boundary energy of the baby universe Hypy[h] since the island
region is encoded into the fine-grained Hawking radiation Hilbert space Hgr =
Hir ® Hpy after the Page time. Indeed, the island region holds fine-grained
information of the Hawking radiation after the Page time, thus from the
boundary point of view, such bulk operations on the island region should
be encoded into the fine-grained part of the CFT Hilbert space Hgye, which
coincides with the boundary Hilbert space of the baby universe Hpgy .

One can interpret the above statement more intuitively as follows. Firstly
we consider putting a local operator in the spacetime, which induces a small
energy excitation in the bulk. The gravitational Gauss law means that by
measuring the total flux for an appropriate closed surface, we can know the
energy of the small excitation within the closed surface. The presence of
the baby universe makes the measurement of the flux highly non-trivial.
The Einstein-Rosen bridge connecting the original spacetime and the baby
universe can release some part of the flux of the original spacetime into the
baby universe (see figure 28). Here we note that because in our current setup,
the baby universe has boundaries, flux lines can end on the boundaries of
the baby universe as figure 28. That is, in measuring the total flux, we
also need to consider the baby universe (right spacetime of figure 28) in
addition to the original spacetime (left spacetime of figure 28). By the usual
gravitational Gauss law, if we just measure only the flux of the original
spacetime (left spacetime of figure 28), then we can not know the exact
energy of the small excitation. This modification is not visible within the
coarse-grained precision, but without the modification, we may encounter
many problems, e.g., violation of the conservation law.

There are several other implications of the generalized gravitational Gauss
law (4.18) as well. Firstly, the existence of the baby universe boundary energy
term suggests that the gravitational Gauss law (4.18) does not precisely hold
within the original black hole spacetime, (Tyux) # Hoppu|h| generally. For
instance, one way to treat the generalized Gauss law (4.18) is that it relates
the spectrum of the fine-grained part Hppy[h] to that of the coarse-grained
part Hppu[h]. It is expected that the energy spectrum of the fine-grained
part Hppylh] is discrete, and the typical differences between two nearest
energy eigenvalues are of order e=*B#. This forces the energy spectrum of
the coarse-grained part Hgpgylh| also discrete, which is necessary for the
unitary time evolution of the black hole evaporation process.
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Black Hole Black Hole (Purifier)

Hawking Radiation Hawking Radiation (Purifier)

Figure 28: Schematic picture of flux lines on the geometry corresponding
to (4.12) (, similar to the figure discussed in [75]). The dotted lines are
horizons. A local operator ¢ (red dot) is put on the original spacetime (left
region). The two spacetimes are connected by the Einstein-Rosen bridge
(blue region). Some of flux lines (orange lines) escape into the baby universe
(right red region) through the Einstein-Rosen bridge .

Now we estimate the magnitude of the violation of the gravitational Gauss
law in the original spacetime. In order to obtain a unitary time evolution
of an evaporating black hole, we need non-perturbative corrections of order
e~5BH where Spy is the Bekenstein-Hawking entropy of the black hole. This
implies that we need fine-grained states in a small energy window of order
e~5BH therefore Hypy is of the same order. This leads us to the following
estimation

(Tyur) — Hopulh] = O(e” ), (4.19)

i.e., the gravitational Gauss law (4.18) is violated only non-perturbatively in
the original spacetime.

We note that such a baby universe is different from those appearing by
cutting Euclidean wormholes into half, in the semi-classical gravitational
path integral, see, e.g., [76]. The later baby universe is always closed, and
thus does not have any asymptotic boundary. Such a closed baby universe
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corresponds to an additional factor of the von Neumann algebra of the CFT
[77]. On the other hand, our baby universe has an asymptotic boundary,
which encodes fine-grained information of the state.

4.2.2 Comment on gravitational dressing

In a theory with dynamical gravity, local operators are not physical since they
are not diffeomorphism invariant. One way to make them diffeomorphism
invariant is to connect the local point P to an asymptotic boundary point
P, via a gravitational Wilson line, i.e., ¢(P) — ¢(P)Waravity(P; Py). Such
a prescription is called gravitational dressing. In the paper [30], the authors
argued that such a gravitational dressing of a local operator on the island
region is inconsistent with the entanglement wedge reconstruction implicated
by the island formula. This is because the gravitational Wilson line connects
a point on the island to a point on the conformal boundary of the AdS black
hole. However, this sounds troublesome, because whereas the island formula
suggests that an operator locally acting on the island region can be expressed
as that on the radiation Hilbert space according to the entanglement wedge
reconstruction, the gravitational Wilson line attached to the operator inter-
sects with the entanglement wedge of the black hole, thus it does change the
state of the black hole Hilbert space Hpy.

From our point of view, the above paradox is naturally resolved because,
in the presence of the baby universe with an asymptotic boundary, the grav-
itational Wilson line can end on the baby universe boundary (see figure 29).
Moreover, because the new baby universe boundary belongs to the Hawking
radiation degrees of freedom after the Page time, it is still an operator on
the radiation Hilbert space, even after the gravitational dressing.

5 Summary and Future Directions

5.1 Summary

In this thesis, we studied the entropy of Hawking radiation and also black
holes by using the island formula from two perspectives.

In section 3, in the framework of the disjoint setup, we studied the dy-
namics of a black hole in flat space, which is entangled with an auxiliary
non-gravitational universe. As a result, due to the back-reaction of the en-
tanglement between the two universes, the area of the black hole horizon
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Baby Universe (Purifier)

Original Spacetime

I

uri.
R p

Figure 29: Schematic picture of the geometry of the AdS black hole coupled to
the bath CFT (left Penrose diagram) and their copy (right Penrose diagram)
connected to the original spacetime through the Einstein-Rosen bridge (blue
region), corresponding to the state (4.12). The local operator ¢ in the island
(cyan dot) can be gravitationally dressed with a gravitational Wilson line
Wravity (P Ppui.) (green line) which ends on the baby universe (right Penrose
diagram) without intersecting the entanglement wedge of the original black
hole degrees of freedom (orange shaded region).

becomes smaller and the interior region becomes longer. Their changes can
be understood in terms of the monogamy of entanglement [25]. Because
the gravitating universe B contains two black hole horizons, the Hilbert
space of the universe B naturally decomposes into two horizon Hilbert spaces
Hp, ® Hp,. Both of these degrees of freedom are strongly entangled with
the universe A, so according to the monogamy of entanglement, the entan-
glement between the two horizons should be suppressed. This suppression is
geometrically manifested by the long interior region of the black hole. Then,
we evaluated the von Neumann entropy of universe A, or equivalently the en-
tanglement entropy between the two universes, and obtained the Page curve
of an evaporating black hole in our setting.

We also investigated the effects of local operations on black holes. One
can model such local operations by insertions of CF'T local operators, which
is called local operator quench. In our setting, it is natural to consider
the insertions into the black hole interior as well as the insertions into the
black hole exterior. Such insertions can back-react to the black hole through
the stress-energy tensor expectation value for the state including the local
operator. Some differences exist between the cases of interior and exterior
insertions. When the local operator is inserted outside the black hole horizon,
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the entanglement entropy does not change. In contrast, if the local operator
is inserted inside the black hole horizon, the entanglement entropy decreases
significantly. This disruption becomes stronger as the insertion point gets
deeper into the black hole.

In section 4, we studied a partially fine-grained description of semi-classical
evaporating black holes by introducing a new degree of freedom called a baby
universe. We confirmed that the behavior of the Page curve can be obtained
by introducing such a baby universe and properly dividing the system into
two parts.

We also argued that in an ordinary consistent long-range gravity theory,
the gravitational Gauss law must be modified by the introduction of the baby
universe that is connected to the original spacetime, and when there is an
island after Page time, this modification is essential to obtain results that
are consistent with the idea of entanglement wedge reconstruction.

5.2 Future Directions
Local Quench outside the two universes

In the disjoint setup for a black hole in asymptotically flat space, we con-
sidered a local quench in universe B, where there is a black hole, but by
considering the proper analytical connection of coordinates, we can consider
a local quench that does not belong to both universes A and B. In that
case, depending on where the local operator is inserted, the entanglement
is expected to change even though there is no island. In this thesis, we did
not deal with such a local quench because the treatment of the shock waves
was unclear. However, we expect that investigating such a situation will be
useful for further understanding the entanglement between black holes and
Hawking radiation.

Entangled disjoint multi-universes

In the disjoint setup in this thesis, the entangled states that were mainly
considered were those between two universes, A and B. However, entangled
states between more universes, specifically between three or more universes,
can be considered as well. It is a non-trivial question whether a similar
argument can be made in such a situation, and it is expected to be an im-
portant issue in understanding the ER=EPR conjecture, which proposes a
relationship between entanglement and spacetime.
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The division of the baby universe which leads to the usual island
formula

In this thesis, we considered von Neumann entropy with a division such that
the baby universe always belongs to a black hole or Hawking radiation as
listed in table 1, however, other possibilities of division exist.

For example, one may also consider the possibility of dividing the baby
universe Hilbert space Hpy into two parts Hpy,,, ® Hpy,, and then define
the radiation Hilbert space as Hgr = Hpy, ® Hp, instead of Hgr = Hpy ® Hp
which we do in the body of the thesis. In such a case, the states of the
baby universe are given by |M)py,, ® |M)py,. In this case, assuming the
orthogonality of the basis of Hpy,, , we can check that the von Neumann
entropy of the reduced density matrix ppy,ur takes the following form

S(pBUgrur) = — ZPM log par + ZPMS(p(M)R)a
M M

where pg is given in (4.8). Then it is natural to define the fine-grained
entropy of Hawking radiation S(pr) as a conditional entropy of knowing
the probability distribution py; by subtracting the classical Shannon term

H(PM) = = ZMPM log p,

S<:0R> = S(ﬂBURUR) - H(pM) = ZPM S(p(M)R)-

This entropy coincides with the one discussed in, e.g., [61], giving the Page
curve. However, we do not know the natural choice for such a dividing of
the baby universe Hilbert space Hgy. Therefore, it would be interesting to
investigate such directions further.

Multi-boundary Wormbhole and Baby Universe

In the body of this thesis, we did not explicitly discuss the geometry of a
system consisting of a black hole, Hawking radiation, and a baby universe.
However, we can consider concrete geometric models to understand further
detailed properties of the system.

A class of the candidate geometries is the multi-boundary wormhole so-
lution of three-dimensional Einstein gravity with a negative cosmological
constant. It is useful to consider the coordinates in which the AdSs; metric
takes the following form

ds®> = —dt* + cos® td¥3, (5.1)
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where we denote by d¥2 the metric of two-dimensional hyperbolic space. We
can construct these multi boundary wormholes by taking the appropriate
quotient of the hyperbolic space by the isometry group SL(2, R) x SL(2, R)
of AdS5. Such a multi-boundary wormhole geometry has multiple conformal
boundaries, on each of which we can define a CFT Hilbert space. In each
asymptotic region, there is a horizon whose horizon area corresponds to the
number of degrees of freedom in the boundary CFT Hilbert space.

For simplicity, we consider such a wormhole geometry with three asymp-
totic boundaries below. These three boundaries represent three Hilbert
spaces of Hawking radiation Hpg, the black hole Hgy, and the baby uni-
verse Hpy, see figure 30. Therefore, one can identify the horizon area of
each asymptotic region with the von Neumann entropy of each Hilbert space
computed in (C.8), (C.12), (C.16) in Appendix C. The interior region behind
these horizons is identified with the Einstein-Rosen bridge, which connects
the original black hole with the baby universe.

This geometric description manifests the entanglement structure of (4.6)
as follows. When k£ = dimHpg is small, which models the early time of the
black hole evaporation, this system is almost a bipartite system in which Hgy
and Hgy are entangled (see left panel of figure 30). As we increase k, the
cross-section of the Einstein-Rosen bridge gets larger, and at sufficiently late
times k > 1, Hgy becomes mostly entangled with the Hawking radiation
Hilbert space Hg (see right panel of figure 30).

It would be interesting to study the entanglement structure of the system
by using this geometric model in detail.
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Figure 30: The three boundary wormhole, which models the black hole BH,
the Hawking radiation R, and the baby universe BU. The dotted lines are
horizons for three boundaries. The boundaries of the baby universe BU, the
black hole BH, and the Hawking radiation R are represented by the green,
red, and blue lines respectively. The actual (minimal) extremal surface,
which divides the system into two parts as listed in table 1, is represented
by the orange dotted line (horizon). The horizon area of the baby universe
(purple dotted line) corresponds to the von Neumann entropy of the baby
universe (C.16). Left: The three boundary wormhole which models the
system at early times. In this case, the area of the actual extremal surface
(orange dotted line) corresponds to the von Neumann entropy of the Hawking
radiation, or equivalently that of the union of the black hole and the baby
universe (C.8). Right: The three boundary wormhole which models the
system at late times. In this case, the area of the actual extremal surface
(orange dotted line) corresponds to the von Neumann entropy of the Hawking
radiation and the baby universe, or equivalently that of the black hole (C.12).
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A von Neumann Entropy in C'F'T5

In this appendix, we briefly review the calculation of the von Neumann en-
tropy in a two-dimensional conformal field theory with a central charge ¢
and present some results, which we use in the main sections. In appendix
B, we explain the von Neumann entropy in the case that we consider a local
quench.

At first, let |¥) denote a normalized state on the system, and Hs ® H e
denote the Hilbert space of the system, which is given by the tensor product
of two Hilbert spaces associated to regions (sub-systems) A and A°. We
assume that the metric is flat, and the region A consists of a single interval,
and A° is its complement. The reduced density matrix associated with the
subsystem A is given by tracing out the remaining degrees of freedom

pa = trac V) (P]. (A.1)
Then the von Neumann entropy of the reduced density matrix p4 is given by

S(pa) = —trapalogpa, (A.2)

and this von Neumann entropy is called the entanglement entropy frequently.
We can consider the von Neumann entropy for the reduced density matrix
pac similarly. In the case that the total state is pure, not a mixed state, the
von Neumann entropy has the property S(pa) = S(p%). The von Neumann
entropy measures the quantum entanglement between the two sub-systems
A and A°.

Since, in general, it is difficult to evaluate the right-hand side of the von
Neumann entropy (A.2), instead we use the replica trick, consider the Rényi
entropy given by

SMIA] =

T log tr p'}, (A.3)

and through the n — 1 limit we get the von Neumann entropy

S(pa) = S[A] = lim S™[A]. (A.4)

n—1

Thus to get the von Neumann entropy we consider tr p;.

In evaluating the quantity tr p’j, by using a conformal symmetry, we can
associate it with the two point function of the twist and anti-twist operates
[40, 78]

trpy = (ono_n), (A.5)
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where o, and o_,, are inserted into the endpoints of the region A. Here the
conformal dimension of the twist and anti-twist operators is given by 2H,, =
5 (n — %) Then by evaluating the two point function we can compute tr p’
and the Rényi entropy, and by taking the n — 1 limit we obtain the von

Neumann entropy.

Below we present some results on the von Neumann entropy for some
cases [40, 78].

von Neumann entropy of an interval on a system with infinite size

When the system size is infinite and the system is at zero temperature,
the von Neumann entropy of the interval, whose size is given by [, is given

S({) )— —C lo —l (A 6)
A 3 g Y °

where gy is the UV cutoff.

For the system is at finite temperature 1/, the von Neumann entropy is
given by
c 1G] ml
S = -1 inh { — ] ). AT
(o) = 10w (sion (5 (A7)

von Neumann entropy of an interval on a system with finite size

When the system size is finite and given by L, and the system is at
zero temperature and with periodic boundary conditions, the von Neumann
entropy of the interval, whose size is given by [, is given by

S(pa) = glog (mLUV sin (%)) , (A.8)

where ey is the UV cutoff.

A.1 The vacuum entropy formula

In this subsection, we derive the vacuum entropy formula (2.36) holographi-
cally by using the Ryu-Takayanagi formula [6]
Area(y)

== A9
4G (49)

SRT[wl, 'LUQ] = 1\/1111,y

where GS\?;) is the three-dimensional Newton constant. The above quantity
(A.9) calculated in AdSs is equal to the von Neumann entropy in C'FTs,
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Scrr [w1,ws]. Here, after the minimization, the resulting ~ is the minimal
surface homologous to the interval between the two points wy,ws like the
discussion of (1.2). The interval between the two points wy, wy corresponds
to the boundary region A in the discussion of (1.2). Since we consider C'F'T5,
the bulk dual is AdSs;. In this case, the minimal surface 7 is given by the
geodesic connecting the points wy, wo, and its area Area(7y) is given by the
geodesic length between the points.

At first we derive a (space-like) geodesic length in the Poincare AdSs3
coordinates, which corresponds to the vacuum state in C'F'T; with the w
coordinates. In such a case it it sufficient to consider the following AdSs3
Poincare metric
dz? + dx? — di%,

52
_d2? 4 ds? (A.10)
52

2 _
dSPoincar AdS3 —

Y

where we introduced the coordinates satisfying ds? = dx? — dt% in the second
line. Later we will relate the Poincare AdS3 coordinates to the w coordinates,
where the metric is given by ds? = Q2dwtdw™, and give expressions by
using the w coordinates. For notational convenience, we call w; and wy the
point 1 and 2 respectively.

In the (Poincare) coordinates (z,s), geodesics are given by semi-circles
whose centers are at z = 0,

224 (s—s0) = (@)2 (A.11)

where sy and d(1,2) > 0 are determined by the location of the two points 1
and 2. The conditions for sy and d(1,2) are given by

21+ (51— 50)* = (Cl(lT’Q)>2

2o + (52— 50)° = (@)2 ;

(A.12)

where the coordinate 2,1, 81 (22, S2) is the coordinates of the point 1 (2) in
the (Poincare) coordinates (z,s). As we will see later, we are interested in
the case that zy1, 250 are very small, which implies the points 1 and 2 are
very closed to the AdS3 boundary z = 0. In such a case, from the above
conditions we get the following expressions

S1 + S9
9 )

So ~ (A.13)
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and
d(1,2)* = |sy — 51|?

2 2
:/ds
1

= |(JC2 —21)* — (tpy — tP1)2‘ .

(A.14)

To evaluate the geodesic length, it is convenient to introduce a new pa-

rameter by
d(1,2)

z= 5 sin &
Al
a(1.2) (419
s =50+ 2 cosé.

The boundary condition for the geodesic v, which ends on the two points 1
and 2, gives the upper and lower value for &

d(1,2
1> 2 = 5
_d(,

sin &y

2)

,2)

é-bl?

—~
ool

] (A.16)
1> 290 =

sin &po

\)

S
—_

(1,2)

~
~

(T — &o)

\)

where we assumed the relation s; < s,. By using the above parameter, we
get the geodesic length

2
Area(v) :/ dSPoincar AdS3
1

o /&;2 dSPomcar AdS3 df

&b1
< 2 ) (A.17)
<ios ()

— log ( To — 1)* — (tpa — tp1)? ) 7

Zb1 22

’J‘r\
[\

w w|@

Next we relate the Poincare AdSs coordinates to the w coordinates in
AdS3 boundary, i.e., C'F'Ty, following the techniques discussed in [14].
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Near the Poincare AdS; boundary z < 1, we consider the w coordinates
given by the following relation

dz? — dt3 + dz? dw*dw™ 1
2 _ P . _ _ + _
dSPoincar AdSs — 22 z:z:>b<<1 Zl? gQUV dy dy (A18)

where we defined w* = tp £+ z, and ey is the UV cutoff. From the above

relation, we obtain
. dwt dw~
b EUA gt dy— (A.19)

—5UVQ( +’LU ),

where in the second line we defined Q(w*,w™) = \/ngj—:ﬁ—:-

By substituting the above result (A.19) into the expression for the geodesic
length (A.17) in the AdS; Poincare coordinate , we get

(w3 — wi) (wy —wy)|
Area(y) = log [ \ | (A.20)
6%]‘/9(11)?_, Wy )Q(’UJ;-, Wy )
As a result from the Ryu-Takayanagi formula we obtain
Area
Scrr [wwa] = Skr [wl, w2] = %
4G
N

(A.21)

:g { (w3 — wi)(wy —wy) }

67 L2y Qwy, wy)Qw] ,wy)

where in the second line we used the Brown-Henneaux’s central charge ¢ =
3§Ads3 [79]. Here €445, is the AdSs length scale, which we set to be unity
N

B von Neumann entropy and local quench for
two disjoint intervals

In this appendix we will derive the expressions appearing in 3.3.3 and 3.3.3 for
the CFT von Neumann entropy with a local operator insertion, by following
the argument of [50]. We focus on the state (3.26) of the total system AB,
and the reduced density matrix on the two intervals C' in the universe B.

We denote by pa the reduced density matrix on two intervals C' = C UC_’Q,
whose endpoints are given by 3 and r3 (25 < 23) for C; and 2F and xg
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Figure 31: The two intervals in the universe B

(x5 < x5 < 2F) for Oy respectively (see figure 31), i.e., po = tre p. Here
we give the density matrix p by the reduced density matrix of the universe
B (3.28). We can calculate the CFT von Neumann entropy of this density
matrix by using the replica trick. To do so, at first we consider the n-th
Rényi entropy

n) [ 1 n
SMIC) = - logtrpg; (B.1)
and, by taking the limit
S[C] = lim S, (B.2)

we can get the CFT von Neumann entropy.

To calculate trpf, we need to consider a normalized 2n-point function
on an n-sheeted replica manifold branched along the region C'. Because this
reduced density matrix ps has the thermal form, each replica sheet is given
by a cylinder with the thermal periodicity S. The 2n-point function is equal
to the normalized six-point function which includes twist operators on a (no-
replicated) manifold (which is the thermal cylinder), in the cyclic orbifold
theory CFT®"/Z,. We use the later description and evaluate the six-point
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function given by

(09 (a] a7 )on(aF 15 )o_n (23, 23 )on(xd, x5 )o_p(ad, 25 ) O™ (af  27))

(O(af, 27)ON (@], 21 ))p)" ’
(B.3)

tr pg =

where (--- )z denote the thermal trace tr[ pg ---].

In the above expression, we introduced the UV regulator € in the location
of the local operators by
{xli = 1T Fie,

B.4
xjf = :1:3[ =+ ig; (B4)
O®" and 0" denote the products of the local operators O; and OZ-T which are
the i-th copies of the local operators in the cyclic orbifold theory CFT®"/Z,,

OF" — 0,0, ...0,,

ofen — o1l ... of (B:5)

which have conformal dimension nhe; o, and o_, are twist and anti-twist
fields respectively, which have conformal dimension 2H,, given by

H, = 2—2 (n - %) . (B.6)

We will evaluate the six-point function (B.3) in a holographic CFT. Such
a CFT has a large central charge and a sparse spectrum. In this class of
theories, one can approximate the six-point function function by a six-point
Virasoro vacuum conformal block with an appropriate choice of branch cut
[50]. To introduce the conformal block, it is useful to map the thermal
cylinder to a plane by

21

w* (1) = exp (F (2% — xoi)) | (B.7)

and further consider the conformal map

U)it — wi) W3y

Z:I:(w:t) — (

, B.8
wf?, (wjE - wf) (B.8)

where we introduced the notation wZ?; = wi — w;-—L . Through the conformal

map w* — 2z, one can map tr pg in the six-point function (B.3) to the
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following one on the plane,

trpg =((1—=2")(1 -2 ))2H”(2§5285)2H”

{ 7T€UV smh (%x%}) sinh (%x({,’) sinh (%xé@) sinh <%x§2> }

x (0% oy (2%, 27) oon(1, D)0y, (2,25 ) 0 (2, 25 ) | OF™),
(B.9)

—2H,

where we introduced the UV cutoff ey different from the UV regulator in
(B.4), and the notation

<O®n |Un (Z+, Zﬁ) O.fn(L 1)0n (2;7 ZET) (26 726 ) ‘ O®n>
= n lim (zz_zél_)tho <OT®n<Zz_7 ZZL_>Un(Z+7 Z_)a—n<17 1>0n(’2;7 25_)a—n<2(—ii_7 26_>0®n(0> 0)>
24 2y =00

(B.10)

Next, we evaluate (B.10) with an insertion of a complete set as follows
<O®n |On (Z+, Z_) U—n(17 I)Un (2;7 25_) O—n (Z6 7Z6 )| O®n>
= Z(O®” o (2%, 27) o_n(1, D))oy (25,25 ) 0-n (24, 26 )| OF™),

i (B.11)

where the sum runs over all possible intermediate states. However, in the
e — 0 limit, z* approach 1, and since the OPE o, (2)0_,(1) starts from the
identity, one can consider the approximation of the six-point function as a
product of four-point functions as follows

(0% |0y, (27,27) o_n(1, 1) 0 (25, 257) 0 (28, 26 ) | OF™)
= (07 [0, (5%, 27) 0L DO NO™ o, (527 ) - (5 5) | O°P)

(B.12)
in the € — 0 limit. Further by considering the conformal map
£ _ E)
s (o) = =) o (B.13)

N zf% (,zi — zf)
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to the second four-point function in (B.12), we obtain

tr p5 (1) -
_ {(mﬁw) sinh (%%) sinh (%xg5) sinh (%xgg) sinh <%x§2> }
x (1= 2")(1 =27 (0% oy (2%, 27) 0-a(1,1)] O°7)
x (1= 2) (1= 5))" (0% |on (5, 5) 0-a(1, )] 0°7) .
(B.14)

In general, it is not easy to obtain a full analytic expression of the above
four-point functions because they depend on the details of the dynamics of
the CFT which we consider. Nevertheless, since we focus on the holographic
CFT that has the large central charge ¢ > 1 and the sparse spectrum, one

can approximate the four-point functions by the vacuum Virasoro conformal
block.

Furthermore, when we compute the von Neumann entropy by taking n —
1 limit of the twist operators in the correlation function (B.14), it is enough
to consider the Heavy-Heavy-Light-Light Virasoro block, since the conformal
dimension of the twist and anti-twist operators approaches to 0, i.e., H,/c —
0 as n — 1. In taking the limit, we fix the conformal dimension Ay of the
local operator O, which is assumed to be proportional to the central charge
c. Under the limit, the dominant contribution of such a four-point function
is given by [80]

(-2 (1 >>2H”<o®”|an *,27) 0a(1,1)] 0°")
(N5 (A=) ) - (B.15)
1_z+)(1—z ) !

where o = /1 — 2o = /1 — 122 By substituting this result into (B.14)

and taking the n — 1 limit, we obtain the expression for the CFT von
Neumann entropy S[C] = S3[C] + AS[C] with
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4
SsC] = %log _(ijv) sinh (%m&)) sinh (%x&) sinh <%x§2> sinh (%x§2)]

e [T - E) T - )Y
Aslel = a?(l—zt)(1—2) ]
e 1ENT-E)NE)T (- (5)Y
i @ (1-5) (1-%)

(B.16)
S5[C] is the CFT von Neumann entropy of the two intervals C, U Cy at

finite temperature 7' = 1/, and AS|C] is the contribution to the CFT von
Neumann entropy from the perturbation by the local operator O 3.

The right-hand side of the expression (B.16) includes branch cuts, thus
in order to make it well-defined, we need to choose the branch appropriately.
One can archive this by demanding that the resulting von Neumann entropy
is consistent with causality and positivity of the non-trivial part AS[C]. In
imposing such conditions, it is helpful to consider the quasi-particle picture
[51,56,57] for the time evolution of the von Neumann entropy under the local
quench. The quasi-particle picture states the following: By the local quench,
a pair of entangled quasi-particles is created at the operator insertion point,
one of which propagates along one spatial direction at the speed of light, and

the other does the opposite direction.

The non-trivial part of the CFT von Neumann entropy AS[C] can be
non-zero only in the case that one of such particles enters in the region C
while the other does not [48-59]. This condition constrains branches which
we should choose, because vanishing of the non-trivial part AS[C] = 0 is
equivalent to choose the branch where (z,2;) — 1 in the ¢ — 0 limit . If
we have multiple branches which satisfy the above condition, the physical
intuition coming from the holographic dual setup suggests that one should

choose the one giving the minimal value of AS[C] among candidates.

In our current setup, the causality condition requires that the CF'T von
Neumann entropy is vanishing in the following three cases: (1) the local
operator is inserted in the domain of dependence of the intervals, i.e., zy €
DI[Cy] or zy € D[Cy] (2) the local operator is not inserted in these domains of
dependence, but the right moving particle created by the local quench enters
into the region D[C,] and the left-moving one does in the region D[Cy]. (3)

ZNote that if we choose the other channel, then S3[C] and AS[C] take a different form.
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Figure 32: The regions in which AS[C] must vanish. The shaded regions corre-
spond to (I) — (V).

the local operator is inserted in D[C], where C' is the complement region of
C.

More concretely, the conditions that the CFT von Neumann entropy
should vanish in the above regions suggests that we should choose the branch
(27,27) — (1,1) and (24, 25) — (1,1) when the operator O is inserted in
the below regions

() DIC1]: 2g <@g, 2 <y,

(IT) D[Cy): xd < af, x5 < zy,

(ITI) Union of the causal pasts of D[C}] and D[Cy]: xf < 23, 75 < zy,

(IV) Union of the causal futures of D[C}] and D[Cs]: aF < zf, 25 < 23,
)

(V) D[C]: of <af <ai, 25 <x5 <25

(See figure 32.) When the local operator is inserted in other regions, the
expression of AS[C] is given by suitable analytic continuations of (B.16) with
respect to xy from the above regions (I) — (V). By using the above standard
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choices, we can specify branches on the other regions from the consistency
of analytic continuation of z.

Let us take the region xf < x3 and x5 < r; < x5 as an example of such
a calculation and specify possible branch choices in the region. Starting from
the three regions (I), (III) and (V) which are adjacent to the region x{ < x5
and z; < x; < xz, we move the local operator O to the region z§ < a3
and x5 < x; < 5. We expand z* and Z5 to the first order in e, which is
very small compared to the inverse temperature (3, and consider the change
of their imaginary parts under the move. For the case (I), the imaginary part
of 2~ changes sign from plus to minus at z, = x5, but the others remain
unchanged. In such a case, we choose the branches as (27, 27) — (1,e?™)
and (Z5,2:) — (1,1). For the case (III), the imaginary part of Z; changes
sign from plus to minus x, = x;, but the others not. Similarly, we choose
the branches as (z7,27) — (1,1) and (2, 25) — (1,e*). For the case (V),
the imaginary part of 2" changes sign from minus to plus at z§ = 7, but the
others not. In this case, we choose the branches as (z,27) — (e*™,1) and
(24,25) — (1,1). From the above calculation, we have finished specifying
possible branch choices in the region z§ < 23 and 23 < x, < z;.

Now that we have determined the branches in the region, we can get the

analytic expression for AS[C] in the region. Because each branch gives a
different non-trivial part AS[C] and as noted above we should choose the
dominant contribution corresponding to the minimum AS[C] among can-
didates in the region [53]. For example, we consider the region zj < a3
and z; < x; < x5, and evaluate AS[C]. In this region, r7 < 23 and
rs < x5 < Ty, we must compare the above three branch choices obtained
from analytic continuation from the three regions (I), (III) and (V), and pick

up the minimum among the three choices. As a result we get

AS[C_’] _¢ o ESinﬂ'a sinh <% (IL’;— — xé“)) sinh (% (xaf — x;))

6 e« sinh <% (zF — xJ))

for the region : zf < x3 and x5 < 2y < 5.
~ (B17)
By similar discussions, we can also obtain the expression of AS[C] for the

other regions. By combining all the results and S3[C], we get the full expres-
sion for the entire region in the universe B.

Until now, we have considered the CFT von Neumann entropy of the
two intervals. However, one can easily apply the above analysis to the sin-
gle interval case by removing either region C; or Cy and following similar
discussions.
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C The von Neumann Entropy of the naive
Hawking Radiation, the Black hole and the
Baby Universe

In this appendix, we evaluate the von Neumann entropy of various sub-
systems for the states (4.6) and (4.3) by using the relationship (4.5). In
particular, we consider the following von Neumann entropy: (i) the naive
Hawking radiation or the union of the black hole and the baby universe,
S(pr) = S(psrusy); (ii) the naive Hawking radiation and the baby universe
or the black hole S(prupy) = S(ppm); (iil) the baby universe or the union of
the black hole and the naive Hawking radiation S(pgpy) = S(psrUR)-

Before evaluating them, we note the relation between the pure state (4.6)
and the mixed state (4.3), which are given by

perUR = trBU [|P)(P|BHURLBY]
= ZpM‘\IJMM\IJM’BHUR- (C.1)
M
We also note that the probability distribution py; is given by (e.g., [61,62])

Nk
pM = (Ag) exp (—Nktr(CYCMT)), (C.2)

and this probability distribution is normalized

N]{? Nk N k
> pu— (—) /H [T dcilacty exp (~NEtr(CMCMT))
— .

™ -
t,j=1a,f=1

(C.3)
=1

and gives the relationship (4.5). We give the above probability distribution
explicitly, but in calculating the von Neumann entropy below, we do not use
the relation (4.5) rather than the explicit form (C.2), .

C.1 The entropy of the naive Hawking radiation S(pg) =
S(ppHUBU)

In order to evaluate the von Neumann entropy of the naive Hawking radiation
R, we focus on the reduced density matrix for the naive Hawking radiation.
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It is given by
PR = ZPM trem [|Va) (Y| BHUR]
M

= Z DM P(M)R (C.4)
M

= <p(M)R>M7

where in the second line we defined the following reduced density matrix

P(M)R = t]VBH [|‘I’M><‘I’M|BHUR]

_ Z Z CMEM 01 (8] (C.5)

i=1 a,f=1

and in the last line to emphasize the ensemble average of the reduced density
matrix pnr we introduced the notation (pr) r) M, which is defined by the

second line. We note that such average operations are given by the relation
(4.5).

Next we consider the following quantity of the above reduced density
matrix

trr pp = Z PMDMs, * DMy TTRIP(MR P(M2)R " * P(M)R)
My ,Ma,- ,Mn,
= Z leng o pMn
My, Mz, ,Mp,
N k
My ~tMy ~Ms M. M, 1M,
X Z Z Czloilclgziczzc%gcagzs ’ Czna Cllz

11,82, ,in=1 1,02, ,an=1

N k
_ Z Z <CM1 CTM1> <CM2 C«TM2> <CM" CTMn>

1]~ aty 2o~ (3l InQp ~ Q1ln
11,82, ,in=1 a1,02, ,an=1

k
- Z Z méililéalazéizizéagag o '5inin5ana1

11,82, ,in=1 a1,02, ,an=1

1
=
(C.6)
where in the third line the labels M, --- , M,, are distinguished, and we take

the ensemble average for each factor, which consists of the same label M,
and in the forth line we used the relation (4.5).
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Thus we get the von Neumann entropy (4.7)

S(pr) = S((panyr) M)
= — lim dy, trg P (C.7)
=logk.

This von Neumann entropy is equal to the Hawking’s result, and it means
the information paradox.

We note that since the total state (4.6) is pure, the above von Neumann
entropy is equal to that of the the union of the black hole and the baby
universe BH U BU

S(prusu) = S(pr)

C.8
= logk. (C.8)

C.2 The entropy of the naive Hawking radiation and
the baby universe

S(pruBv) = S(pBH)

Next, to obtain the von Neumann entropy of the union of the naive Hawking
radiation and the baby universe R U BU(= R), we focus on the reduced
density matrix given by

prusu = trpm [|P){(P|srurUBU]

= Z \/M(trBH W) (Y n|BruR) ® [M)(N|pu
MN (C.9)

= Zmz Z CH Y1) (Blr @ [M)(N|py.

i=1 o,f=1
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As in the previous case, we focus on the following quantity

7 _
trruBU PRUBU = E DM PM, * * * DM,
My, Ma,- My

X trg [(rpm [Yan ) (Yan ) (e [Yan) (Vi) - - (trpa [War, ) (Var |)]

= E leng o pMn
My, Ma,- ,\Mp

x g: zk: chh civzele ofvs . oM

1o T agll T i2an T a3tz
1,82, in=1 a1,a2, ,an=1

N k
11,82, in=1 a1,02, ,an=1

X <CTM1 CMl >M1 <CTM2 CM2 >M2 <CTM30M3 >M3 e <CTM”

atin T t101 g1y g2 asio izas QAnin—1

N k 1
- Z Z Wdinildalal(ShhéaQaQ T 6in_1in5anan

11,42, ,in=1 a1,02, ,an=1

1
= St
(C.10)
where in the fourth line we used the relation (4.5). We note that N = 51,

From the above result, we get the von Neumann entropy of the union of
the naive Hawking radiation and the baby universe (4.9)

S(pruBy) = — 7111_>Hi On trRUBU PRUBY

= log (C.11)

= SpH.

We note that the above von Neumann entropy is also equal to that of the

black hole BH
S(psr) = S(prusy)

C.12
— S (C.12)
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C.3 The entropy of the baby universe S(ppy) = S(pHUR)

Finally, to obtain the von Neumann entropy of the baby universe BU, we
focus on the reduced density matrix given by

peu = trpuur [|PY(P|sruRUBU]

— Z VPPN (treaor [Ya) (YN |srur) ® |M)(N|py
IV, (C.13)

— Z NI ZZCMCTNW (N|sv.

i=1 a=1

Then we get

n _
trpu ppy = § DMy PM; * * * PM,,
M17M27"' 7Mn

« Z Z M CTM20M2 OTMS o O Mn CTMl

1101 T (1] T 12002 T (X212 InQn — Qnin
11,82, ,in=1 a1,02, ,ap=1

=ZZ

11,82, ,in=1 a1,a2, ,an=1

<CTM1 C«Ml > <CTM20M2 > <C«TM30M3 > <CTMn C«Mn >Mn

Qnln — 1100 a111 T 1202 Q212 71303 Qn—1in—1 " inQn

Y 1
- Z Z Waﬁ'niléanal&lﬁémw 04 yinOcn_1am

11,82, ,in=1 a1,Q2, ,an=1

1

- T
(C.14)
where in the third line we used the rule (4.5).

From the above result, we obtain the von Neumann entropy of the baby

universe .
S(ppv) = — }LLH} On trBU PBY

= log(kN) (C.15)
= SBH + IOg k.

This is equal to the von Neumann entropy of the union of the black hole and
the Hawking radiation BH U R

S(psrur) = S(psU)

C.16
= Spy + logk. ( )
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