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1 Introduction

The central question of the information paradox [1, 2] is whether the process of formation

and evaporation of a black hole can be described in a unitary fashion. In particular,

unitarity implies that the von Neumann entropy of the Hawking radiation should initially

rise but then fall back down, following the so called “Page curve” [3, 4]. If we replace a

black hole by its dual quantum mechanical description, via AdS/CFT, we know that this

happens. However, one would like to understand how it happens from the gravity point of

view. In gravitational theories we now have formulas that compute von Neumann entropies:

the Ryu-Takayanagi formula and its extentions [5–7]. Indeed, interesting recent work [8,

9] addressed the closely related problem of studying the evolution of the von Neumann

entropy of an evaporating black hole via the minimal quantum extremal surface (QES)

prescription of [7]. (A QES is a surface that extremizes the generalized entropy functional.)

This amounted to locating and tracking the minimal QES in the evaporating black hole

spacetime as a function of boundary time.

The main result of [8, 9] was that, for an old black hole, past the Page time, the QES is

located just behind the event horizon, which thereby excludes most of the interior from the
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entanglement wedge of the boundary. This is in contrast to the situation at early times,

where the minimal QES is the trivial surface, and hence the entanglement wedge for a

black hole that forms in a pure state includes all of the interior. For such a black hole,

the von Neumann (or fine-grained) entropy increases due to the early Hawking radiation,

giving the initial rise of the Page curve, and then decreases once the entanglement wedge

moves out to the near horizon region. The early growth of the boundary entropy is related

to the growth of the entropy of the quantum fields inside the black hole, which is manifest

using the nice slices picture of [10, 11]. At the Page time, once this region is removed form

the entanglement wedge, the entropy can start decreasing.

If we assume that the combined state of the black hole and Hawking radiation is pure,

then a Page curve for one implies a Page curve for the other. However, this would amount

to assuming away the information paradox, and therefore a more direct argument for the

Page curve of the radiation is desirable. In [9] the entropy of the Hawking radiation was

computed in the semiclassical limit and was found to not have a Page curve, reproducing

Hawking’s original result of information loss. (See also [12] for similar calculations in the

CGHS model.) As discussed in [8] and briefly alluded to in [9, 13], there is perhaps a way

to argue that the QES of the Hawking radiation coincides with that of the black hole.

In this paper, we argue that this is the case by considering an evaporating black hole in

a gravitational theory with holographic matter. Namely, we consider a gravity theory with

matter described by a quantum field theory that itself has a higher dimensional gravity

dual. This allows us to compute the entropy of Hawking radiation holographically. In this

case, the prescription of extremizing the generalized entropy in [7] is equivalent, at leading

order, to the standard RT/HRT prescription [5, 6] of extremizing the area.

The upshot is that the minimization condition in the RT/HRT formula in the higher-

dimensional holographic dual ensures that the minimal surfaces of the evaporating black

hole and the Hawking radiation must coincide. The entropy of the radiation computed in

this way follows the Page curve, rising initially at early times and then decreasing after the

Page time due to the phase transition between two surfaces. This is the same transition

discussed in the computations of the von Neumann entropy of the black hole in [8, 9].

A crucial point is that the region deep inside the black hole interior is connected to

the radiation via the extra dimension. Therefore, when we search for the minimal QES,

we can end up with an entanglement wedge for the radiation that reaches all the way into

the interior of the black hole, which is in fact what happens after the Page time. This

geometric connection is related to the entanglement between the Hawking radiation and

the interior modes of the quantum matter. We can view this extra dimension as an example

of a geometric connection between the radiation and the black hole interior, a realization

of ER=EPR [14, 15] idea (see also [16, 17]). Our analysis in this paper is restricted to the

case of a two-dimensional theory of gravity coupled to a two-dimensional conformal field

theory, since in this case the three-dimensional gravity dual is very simple, but we expect

that the results should generalize without much change to higher dimensions.

This holographic example suggests a new rule for computing von Neumann entropies

of quantum systems entangled with quantum fields in a gravitational theory. This new

rule allows for the inclusion of new “quantum extremal islands” which are regions in the
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gravitational theory that contain matter entangled with the external quantum system.

Including these islands can result in a penalty due to their areas, but they can also give

larger “savings” by reducing the bulk entropy piece of the generalized entropy. See also [8,

13] for motivation of this new rule.

This paper is organized as follows. In section 2, we discuss theories of gravity coupled

to holographic matter and their bulk interpretation. We focus on a two-dimensional gravity

theory coupled to conformal matter, which itself has a three-dimensional dual. In section 3,

we discuss quantum extremal surfaces and entanglement wedges for an evaporating two-

dimensional black hole. We discuss the computation of the entropy of the radiation and

the black hole, and explain how the Page curve arises. Finally, in section 4 we discuss a

new rule for computing entropies and entanglement wedges for systems entangled with a

gravity theory. Conclusions are presented in section 5.

2 Two-dimensional gravity with holographic matter

Consider a general two-dimensional theory of gravity. The Einstein-Hilbert term in two

dimensions is purely topological, but it contributes a constant term to the total entropy of

the system. Nontrivial gravitational dynamics arise when we add an extra “dilaton”1 field

φ, and consider the general action

Igrav[g
(2)
ij , φ] =

∫
d2y
√
−g

(
1

16πG
(2)
N

φR(2) + U(φ)

)
, (2.1)

where we have absorbed a possible purely Einstein-Hilbert term by a shift of φ. Adding

matter to this system, which is taken to be a CFT2 with some fields collectively denoted

by χ, we consider the total action

I[g
(2)
ij , φ, χ] = Igrav[g

(2)
ij , φ] + ICFT[g

(2)
ij , χ] . (2.2)

We take this CFT2 to have a three-dimensional holographic dual. To justify working in

the semiclassical limit in the 2d theory, and to ensure that we have a large-radius dual in

3d, we require that the central charge of the CFT2 satisfies 1 � c � φ

4G
(2)
N

.2 In addition,

to have an Einstein gravity dual we need that the CFT is suitably strongly coupled.

First, let us think about this CFT2 on a fixed background metric g
(2)
ij . Its three-

dimensional dual has a two-dimensional boundary, where the metric obeys the boundary

condition

g
(3)
ij

∣∣∣
bdy

=
1

ε2
g

(2)
ij . (2.3)

Here i, j are indices along the boundary (see figure 1), and ε is a short-distance cutoff.

According to the usual rules of AdS/CFT [18–20], a 3d theory with the boundary metric

1In this context, the dilaton should really be called an “entropion”.
2In certain theories corresponding to near-extremal black holes, we also require that c� φ−φ0

4G
(2)
N

, where the

φ0 piece corresponds to the extremal entropy. Note that, in this paper, we are working with the convention

that φ is the total value of the dilaton, so that the fluctuation of the dilaton is φ− φ0.
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Igrav[g
(2)
ij ,�] + ICFT[g

(2)
ij ,�]

<latexit sha1_base64="PbtnKSmKw6Dl9/kt05Y9t+udOhg="></latexit>

AdS3 boundary
<latexit sha1_base64="U0OBaYPKAAXD1kmKTpBIWAwwIcw=">AAACAHicbVA9SwNBEN3zM8avqIWFzWIiWIW7RNDCImJjGdF8QHIce3ubZMne3rE7J4YjjX/FxkIRW3+Gnf/GTXKFJj4YeLw3w8w8PxZcg21/W0vLK6tr67mN/ObW9s5uYW+/qaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXk/81gNTmkfyHkYxc0PSl7zHKQEjeYXDLrBHSK+Cu5JXLWE/SmRA1GjsFYp22Z4CLxInI0WUoe4VvrpBRJOQSaCCaN1x7BjclCjgVLBxvptoFhM6JH3WMVSSkGk3nT4wxidGCXAvUqYk4Kn6eyIlodaj0DedIYGBnvcm4n9eJ4HehZtyGSfAJJ0t6iUCQ4QnaeCAK0ZBjAwhVHFzK6YDoggFk1nehODMv7xImpWyUy1Xbs+Ktcssjhw6QsfoFDnoHNXQDaqjBqJojJ7RK3qznqwX6936mLUuWdnMAfoD6/MH+ieV/g==</latexit>

Igrav[g
(2)
ij ,�]

<latexit sha1_base64="7YkrqCnz2Vbu7H+evH/9lV0sPI8=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iBEkDATBT0GvegtglkgGYeeTmfSpmehuyYYhjl78Ve8eFDEq1/gzb+xsxw08UHB470qquq5keAKTPPbyCwsLi2vZFdza+sbm1v57Z26CmNJWY2GIpRNlygmeMBqwEGwZiQZ8V3BGm7/cuQ3BkwqHga3MIyY7RMv4F1OCWjJye9fO21gD5B4kgzSluck/D69S4rlo/QYt6Met518wSyZY+B5Yk1JAU1RdfJf7U5IY58FQAVRqmWZEdgJkcCpYGmuHSsWEdonHmtpGhCfKTsZv5LiQ610cDeUugLAY/X3REJ8pYa+qzt9Aj01643E/7xWDN1zO+FBFAML6GRRNxYYQjzKBXe4ZBTEUBNCJde3YtojklDQ6eV0CNbsy/OkXi5ZJ6XyzWmhcjGNI4v20AEqIgudoQq6QlVUQxQ9omf0it6MJ+PFeDc+Jq0ZYzqzi/7A+PwBCqyadQ==</latexit>

AdS3
<latexit sha1_base64="+BvkGntS0QbvYt/BCMhNxRLC070=">AAAB83icbVBNT8JAEJ3iF+IX6tFLIzHxRFow0SPqxSNGQRLakO12gQ3bbbM7NZKGv+HFg8Z49c9489+4QA8KvmSSl/dmMjMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dZwqylo0FrHqBEQzwSVrIUfBOoliJAoEewhG11P/4ZEpzWN5j+OE+REZSN7nlKCRPA/ZE2aX4d2kV++VK07VmcFeJm5OKpCj2St/eWFM04hJpIJo3XWdBP2MKORUsEnJSzVLCB2RAesaKknEtJ/Nbp7YJ0YJ7X6sTEm0Z+rviYxEWo+jwHRGBId60ZuK/3ndFPsXfsZlkiKTdL6onwobY3sagB1yxSiKsSGEKm5utemQKELRxFQyIbiLLy+Tdq3q1qu127NK4yqPowhHcAyn4MI5NOAGmtACCgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/6mORmQ==</latexit>

Figure 1. On the left, we have a 2d dilaton-gravity theory coupled to a matter CFT2. The fields

of the matter CFT2 are denoted collectively by χ, and this CFT2 is assumed to be holographic.

On the right, we display a 3d geometry obtained by replacing the matter CFT2 with its 3d dual.

This is a version of the Randall-Sundrum setup [22, 23]. On the 2d boundary of this 3d geometry,

we have the dilaton-gravity action. The boundary fields φ and g
(2)
ij are also integrated over in the

functional integral.

fixed to be g
(2)
ij is dual to a CFT2 described by the action ICFT[χ; g

(2)
ij ]. The extrinsic

curvature of the two-dimensional boundary is related to the stress tensor of the CFT [21].

Next, in order to find the three-dimensional dual to the full action (2.2), we start

from the geometry of the previous paragraph, add a scalar field φ that lives on the 2d

boundary with the action (2.1), and integrate over φ and g
(2)
ij . The three-dimensional

bulk metric is locally AdS3, with a boundary at a finite location where the 2d theory

with action (2.1) lives. We emphasize that unlike usual AdS/CFT, g
(2)
ij is also integrated

over. This is essentially identical to the Randall-Sundrum model [22], and the dynamical

boundary brane is called the “Planck” brane in that paper (for the relationship of the

Randall-Sundrum model to holography, see e.g. [23]).

The embedding of the Planck brane in AdS3 is determined by using the two-dimensional

metric and stress tensor profile from the solution of (2.2). Let us describe this in detail.

Imagine that we have a 2d gravity solution with some profile for the 2d metric and stress

tensor

ds2 = −e2ρ(y)dy+dy− , Ty+y+(y+) and Ty−y−(y−) . (2.4)

Here the stress tensor is measured in the flat metric ds2 = −dy+dy−. The full stress tensor

in the original metric (2.4) also contains terms coming from derivatives of ρ(y) which can

easily be obtained from the conformal anomaly.

It is useful to introduce the coordinate transformations w+(y+) and w−(y−) that make

the stress tensor vanish locally. These are obtained by solving the equations

Ty+y+ = − c

24π
{w+, y+} , Ty−y− = − c

24π
{w−, y−} , (2.5)

where {f(y), y} = f ′′′

f ′ −
3
2

(
f ′′

f ′

)2
is the usual Schwarzian derivative.3 The w± coordinates

have the property that the stress tensor vanishes in the corresponding flat metric, obtained

3Note that our convention for the transformation law of the holomorphic stress tensor is w′(y)2 T (w) =

T (y) + c
24π
{w, y}, which differs from [24] by the sign of the Schwarzian term and the normalization of the
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after a Weyl transformation from (2.4):

ds2 = −dw+dw− , Tw+w+ = Tw−w− = 0. (2.6)

We therefore observe that the solution (2.4) is related to the vacuum solution on flat

space (2.6) by a combination of Weyl and coordinate transformations.

This determines the location of the Planck brane in the w± coordinates in following

way [25]. The vacuum of the holographic CFT2 has pure AdS3 as its associated bulk dual

ds2 =
−dw+dw− + dz2

w

z2
w

. (2.7)

The stress tensor components Tw+w+ and Tw−w− vanish for a suface of constant zw. There-

fore, we expect that the geometry near the Planck brane looks similar to (2.7). The condi-

tion we need to impose is that the induced metric on the brane is fixed by (2.4) and (2.3),

which gives

−dw
+dw−

z2
w

= − 1

ε2
e2ρ(y)dy+dy− . (2.8)

This locates the Planck brane at

zw = ε e−ρ(y)

√
dw+

dy+

dw−

dy−
. (2.9)

After obtaining this we can check that the usual formula for the stress tensor in terms of the

extrinsic curvature [21] gives the one we started in (2.4). These formulas show that once

we know the two-dimensional dynamics, given by (2.4), we can easily find the embedding

of the 2d geometry into the 3d one.

The computation of the RT/HRT surfaces is particularly simple in the (w+, w−, zw)

coordinates. We should emphasize that more details about the state of the conformal

field theory are encoded deeper into the three-dimensional geometry. In other words, the

RT/HRT surfaces used to compute the various entropies live in a geometry that is not

necessarily the same as (2.7) deeper in the interior, and their areas can depend on the

detailed geometry that we encounter in the interior.

2.1 Two-dimensional black hole coupled to a bath

Consider a black hole in the two-dimensional theory (2.2), which we allow to evaporate into

an external ‘bath’. For simplicity, we take the bath to be the same CFT2 as the matter

sector in (2.2), but now living on a rigid flat space; see figure 2. We can think of this setup

as a toy model for the case where the dilaton becomes extremely large in some region of

the geometry, so that we can neglect backreaction effects and think of the matter as living

on a fixed, non-dynamical background.

stress tensor. The relation between holomorphic Euclidean coordinates and Lorentzian lightcone coordinates

is y+ → y and y− → −y.
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2d-Gravity
<latexit sha1_base64="DXcV7Ft6cd75OCMFKoj+hApzYzc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBiyWpgh6LHvRYwX5AG8pms2mXbjZhd1INsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82LOFNj2t1FYWV1b3yhulra2d3b3zPJ+S0WJJLRJIh7JjocV5UzQJjDgtBNLikOP07Y3up767TGVikXiHtKYuiEeCBYwgkFLfbPcA/oIWc0/vZF4zCCd9M2KXbVnsJaJk5MKytHom189PyJJSAUQjpXqOnYMboYlMMLppNRLFI0xGeEB7WoqcEiVm81On1jHWvGtIJK6BFgz9fdEhkOl0tDTnSGGoVr0puJ/XjeB4NLNmIgToILMFwUJtyCypjlYPpOUAE81wUQyfatFhlhiAjqtkg7BWXx5mbRqVeesWrs7r9Sv8jiK6BAdoRPkoAtUR7eogZqIoAf0jF7Rm/FkvBjvxse8tWDkMwfoD4zPH2xOlBs=</latexit>

Igrav[g
(2)
ij ,�] + ICFT[g

(2)
ij ,�]

<latexit sha1_base64="PbtnKSmKw6Dl9/kt05Y9t+udOhg="></latexit>

CFT2
<latexit sha1_base64="Wqi3e7MNuxI8JekpeglN8Ow79AU=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CrtRMMdAQDxGyAuSNcxOJsmQ2QczvWpY8h9ePCji1X/x5t84SfagiQUNRVU33V1eJIVG2/621tY3Nre2MzvZ3b39g8Pc0XFTh7FivMFCGaq2RzWXIuANFCh5O1Kc+p7kLW9cnfmtB660CIM6TiLu+nQYiIFgFI1030X+hEn1pl7olQrTXi5vF+05yCpxUpKHFLVe7qvbD1ns8wCZpFp3HDtCN6EKBZN8mu3GmkeUjemQdwwNqM+1m8yvnpJzo/TJIFSmAiRz9fdEQn2tJ75nOn2KI73szcT/vE6Mg7KbiCCKkQdssWgQS4IhmUVA+kJxhnJiCGVKmFsJG1FFGZqgsiYEZ/nlVdIsFZ3LYunuKl8pp3Fk4BTO4AIcuIYK3EINGsBAwTO8wpv1aL1Y79bHonXNSmdO4A+szx97eZHP</latexit>

3d-Gravity
<latexit sha1_base64="840+pzZVLUtPGYEkdvxFOj2T5Lo=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHcWJJW0GXRhS4r2Ae0oUwmk3bo5MHMTTXEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89biy4Asv6NlZW19Y3Ngtbxe2d3b19s3TQUlEiKWvSSESy4xLFBA9ZEzgI1oklI4ErWNsdXU/99phJxaPwHtKYOQEZhNznlICW+mapB+wRspp3diPJmEM66Ztlq2LNgJeJnZMyytHom189L6JJwEKggijVta0YnIxI4FSwSbGXKBYTOiID1tU0JAFTTjY7fYJPtOJhP5K6QsAz9fdERgKl0sDVnQGBoVr0puJ/XjcB/9LJeBgnwEI6X+QnAkOEpzlgj0tGQaSaECq5vhXTIZGEgk6rqEOwF19eJq1qxa5Vqnfn5fpVHkcBHaFjdIpsdIHq6BY1UBNR9ICe0St6M56MF+Pd+Ji3rhj5zCH6A+PzB23clBw=</latexit>

Planck brane
<latexit sha1_base64="7B34zOk8HH/iB37H7DWvNPdHDsk=">AAAB/HicbVDLSgNBEJyNrxhf0Ry9DAbBU9iNgjkGvHiMYB6QLGF20kmGzM4uM71iWOKvePGgiFc/xJt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzaHJIxnpTsAMSKGgiQIldGINLAwktIPJzdxvP4A2IlL3OI3BD9lIiaHgDK3UL5Z6CI+YNiRTfEIDzRTM+sWyW3EXoOvEy0iZZGj0i1+9QcSTEBRyyYzpem6Mfso0Ci5hVuglBmLGJ2wEXUsVC8H46eL4GT23yoAOI21LIV2ovydSFhozDQPbGTIcm1VvLv7ndRMc1vxUqDhBUHy5aJhIihGdJ0EHQgNHObWEcS3srZSPmWYcbV4FG4K3+vI6aVUr3mWlendVrteyOPLklJyRC+KRa1Int6RBmoSTKXkmr+TNeXJenHfnY9mac7KZEvkD5/MHC1uU/Q==</latexit>

AdS3
<latexit sha1_base64="HAELR+hQbVC2PG3xzMqdquZD06E=">AAAB9XicbVBNT8JAEN36ifiFevSyEUw8kRZM5Ijx4hGjfCRQyXa7hQ3bbbM7VUnD//DiQWO8+l+8+W9coAcFXzLJy3szmZnnxYJrsO1va2V1bX1jM7eV397Z3dsvHBy2dJQoypo0EpHqeEQzwSVrAgfBOrFiJPQEa3ujq6nffmBK80jewThmbkgGkgecEjDSfQ/YE6SX/m2pXy1N+oWiXbZnwMvEyUgRZWj0C189P6JJyCRQQbTuOnYMbkoUcCrYJN9LNIsJHZEB6xoqSci0m86unuBTo/g4iJQpCXim/p5ISaj1OPRMZ0hgqBe9qfif100gqLkpl3ECTNL5oiARGCI8jQD7XDEKYmwIoYqbWzEdEkUomKDyJgRn8eVl0qqUnWq5cnNerNeyOHLoGJ2gM+SgC1RH16iBmogihZ7RK3qzHq0X6936mLeuWNnMEfoD6/MHpoyR6w==</latexit>

AdS3 boundary
<latexit sha1_base64="2XIMA1P2cpSvPxfSQSffKXoumLo=">AAACAHicbVA9SwNBEN3zM8avqIWFzWIiWIW7RDBlxMYyovmA5Dj29jbJkr29Y3dODEca/4qNhSK2/gw7/42b5ApNfDDweG+GmXl+LLgG2/62VlbX1jc2c1v57Z3dvf3CwWFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj+6nvrtB6Y0j+Q9jGPmhmQgeZ9TAkbyCsc9YI+QXgV3Ja9awn6UyICo8cQrFO2yPQNeJk5GiihDwyt89YKIJiGTQAXRuuvYMbgpUcCpYJN8L9EsJnREBqxrqCQh0246e2CCz4wS4H6kTEnAM/X3REpCrcehbzpDAkO96E3F/7xuAv2am3IZJ8AknS/qJwJDhKdp4IArRkGMDSFUcXMrpkOiCAWTWd6E4Cy+vExalbJTLVduL4r1WhZHDp2gU3SOHHSJ6ugGNVATUTRBz+gVvVlP1ov1bn3MW1esbOYI/YH1+QP485X6</latexit>

QM
<latexit sha1_base64="HyCMH0FSarNArmpEPpSpe79/5Sw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYuQgHlIsoTZySQZMju7zPSKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6GbqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT2t2kWyi6JXcGsky8jBQhQ7Vb+Or0IpaEXCGT1Ji258bop1SjYJJP8p3E8JiyER3wtqWKhtz46ezgCTm1So/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDPK2xC8xZeXSaNc8s5L5dpFsXKdxZGDYziBM/DgEipwC1WoA4MQnuEV3hztvDjvzse8dcXJZo7gD5zPHwm2kI8=</latexit>

QM
<latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit>

CFT2
<latexit sha1_base64="Wqi3e7MNuxI8JekpeglN8Ow79AU=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CrtRMMdAQDxGyAuSNcxOJsmQ2QczvWpY8h9ePCji1X/x5t84SfagiQUNRVU33V1eJIVG2/621tY3Nre2MzvZ3b39g8Pc0XFTh7FivMFCGaq2RzWXIuANFCh5O1Kc+p7kLW9cnfmtB660CIM6TiLu+nQYiIFgFI1030X+hEn1pl7olQrTXi5vF+05yCpxUpKHFLVe7qvbD1ns8wCZpFp3HDtCN6EKBZN8mu3GmkeUjemQdwwNqM+1m8yvnpJzo/TJIFSmAiRz9fdEQn2tJ75nOn2KI73szcT/vE6Mg7KbiCCKkQdssWgQS4IhmUVA+kJxhnJiCGVKmFsJG1FFGZqgsiYEZ/nlVdIsFZ3LYunuKl8pp3Fk4BTO4AIcuIYK3EINGsBAwTO8wpv1aL1Y79bHonXNSmdO4A+szx97eZHP</latexit>

Figure 2. We sketch three different pictures of the same system. The first is a 2d dilaton-gravity

theory, plus a matter CFT2, coupled to a bath consisting of the same CFT2. This CFT2 is assumed

to have a holographic dual. The second is 3d gravity, where we replace the CFT2 by its holographic

dual. It contains a dynamical boundary metric on the Planck brane. More details about the state

of the CFT are encoded deeper inside the 3d geometry. The third is the fully quantum mechanical

description, where we replace the 2d gravity+matter theory by its quantum mechanical dual. This

quantum mechanical system lives at the boundary of the bath CFT. In all cases, the thick dot

represents the point σy = 0.

We will mostly be interested in the case where the 2d gravitational theory has AdS2

asymptotics. Prior to coupling in the bath, the matter CFT on this AdS2 spacetime is

defined with a conformal boundary condition at the asymptotic AdS2 boundary. Prior

to the coupling, the bath CFT is also defined on the half line. Coupling the two systems

amounts to joining them at their boundaries, allowing them to freely exchange stress energy.

Defining σy = (y+ − y−)/2, positive and negative values of σy correspond to points in the

bath and the AdS2 systems, respectively.

This combined system has three alternative descriptions that are useful, see figure 2.

2d-Gravity: A two-dimensional gravity-plus-matter theory living on σy < 0 coupled to a

two-dimensional field theory living on σy > 0.

3d-Gravity: A three-dimensional gravity theory in AdS3 with a dynamical boundary

(Planck brane) on part of the space (σy < 0), and with a rigid boundary on the rest

(σy > 0).

QM: A two-dimensional CFT on the half-line σy > 0 with some non-conformal boundary

degrees of freedom at σy = 0. This description should be viewed as the fundamen-

tal one.

The first description is the one we have already described in detail. In the second

description, which involves three-dimensional gravity, we replace the CFT2 by its three-

dimensional dual. This 3d dual has a Planck brane with dynamical gravity on part of the

space (σy < 0) and the usual UV boundary on the rest of the space (σy > 0).
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In the third, fully quantum-mechanical description with no gravity, we replace the 2d

black hole by its quantum-mechanical dual (assuming that it has one). Then we have

a CFT2 living on a half-line coupled to a quantum mechanical system living at σy =

0. In other words, in the case where the 2d gravity has AdS2 asymptotics, we want

to imagine that the entire 2d theory (2.2) arises as the holographic dual of a (0 + 1)-

dimensional (nonconformal) quantum-mechanical system. After coupling the nearly AdS2

gravity theory to the bath CFT, we get a CFT on the half-line coupled to a holographic

quantum-mechanical system on its boundary, as shown in figure 2. A higher dimensional

version of this set up and its gravity interpretation was discussed in [26].

The story so far has been for an evaporating black hole in a general 2d gravity theory

with AdS2 asymptotics, coupled to a non-gravitational bath. This formalism can be directly

applied to the case considered in [9] by specializing to Jackiw-Teitelboim gravity, with the

only difference being that we consider matter composed of a holographic CFT2, rather

than general matter. Using their solution for the dynamics of the 2d model, we can follow

the simple steps outlined above to find the embedding of the Planck brane and the bath

UV brane in the 3d geometry.

2.2 Quantum extremal surfaces become ordinary RT/HRT surfaces

In the two-dimensional gravity theory, we can compute the fine-grained entropy of its

quantum-mechanical boundary theory using the prescription of extremizing the generalized

entropy [7]. This involves first constructing a quantity similar to the generalized entropy

Sgen(y) =
φ(y)

4G
(2)
N

+ SBulk-2d[Iy] . (2.10)

Here y is a point in the two-dimensional bulk and Iy is an interval from the point y to the

boundary of the two-dimensional space (or to some region far away where the dilaton is

very large and the theory is very weakly coupled). The quantity SBulk-2d[Iy] is the bulk

von Neumann entropy of this interval. This bulk entropy includes the entropy coming from

the bulk matter fields χ, and also the entropy due to quantum fluctuations of φ and g
(2)
ij .

Note also that φ(y) = Area(2); in two dimensions, the area of a point is the coefficient of the

curvature term in (2.1). Figure 3(a) shows a slice of the 2d theory including its boundary

dual system and indicates where Sgen is evaluated.

Once we construct Sgen(y) as in (2.10), we are instructed to extremize it over the choice

of the point y. And finally, we take the minimum over all such extrema. The point (y+
e , y

−
e )

that results from this is called the quantum extremal “surface”.

The contribution of the CFT2 fields χ to SBulk-2d[Iy] dominates over contributions

from the quantum fluctuations of φ and g
(2)
ij , since we are assuming that the CFT2 has a

large number of degrees of freedom. Furthermore, since the CFT2 has a holographic dual,

the contribution of the χ fields to the entropy can be computed to leading order using the

RT/HRT formula [5, 6]. This involves finding a minimal or an extremal surface Σy in the

three-dimensional geometry.
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(a) (b)

Figure 3. (a) We have shown, from the 2d perspective, the two contributions φ(y)

4G
(2)
N

and SBulk-2d[Iy]

to Sgen(y) from equation (2.10). (b) Since the matter CFT2 is holographic, the quantity SBulk-2d[Iy]

can be computed using a 3d RT formula.

The extremal surface Σy is here just an interval and is shown in blue in figure 3(b).

We therefore have

Sgen(y) =
φ(y)

4G
(2)
N

+ SBulk-2d[Iy] ≈
φ(y)

4G
(2)
N

+
Area(3)[Σy]

4G
(3)
N

. (2.11)

We used a≈ sign because we are neglecting the contributions from the quantum fluctuations

of φ and g
(2)
ij , and also dropping the subleading 3d bulk entanglement entropy terms.

The extremization of generalized entropy in 2d is equivalent to the standard RT/HRT

area extremization in the 3d with a dynamical brane. In other words, we look for an

area-extremizing surface in 3d with an endpoint on the Planck brane. This “area” has

a contribution coming from the length of the line Σy as well as a contribution from the

dilaton φ at the Planck brane, see figure 3. We are instructed to extremize the whole thing,

which involves also the position of the point (y+, y−) on the Planck brane. Of course,

this observation lends further support to the notion that quantum extremal surfaces are

computing von Neuman entropies [7], since in this setup it reduces to the simpler RT/HRT

proposal in three dimensions. This discussion generalizes naturally to higher dimensions.

3 Entanglement wedges for evaporating black holes and Hawking radi-

ation

In this section we review the quantum extremal surfaces found in [9] for black holes in

JT gravity that evaporate into a non-gravitational bath, and present their corresponding

three-dimensional picture. Our discussion will be out of time order, we will first discuss

the late time picture, past the so called “Page time” and then discuss the picture for early

times. We do this because the late time picture is less dependent on the detailed formation

history of the black hole. It is also the more surprising one, because the entanglement

wedge of the radiation will be found to contain the region inside the black hole. In two

dimensions, this region is manifestly disconnected from the radiation, but we show that it

is connected to the radiation through the third dimension.
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2d-Gravity
<latexit sha1_base64="DXcV7Ft6cd75OCMFKoj+hApzYzc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBiyWpgh6LHvRYwX5AG8pms2mXbjZhd1INsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82LOFNj2t1FYWV1b3yhulra2d3b3zPJ+S0WJJLRJIh7JjocV5UzQJjDgtBNLikOP07Y3up767TGVikXiHtKYuiEeCBYwgkFLfbPcA/oIWc0/vZF4zCCd9M2KXbVnsJaJk5MKytHom189PyJJSAUQjpXqOnYMboYlMMLppNRLFI0xGeEB7WoqcEiVm81On1jHWvGtIJK6BFgz9fdEhkOl0tDTnSGGoVr0puJ/XjeB4NLNmIgToILMFwUJtyCypjlYPpOUAE81wUQyfatFhlhiAjqtkg7BWXx5mbRqVeesWrs7r9Sv8jiK6BAdoRPkoAtUR7eogZqIoAf0jF7Rm/FkvBjvxse8tWDkMwfoD4zPH2xOlBs=</latexit>

CFT2
<latexit sha1_base64="Wqi3e7MNuxI8JekpeglN8Ow79AU=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CrtRMMdAQDxGyAuSNcxOJsmQ2QczvWpY8h9ePCji1X/x5t84SfagiQUNRVU33V1eJIVG2/621tY3Nre2MzvZ3b39g8Pc0XFTh7FivMFCGaq2RzWXIuANFCh5O1Kc+p7kLW9cnfmtB660CIM6TiLu+nQYiIFgFI1030X+hEn1pl7olQrTXi5vF+05yCpxUpKHFLVe7qvbD1ns8wCZpFp3HDtCN6EKBZN8mu3GmkeUjemQdwwNqM+1m8yvnpJzo/TJIFSmAiRz9fdEQn2tJ75nOn2KI73szcT/vE6Mg7KbiCCKkQdssWgQS4IhmUVA+kJxhnJiCGVKmFsJG1FFGZqgsiYEZ/nlVdIsFZ3LYunuKl8pp3Fk4BTO4AIcuIYK3EINGsBAwTO8wpv1aL1Y79bHonXNSmdO4A+szx97eZHP</latexit>�0

<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>
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<latexit sha1_base64="lkiJUjd/niOd9Y2z3PItjaUDGa0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmO2mXbjZhdyOE0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NFmCfkSHkoecUWOlh6yP/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcx/oQqw5nAaamXakwoG9Mhdi2VNELtT+anTsmZVQYkjJUtachc/T0xoZHWWRTYzoiakV72ZuJ/Xjc14bU/4TJJDUq2WBSmgpiYzP4mA66QGZFZQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdcII3V</latexit>

3d-Gravity
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Planck brane
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AdS3
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EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

�0
<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>

ye
<latexit sha1_base64="lkiJUjd/niOd9Y2z3PItjaUDGa0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmO2mXbjZhdyOE0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NFmCfkSHkoecUWOlh6yP/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcx/oQqw5nAaamXakwoG9Mhdi2VNELtT+anTsmZVQYkjJUtachc/T0xoZHWWRTYzoiakV72ZuJ/Xjc14bU/4TJJDUq2WBSmgpiYzP4mA66QGZFZQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdcII3V</latexit>

QM
<latexit sha1_base64="HyCMH0FSarNArmpEPpSpe79/5Sw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYuQgHlIsoTZySQZMju7zPSKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6GbqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT2t2kWyi6JXcGsky8jBQhQ7Vb+Or0IpaEXCGT1Ji258bop1SjYJJP8p3E8JiyER3wtqWKhtz46ezgCTm1So/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDPK2xC8xZeXSaNc8s5L5dpFsXKdxZGDYziBM/DgEipwC1WoA4MQnuEV3hztvDjvzse8dcXJZo7gD5zPHwm2kI8=</latexit>

QM
<latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit><latexit sha1_base64="4P38HaY/o7SFEgE6M0WsYh5x0ck=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBixehBfshbSib7aZdutmE3YlYQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9ybUSs7nGScD+iQyVCwSha6aGH/Amzxt20X664VXcOskq8nFQgR71f/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzgKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMvicDoTlDObGEMi3srYSNqKYMbUYlG4K3/PIqaV1UPbfqNS4rNTePowgncArn4MEV1OAW6tAEBhE8wyu8Odp5cd6dj0VrwclnjuEPnM8fAv6QeQ==</latexit>

CFT2
<latexit sha1_base64="Wqi3e7MNuxI8JekpeglN8Ow79AU=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CrtRMMdAQDxGyAuSNcxOJsmQ2QczvWpY8h9ePCji1X/x5t84SfagiQUNRVU33V1eJIVG2/621tY3Nre2MzvZ3b39g8Pc0XFTh7FivMFCGaq2RzWXIuANFCh5O1Kc+p7kLW9cnfmtB660CIM6TiLu+nQYiIFgFI1030X+hEn1pl7olQrTXi5vF+05yCpxUpKHFLVe7qvbD1ns8wCZpFp3HDtCN6EKBZN8mu3GmkeUjemQdwwNqM+1m8yvnpJzo/TJIFSmAiRz9fdEQn2tJ75nOn2KI73szcT/vE6Mg7KbiCCKkQdssWgQS4IhmUVA+kJxhnJiCGVKmFsJG1FFGZqgsiYEZ/nlVdIsFZ3LYunuKl8pp3Fk4BTO4AIcuIYK3EINGsBAwTO8wpv1aL1Y79bHonXNSmdO4A+szx97eZHP</latexit>

�0
<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>

Figure 4. The entanglement wedge for the black hole at late times. We show a spatial slice ΣLate

at some late time that passes through the quantum extremal surface, (see also figure 5). In the

leftmost picture, we have drawn ΣLate in the 2d geometry. The middle picture is a spatial slice

of the three dimensional geometry that ends on ΣLate and contains the RT/HRT surface, the pink

region being the entanglement wedge. In the rightmost picture, we have an interval that contains

the left boundary and whose entropy we are trying to compute.

3.1 Late time entanglement wedges

3.1.1 Entanglement wedge of the black hole at late times

We start by recalling the position of the quantum extremal surface of the black hole at late

times found in [8, 9]. The idea is to consider a subsystem that includes the black hole, or

more precisely, the whole gravity region. From the point of view of the QM description,

we imagine that we take a small interval [0, σ0] where σ0 is very small, but it includes the

quantum-mechanical degrees of freedom at the boundary of the CFT. We do this at some

late time t = (y+ + y−)/2. See figure 4.

The final conclusion of [8, 9] is that the quantum extremal surface is at a point (y+
e , y

−
e )

that lies behind the horizon and is such that a past directed light ray from it would reach

the AdS2 boundary at about a scrambling time earlier than the time t at which we are

computing the entropy,

y+
e = t− 1

2πT (t)
log

SBek(T (t))− S0

c
+ . . . . (3.1)

See figure 5. Here T (t) is the temperature of the black hole at time t, S0 is the extremal

entropy (which is assumed to be small), and SBek(T ) is the Bekenstein-Hawking entropy

for a black hole of temperature T . The entanglement wedge is just the causal domain of a

spacelike slice going from (t, σ0) to (y+
e , y

−
e ). This implies that the computation of the bulk

entanglement entropy is just that of an interval. The answer is slightly nontrivial because

the stress tensor is nonzero once we take into account the effects of Hawking radiation,4

and hence the map w±(y±) determined from (2.5) is nontrivial. In the w± coordinates,

4In fact, the state at late times is essentially what is called the Unruh vacuum which contains no incoming

radiation but contains outgoing radiation.
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Figure 5. The spacetime diagram describing the coupling of the black hole to the bath, the energy

pulse coming from the moment they are coupled, the formation of the black hole and its subsequent

evaporation. We pick some late time nice slice ΣLate and we compute the entanglement wedge for

what is to the left of σ0. This contains only a portion of the time slice in the interior. We have

also displayed the Wheeler de Witt patch, or causal domain of dependence that describes the full

entanglement wedge.

we are just considering an interval in ordinary flat space, and the nontrivial part of the

entropy comes from the dependence of the cutoff zw on the length of the interval (2.9).

As shown in [8, 9], this leads to an entropy for the black hole of the from

SBlack Hole(t) = SBek(T (t)) + logs , (3.2)

where T (t) is the approximate black hole temperature at time t. The “logs” denote terms

that are logarithmic in the black hole entropy of the initial state. Note that this entropy

is decreasing with time because the temperature is decreasing.

3.1.2 Entanglement wedge of the radiation at late times

Now we consider the entropy of the radiation. More precisely, we compute the entropy of

the state in the bath CFT outside some point σ0, the complement of the interval that we

considered for the black hole in the previous subsection, see figure 6 right.

At first sight this seems straightforward to compute. We start from the entire slice

and simply trace out everything that is outside the region under consideration. This would

reproduce the computation in [2] which results in an entropy that continues to grow past

the Page time. On the other hand, since the entanglement wedge of the black hole covers

only a portion of the interior, it is tempting to think that the rest of the interior should

belong to the entanglement wedge of the radiation [8, 9, 13]. This seems surprising from the

two-dimensional point of view where the interior is disconnected from the outside, forming

a disconnected ‘island’, see figure 6 left.

When we think about this problem from the three-dimensional point of view we find

that the region in the interior is actually connected to the exterior, see figure 6 middle.

If we compute the entropy in the outside CFT by using the standard RT/HRT formula,

which instructs us to find the minimal extremal surface, candidate surfaces can end on the

Planck brane. In fact, the extremal surface is essentially the same one as the one we found
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<latexit sha1_base64="dxTK8f4jLn9e/KfneO9jxQLO3hw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mqoOCl4MVjFfsBbSibzaZdutmE3UmxhP4TLx4U8eo/8ea/cZvmoK0PBh7vzTAzz08E1+A431ZpbX1jc6u8XdnZ3ds/sA+P2jpOFWUtGotYdX2imeCStYCDYN1EMRL5gnX88e3c70yY0jyWjzBNmBeRoeQhpwSMNLDtPrAnyB5IwHNlNrCrTs3JgVeJW5AqKtAc2F/9IKZpxCRQQbTuuU4CXkYUcCrYrNJPNUsIHZMh6xkqScS0l+WXz/CZUQIcxsqUBJyrvycyEmk9jXzTGREY6WVvLv7n9VIIr72MyyQFJuliUZgKDDGex4ADrhgFMTWEUMXNrZiOiCIUTFgVE4K7/PIqaddr7kWtfn9ZbdwUcZTRCTpF58hFV6iB7lATtRBFE/SMXtGblVkv1rv1sWgtWcXMMfoD6/MHLMCT/A==</latexit>

2d-Gravity
<latexit sha1_base64="DXcV7Ft6cd75OCMFKoj+hApzYzc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBiyWpgh6LHvRYwX5AG8pms2mXbjZhd1INsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82LOFNj2t1FYWV1b3yhulra2d3b3zPJ+S0WJJLRJIh7JjocV5UzQJjDgtBNLikOP07Y3up767TGVikXiHtKYuiEeCBYwgkFLfbPcA/oIWc0/vZF4zCCd9M2KXbVnsJaJk5MKytHom189PyJJSAUQjpXqOnYMboYlMMLppNRLFI0xGeEB7WoqcEiVm81On1jHWvGtIJK6BFgz9fdEhkOl0tDTnSGGoVr0puJ/XjeB4NLNmIgToILMFwUJtyCypjlYPpOUAE81wUQyfatFhlhiAjqtkg7BWXx5mbRqVeesWrs7r9Sv8jiK6BAdoRPkoAtUR7eogZqIoAf0jF7Rm/FkvBjvxse8tWDkMwfoD4zPH2xOlBs=</latexit>

�0
<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>

ye
<latexit sha1_base64="lkiJUjd/niOd9Y2z3PItjaUDGa0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmO2mXbjZhdyOE0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NFmCfkSHkoecUWOlh6yP/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcx/oQqw5nAaamXakwoG9Mhdi2VNELtT+anTsmZVQYkjJUtachc/T0xoZHWWRTYzoiakV72ZuJ/Xjc14bU/4TJJDUq2WBSmgpiYzP4mA66QGZFZQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdcII3V</latexit>

Island
<latexit sha1_base64="3gOzB1SL6yFgCnFxkhUqpEVtVCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8laQKCl4KXvRWwX5AG8pms2mXbjZxd1Isob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8xPBNTrOt7Wyura+sVnYKm7v7O7tlw4OmzpOFWUNGotYtX2imeCSNZCjYO1EMRL5grX84c3Ub42Y0jyWDzhOmBeRvuQhpwSN5HWRPWF2pwWRwaRXKjsVZwZ7mbg5KUOOeq/01Q1imkZMIhVE647rJOhlRCGngk2K3VSzhNAh6bOOoZJETHvZ7OiJfWqUwA5jZUqiPVN/T2Qk0noc+aYzIjjQi95U/M/rpBheeRmXSYpM0vmiMBU2xvY0ATvgilEUY0MIVdzcatMBUYSiyaloQnAXX14mzWrFPa9U7y/Ktes8jgIcwwmcgQuXUINbqEMDKDzCM7zCmzWyXqx362PeumLlM0fwB9bnD0+hkm0=</latexit>

EW
<latexit sha1_base64="9xemsbOBlHUAEMvgfjc6uYKtW1g=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQcFLQASPEcxDkiXMTjrJkNnZZaZXDEu+wosHRbz6Od78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaA51HslItwJmQAoFdRQooRVrYGEgoRmMrqd+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6Y3zUm3WHLL7gx0mXgZKZEMtW7xq9OLeBKCQi6ZMW3PjdFPmUbBJUwKncRAzPiIDaBtqWIhGD+dHTyhJ1bp0X6kbSmkM/X3RMpCY8ZhYDtDhkOz6E3F/7x2gv1LPxUqThAUny/qJ5JiRKff057QwFGOLWFcC3sr5UOmGUebUcGG4C2+vEwalbJ3Vq7cnZeqV1kceXJEjskp8cgFqZJbUiN1wklInskreXO08+K8Ox/z1pyTzRySP3A+fwAEhZCG</latexit>

EW
<latexit sha1_base64="9xemsbOBlHUAEMvgfjc6uYKtW1g=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQcFLQASPEcxDkiXMTjrJkNnZZaZXDEu+wosHRbz6Od78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaA51HslItwJmQAoFdRQooRVrYGEgoRmMrqd+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6Y3zUm3WHLL7gx0mXgZKZEMtW7xq9OLeBKCQi6ZMW3PjdFPmUbBJUwKncRAzPiIDaBtqWIhGD+dHTyhJ1bp0X6kbSmkM/X3RMpCY8ZhYDtDhkOz6E3F/7x2gv1LPxUqThAUny/qJ5JiRKff057QwFGOLWFcC3sr5UOmGUebUcGG4C2+vEwalbJ3Vq7cnZeqV1kceXJEjskp8cgFqZJbUiN1wklInskreXO08+K8Ox/z1pyTzRySP3A+fwAEhZCG</latexit>

3d-Gravity
<latexit sha1_base64="840+pzZVLUtPGYEkdvxFOj2T5Lo=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHcWJJW0GXRhS4r2Ae0oUwmk3bo5MHMTTXEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89biy4Asv6NlZW19Y3Ngtbxe2d3b19s3TQUlEiKWvSSESy4xLFBA9ZEzgI1oklI4ErWNsdXU/99phJxaPwHtKYOQEZhNznlICW+mapB+wRspp3diPJmEM66Ztlq2LNgJeJnZMyytHom189L6JJwEKggijVta0YnIxI4FSwSbGXKBYTOiID1tU0JAFTTjY7fYJPtOJhP5K6QsAz9fdERgKl0sDVnQGBoVr0puJ/XjcB/9LJeBgnwEI6X+QnAkOEpzlgj0tGQaSaECq5vhXTIZGEgk6rqEOwF19eJq1qxa5Vqnfn5fpVHkcBHaFjdIpsdIHq6BY1UBNR9ICe0St6M56MF+Pd+Ji3rhj5zCH6A+PzB23clBw=</latexit>

Planck brane
<latexit sha1_base64="7B34zOk8HH/iB37H7DWvNPdHDsk=">AAAB/HicbVDLSgNBEJyNrxhf0Ry9DAbBU9iNgjkGvHiMYB6QLGF20kmGzM4uM71iWOKvePGgiFc/xJt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzaHJIxnpTsAMSKGgiQIldGINLAwktIPJzdxvP4A2IlL3OI3BD9lIiaHgDK3UL5Z6CI+YNiRTfEIDzRTM+sWyW3EXoOvEy0iZZGj0i1+9QcSTEBRyyYzpem6Mfso0Ci5hVuglBmLGJ2wEXUsVC8H46eL4GT23yoAOI21LIV2ovydSFhozDQPbGTIcm1VvLv7ndRMc1vxUqDhBUHy5aJhIihGdJ0EHQgNHObWEcS3srZSPmWYcbV4FG4K3+vI6aVUr3mWlendVrteyOPLklJyRC+KRa1Int6RBmoSTKXkmr+TNeXJenHfnY9mac7KZEvkD5/MHC1uU/Q==</latexit>

AdS3 boundary
<latexit sha1_base64="2XIMA1P2cpSvPxfSQSffKXoumLo=">AAACAHicbVA9SwNBEN3zM8avqIWFzWIiWIW7RDBlxMYyovmA5Dj29jbJkr29Y3dODEca/4qNhSK2/gw7/42b5ApNfDDweG+GmXl+LLgG2/62VlbX1jc2c1v57Z3dvf3CwWFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj+6nvrtB6Y0j+Q9jGPmhmQgeZ9TAkbyCsc9YI+QXgV3Ja9awn6UyICo8cQrFO2yPQNeJk5GiihDwyt89YKIJiGTQAXRuuvYMbgpUcCpYJN8L9EsJnREBqxrqCQh0246e2CCz4wS4H6kTEnAM/X3REpCrcehbzpDAkO96E3F/7xuAv2am3IZJ8AknS/qJwJDhKdp4IArRkGMDSFUcXMrpkOiCAWTWd6E4Cy+vExalbJTLVduL4r1WhZHDp2gU3SOHHSJ6ugGNVATUTRBz+gVvVlP1ov1bn3MW1esbOYI/YH1+QP485X6</latexit>

�0
<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>

ye
<latexit sha1_base64="lkiJUjd/niOd9Y2z3PItjaUDGa0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmO2mXbjZhdyOE0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NFmCfkSHkoecUWOlh6yP/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcx/oQqw5nAaamXakwoG9Mhdi2VNELtT+anTsmZVQYkjJUtachc/T0xoZHWWRTYzoiakV72ZuJ/Xjc14bU/4TJJDUq2WBSmgpiYzP4mA66QGZFZQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdcII3V</latexit>

EW
<latexit sha1_base64="9xemsbOBlHUAEMvgfjc6uYKtW1g=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQcFLQASPEcxDkiXMTjrJkNnZZaZXDEu+wosHRbz6Od78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaA51HslItwJmQAoFdRQooRVrYGEgoRmMrqd+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6Y3zUm3WHLL7gx0mXgZKZEMtW7xq9OLeBKCQi6ZMW3PjdFPmUbBJUwKncRAzPiIDaBtqWIhGD+dHTyhJ1bp0X6kbSmkM/X3RMpCY8ZhYDtDhkOz6E3F/7x2gv1LPxUqThAUny/qJ5JiRKff057QwFGOLWFcC3sr5UOmGUebUcGG4C2+vEwalbJ3Vq7cnZeqV1kceXJEjskp8cgFqZJbUiN1wklInskreXO08+K8Ox/z1pyTzRySP3A+fwAEhZCG</latexit>

AdS3
<latexit sha1_base64="OpJfivK1NDAEIyhTBKX2Fosz/u4=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSStoOCl4sVjRVsLTSibzbRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJO9zRtFInofwhNlVeDfp1XvlilN1ZrCXiZuTCsnR7JW/vDBmaQQSmaBad10nQT+jCjkTMCl5qYaEshEdQNdQSSPQfja7eWKfGCW0+7EyJdGeqb8nMhppPY4C0xlRHOpFbyr+53VT7F/4GZdJiiDZfFE/FTbG9jQAO+QKGIqxIZQpbm612ZAqytDEVDIhuIsvL5N2rerWq7Xbs0rjMo+jSI7IMTklLjknDXJDmqRFGEnIM3klb1ZqvVjv1se8tWDlM4fkD6zPH+hIkZI=</latexit>

Figure 6. The analog of figure 4 for the late time entanglement wedge of the radiation. The

rightmost picture depicts the interval whose entropy is being considered. The leftmost picture

depicts ΣLate in the 2d gravity picture. There is an entanglement island, disconnected from the

region where the radiation lives. The middle picture depicts the 3d version, the blue region being

the entanglement wedge.

for the black hole, up to possible IR contributions depending on the precise initial state

which not important conceptually, and will be discussed later.

This connection through the extra dimensions can be viewed as a realization of the

ER=EPR idea that the radiation would be connected to the interior of the black hole.5

The extra dimension provides a “bridge” that connects the “island” to the “mainland”,

the mainland being the CFT interval whose entropy we are computing.

The crucial point is that the interior region, which in the two-dimensional picture is

disconnected from the radiation outside (see figure 7), is actually connected through the

extra dimension. We expect that this should be a feature of any situation where we have

a black hole coupled to holographic matter, even in higher dimensions, d > 2.6

This was already suggested as the right prescription on the basis of unitarity in [8, 13].

The argument we gave using the holographic example allows us to derive this fact from

the usual rules of RT/HRT surfaces and entanglement wedges. Of course this derivation

relies on the assumed correctness of the RT/HRT formula for computing von Neumann

entropies.

3.2 Early time entanglement wedges

We consider the setup in [9] that starts from a low temperature black hole, initially de-

coupled from the bath. The coupling between the black hole and the bath is turned on at

t = 0. In order to describe the three-dimensional geometry, we will need some preliminar-

ies. Many of these points are not essential for the main point of our paper, so the reader

who finds them confusing can jump to the next subsection.

5In [14] a picture of an “octopus” was drawn, that was because the radiation was divided into different

parts. Something similar would be the case here too if we were to divide up the radiation in the bath.
6Higher dimensional black holes in Randall-Sundrum have a variety of phases [27–30] and only in some

cases do they evaporate at leading order.
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Figure 7. Spacetime diagram for the formation and evaporation of the black hole. We consider

the entanglement wedges of the radiation. The “island” is the left wedge, which is disconnected

from the right one.

3.2.1 The decoupled state

Suppose that we have a two-dimensional conformal field theory with a simple, Cardy

conformal boundary condition [31]. This type of boundary does not carry any energy, so

that T++ = T−− at the boundary. The holographic dual of such a boundary condition

corresponds to a brane in AdS3 with extrinsic curvature proportional to the metric. The

metric will be (2.7) with boundary at σw = (w+ −w−)/2 = 0. We will call such a brane a

“Cardy” brane. For simplicity, we consider a brane that goes straight down at σw = 0 in

the bulk, see figure 8. This brane contains no dilaton or any Ricci curvature term on its

surface.7

Consider an initial state where the bath and black hole are decoupled. This means

that the CFT will have a boundary condition, which is taken to be the conformal boundary

condition described above. The holographic dual consists of two disconnected geometries,

see figure 8.

3.2.2 Coupling the black hole and the bath CFT

We now consider coupling the two systems. (See [34–39] for studies of local quenches

in two-dimensional CFTs.) If we were to suddenly couple them at t = 0, we would get

an infinite pulse of energy. Instead we imagine that we couple them over some time ∆t.

The state that we get after this will have a pulse of energy of the order E ∝ c
∆t . An

approximate form for the state can be obtained by considering the Euclidean problem,

joining it suddenly and then evolving in Euclidean time for an amount ∆t.

This leads to a Lorentzian 3d geometry such that, at t = 0, the Cardy brane is

situated somewhere in the bulk, displaced away from the physical boundary towards the

AdS3 interior. Its precise shape depends on the coordinates used, but a sketch can be seen

7In principle, the Cardy brane could also go down at an angle, due to a nonzero tension, and it could

also contain an Einstein term which is topological. Such terms lead to a nonzero boundary entropy [32],

see [33].
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�w = 0
<latexit sha1_base64="Kz+YroUHTUeesP/6mnKWBRgT+6g=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoBeh4MVjBfsB3aVk02wbmmSXJKuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMi1LBjcX42yutrW9sbpW3Kzu7e/sH1cOjtkkyTVmLJiLR3YgYJrhiLcutYN1UMyIjwTrR+Hbmdx6ZNjxRD3aSslCSoeIxp8Q6KQgMH0rSf0I3CPerNVzHc6BV4hekBgWa/epXMEhoJpmyVBBjej5ObZgTbTkVbFoJMsNSQsdkyHqOKiKZCfP5zVN05pQBihPtSlk0V39P5EQaM5GR65TEjsyyNxP/83qZja/DnKs0s0zRxaI4E8gmaBYAGnDNqBUTRwjV3N2K6IhoQq2LqeJC8JdfXiXti7qP6/79Za2BizjKcAKncA4+XEED7qAJLaCQwjO8wpuXeS/eu/exaC15xcwx/IH3+QPSn5DQ</latexit><latexit sha1_base64="Kz+YroUHTUeesP/6mnKWBRgT+6g=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoBeh4MVjBfsB3aVk02wbmmSXJKuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMi1LBjcX42yutrW9sbpW3Kzu7e/sH1cOjtkkyTVmLJiLR3YgYJrhiLcutYN1UMyIjwTrR+Hbmdx6ZNjxRD3aSslCSoeIxp8Q6KQgMH0rSf0I3CPerNVzHc6BV4hekBgWa/epXMEhoJpmyVBBjej5ObZgTbTkVbFoJMsNSQsdkyHqOKiKZCfP5zVN05pQBihPtSlk0V39P5EQaM5GR65TEjsyyNxP/83qZja/DnKs0s0zRxaI4E8gmaBYAGnDNqBUTRwjV3N2K6IhoQq2LqeJC8JdfXiXti7qP6/79Za2BizjKcAKncA4+XEED7qAJLaCQwjO8wpuXeS/eu/exaC15xcwx/IH3+QPSn5DQ</latexit><latexit sha1_base64="Kz+YroUHTUeesP/6mnKWBRgT+6g=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoBeh4MVjBfsB3aVk02wbmmSXJKuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMi1LBjcX42yutrW9sbpW3Kzu7e/sH1cOjtkkyTVmLJiLR3YgYJrhiLcutYN1UMyIjwTrR+Hbmdx6ZNjxRD3aSslCSoeIxp8Q6KQgMH0rSf0I3CPerNVzHc6BV4hekBgWa/epXMEhoJpmyVBBjej5ObZgTbTkVbFoJMsNSQsdkyHqOKiKZCfP5zVN05pQBihPtSlk0V39P5EQaM5GR65TEjsyyNxP/83qZja/DnKs0s0zRxaI4E8gmaBYAGnDNqBUTRwjV3N2K6IhoQq2LqeJC8JdfXiXti7qP6/79Za2BizjKcAKncA4+XEED7qAJLaCQwjO8wpuXeS/eu/exaC15xcwx/IH3+QPSn5DQ</latexit><latexit sha1_base64="Kz+YroUHTUeesP/6mnKWBRgT+6g=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoBeh4MVjBfsB3aVk02wbmmSXJKuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMi1LBjcX42yutrW9sbpW3Kzu7e/sH1cOjtkkyTVmLJiLR3YgYJrhiLcutYN1UMyIjwTrR+Hbmdx6ZNjxRD3aSslCSoeIxp8Q6KQgMH0rSf0I3CPerNVzHc6BV4hekBgWa/epXMEhoJpmyVBBjej5ObZgTbTkVbFoJMsNSQsdkyHqOKiKZCfP5zVN05pQBihPtSlk0V39P5EQaM5GR65TEjsyyNxP/83qZja/DnKs0s0zRxaI4E8gmaBYAGnDNqBUTRwjV3N2K6IhoQq2LqeJC8JdfXiXti7qP6/79Za2BizjKcAKncA4+XEED7qAJLaCQwjO8wpuXeS/eu/exaC15xcwx/IH3+QPSn5DQ</latexit>

Cardy branes
<latexit sha1_base64="OwBtsfyj2d2WyMBtpndIigX0izY=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwFHajoOAlkIvHCOYBSQizk04yZHZ2mekVlyX+ihcPinj1Q7z5N04eB00saCiquunuCmIpDHret7O2vrG5tZ3bye/u7R8cukfHDRMlmkOdRzLSrYAZkEJBHQVKaMUaWBhIaAbj6tRvPoA2IlL3mMbQDdlQiYHgDK3UcwsdhEfMqkz3UxpopsBMem7RK3kz0FXiL0iRLFDruV+dfsSTEBRyyYxp+16M3YxpFFzCJN9JDMSMj9kQ2pYqFoLpZrPjJ/TMKn06iLQthXSm/p7IWGhMGga2M2Q4MsveVPzPayc4uO5mQsUJguLzRYNEUozoNAnaFxo4ytQSxrWwt1I+YppxtHnlbQj+8surpFEu+Rel8t1lsXKziCNHTsgpOSc+uSIVcktqpE44SckzeSVvzpPz4rw7H/PWNWcxUyB/4Hz+AB+PlQ0=</latexit>

Bath CFT
<latexit sha1_base64="YK/Q7vEqvH930yeB7BJLd8zMRaM=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzJTBQU3xYK4rNAXtEPJpJk2NJMZkjtiHfolblwo4tZPceffmLaz0NYDgcM593JPjh8LrsFxvq3c2vrG5lZ+u7Czu7dftA8OWzpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX9cW3mtx+Y0jySDZjEzAvJUPKAUwJG6tvFHrBHSG8IjHDttjHt2yWn7MyBV4mbkRLKUO/bX71BRJOQSaCCaN11nRi8lCjgVLBpoZdoFhM6JkPWNVSSkGkvnQef4lOjDHAQKfMk4Ln6eyMlodaT0DeToUmol72Z+J/XTSC48lIu4wSYpItDQSIwRHjWAh5wxSiIiSGEKm6yYjoiilAwXRVMCe7yl1dJq1J2z8uV+4tS9TqrI4+O0Qk6Qy66RFV0h+qoiShK0DN6RW/Wk/VivVsfi9Gcle0coT+wPn8ATDOS0w==</latexit>

Planck brane
<latexit sha1_base64="LyaGTLeRZqI6FIWmYsPJhZDWBpU=">AAAB/HicbVDLSgNBEJyNrxhf0Ry9DAbBU9iNgoKXgBePEcwDkiXMTjrJkNnZZaZXDEv8FS8eFPHqh3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRojk0eCQj3Q6YASkUNFCghHasgYWBhFYwvpn5rQfQRkTqHicx+CEbKjEQnKGVesVSF+ER07pkio9poJmCaa9YdivuHHSVeBkpkwz1XvGr2494EoJCLpkxHc+N0U+ZRsElTAvdxEDM+JgNoWOpYiEYP50fP6WnVunTQaRtKaRz9fdEykJjJmFgO0OGI7PszcT/vE6Cgys/FSpOEBRfLBokkmJEZ0nQvtDAUU4sYVwLeyvlI6YZR5tXwYbgLb+8SprVindeqd5dlGvXWRx5ckxOyBnxyCWpkVtSJw3CyYQ8k1fy5jw5L86787FozTnZTIn8gfP5AwxClQA=</latexit>

Black Hole
<latexit sha1_base64="GMvGpDNJpn1dCV5yyO37eSkqTxQ=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclZkqKLgpuumygn1AO5RMmrahmWRI7qhl7Ke4caGIW7/EnX9j2s5CWw8EDufcV04YC27A876dldW19Y3N3FZ+e2d3b98tHDSMSjRldaqE0q2QGCa4ZHXgIFgr1oxEoWDNcHQz9Zv3TBuu5B2MYxZEZCB5n1MCVuq6hQ6wR0ivBaEjXFWCTbpu0St5M+Bl4mekiDLUuu5Xp6doEjEJVBBj2r4XQ5ASDZzaeflOYlhsx5MBa1sqScRMkM5On+ATq/RwX2n7JOCZ+rsjJZEx4yi0lRGBoVn0puJ/XjuB/mWQchknwCSdL+onAoPC0xxwj2tGQYwtIVRzeyumQ6IJBZtW3obgL355mTTKJf+sVL49L1ausjhy6Agdo1PkowtUQVVUQ3VE0QN6Rq/ozXlyXpx352NeuuJkPYfoD5zPHzS2k/A=</latexit>

Figure 8. The decoupled black hole (on the left) and the bath CFT (on the right). We have shown

a constant time slice in the 3d geometry. The thick vertical lines are the “Cardy” branes, which

are the holographic dual of conformal boundary conditions.

EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Black hole
<latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit>

Original
<latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit>

horizon
<latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit> EW

<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Bath
<latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit>

Cardy brane
<latexit sha1_base64="QM1wglRlejZx4ovxFiSGi/4oc5Y=">AAAB+3icbVDLTgJBEJz1ifhCPHqZSEw8kV00kSMJF4+YyCOBDZkdGpgwO7uZ6TWQDb/ixYPGePVHvPk3DrAHBSvppFLVne6uIJbCoOt+O1vbO7t7+7mD/OHR8clp4azYMlGiOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjCpL/z2E2gjIvWIsxj8kI2UGArO0Er9QrGHMMW0zvRgRgPNFMz7hZJbdpegm8TLSIlkaPQLX71BxJMQFHLJjOl6box+yjQKLmGe7yUGYsYnbARdSxULwfjp8vY5vbLKgA4jbUshXaq/J1IWGjMLA9sZMhybdW8h/ud1ExxW/VSoOEFQfLVomEiKEV0EQQdCA0c5s4RxLeytlI+ZZhxtXHkbgrf+8iZpVcreTbnycFuqVbM4cuSCXJJr4pE7UiP3pEGahJMpeSav5M2ZOy/Ou/Oxat1ysplz8gfO5w9D/pSN</latexit>

�0
<latexit sha1_base64="CaXfPbJVl2g25QcxjF+xCWGCmf8=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWwR4LXjxWsB/QLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTun3DR5IMvEG54lW9BfA68XNSgRzNQfmrP4xpKpmyVBBjer6X2CAj2nIq2KzUTw1LCJ2QEes5qohkJsgW987whVOGOIq1K2XxQv09kRFpzFSGrlMSOzar3lz8z+ulNqoHGVdJapmiy0VRKrCN8fx5POSaUSumjhCqubsV0zHRhFoXUcmF4K++vE7atap/Va3dX1ca9TyOIpzBOVyCDzfQgDtoQgsoCHiGV3hDj+gFvaOPZWsB5TOn8Afo8wfCjY/A</latexit>

EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Original
<latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit>

horizon
<latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit>

Black hole
<latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit>

EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Bath
<latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit>

Cardy brane
<latexit sha1_base64="QM1wglRlejZx4ovxFiSGi/4oc5Y=">AAAB+3icbVDLTgJBEJz1ifhCPHqZSEw8kV00kSMJF4+YyCOBDZkdGpgwO7uZ6TWQDb/ixYPGePVHvPk3DrAHBSvppFLVne6uIJbCoOt+O1vbO7t7+7mD/OHR8clp4azYMlGiOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjCpL/z2E2gjIvWIsxj8kI2UGArO0Er9QrGHMMW0zvRgRgPNFMz7hZJbdpegm8TLSIlkaPQLX71BxJMQFHLJjOl6box+yjQKLmGe7yUGYsYnbARdSxULwfjp8vY5vbLKgA4jbUshXaq/J1IWGjMLA9sZMhybdW8h/ud1ExxW/VSoOEFQfLVomEiKEV0EQQdCA0c5s4RxLeytlI+ZZhxtXHkbgrf+8iZpVcreTbnycFuqVbM4cuSCXJJr4pE7UiP3pEGahJMpeSav5M2ZOy/Ou/Oxat1ysplz8gfO5w9D/pSN</latexit>

�0
<latexit sha1_base64="CaXfPbJVl2g25QcxjF+xCWGCmf8=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWwR4LXjxWsB/QLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTun3DR5IMvEG54lW9BfA68XNSgRzNQfmrP4xpKpmyVBBjer6X2CAj2nIq2KzUTw1LCJ2QEes5qohkJsgW987whVOGOIq1K2XxQv09kRFpzFSGrlMSOzar3lz8z+ulNqoHGVdJapmiy0VRKrCN8fx5POSaUSumjhCqubsV0zHRhFoXUcmF4K++vE7atap/Va3dX1ca9TyOIpzBOVyCDzfQgDtoQgsoCHiGV3hDj+gFvaOPZWsB5TOn8Afo8wfCjY/A</latexit>

ye
<latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit>

EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Original
<latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit>

horizon
<latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit>

Black
hole

<latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit><latexit sha1_base64="y9Q1TLEc3lq/eHfL4X2+3ZJlYYI=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkRdFl047KCfUBbSia904ZmJkNyRy1jP8WNC0Xc+iXu/BvTdhbaeiBwOOe+coJECoOe9+2srK6tb2wWtorbO7t7+27poGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMYXU/95j1oI1R8h+MEuhEbxCIUnKGVem6pg/CI2ZVkfESHSsKk55a9ijcDXSZ+TsokR63nfnX6iqcRxMglM6btewl2M6ZRcDuv2EkNJHY8G0Db0phFYLrZ7PQJPbFKn4ZK2xcjnam/OzIWGTOOAlsZMRyaRW8q/ue1Uwwvu5mIkxQh5vNFYSopKjrNgfaFBo5ybAnjWthbKR8yzTjatIo2BH/xy8ukcVbxvYp/e16uenkcBXJEjskp8ckFqZIbUiN1wskDeSav5M15cl6cd+djXrri5D2H5A+czx9hGZQB</latexit>

EW
<latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit><latexit sha1_base64="4ryyd/uDJf29UVtL1ucW6gsFliI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8FETxWsK3SLiWbpm1okl2SWbEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelEhh0fe/vcLK6tr6RnGztLW9s7tX3j9o2jg1jDdYLGNzH1HLpdC8gQIlv08MpyqSvBWNrqZ+65EbK2J9h+OEh4oOtOgLRtFJDx3kT5hdtybdcsWv+jOQZRLkpAI56t3yV6cXs1RxjUxSa9uBn2CYUYOCST4pdVLLE8pGdMDbjmqquA2z2cETcuKUHunHxpVGMlN/T2RUWTtWketUFId20ZuK/3ntFPuXYSZ0kiLXbL6on0qCMZl+T3rCcIZy7AhlRrhbCRtSQxm6jEouhGDx5WXSPKsGfjW4Pa/U/DyOIhzBMZxCABdQgxuoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz//2ZB3</latexit>

Bath
<latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit><latexit sha1_base64="YpXGyovWoEymYeoHtHp0llrIMc4=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lMl00g6dTMLMjVhCP8ONC0Xc+jXu/BunbRbaemDgcM69zLknTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbSS30P+hPkNxdG0X625dXcOskq8gtSgQLNf/eoNEpbFXCGT1Bjfc1MMcqpRMMmnlV5meErZmA65b6miMTdBPo88JWdWGZAo0fYpJHP190ZOY2MmcWgnY5vOLHsz8T/PzzC6DnKh0gy5YouPokwSTMjsfjIQmjOUE0so08JmJWxENWVoW6rYErzlk1dJ+6LuuXXv/rLWcIs6ynACp3AOHlxBA+6gCS1gkMAzvMKbg86L8+58LEZLTrFzDH/gfP4Aqb+Rbg==</latexit>

�0
<latexit sha1_base64="CaXfPbJVl2g25QcxjF+xCWGCmf8=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWwR4LXjxWsB/QLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTun3DR5IMvEG54lW9BfA68XNSgRzNQfmrP4xpKpmyVBBjer6X2CAj2nIq2KzUTw1LCJ2QEes5qohkJsgW987whVOGOIq1K2XxQv09kRFpzFSGrlMSOzar3lz8z+ulNqoHGVdJapmiy0VRKrCN8fx5POSaUSumjhCqubsV0zHRhFoXUcmF4K++vE7atap/Va3dX1ca9TyOIpzBOVyCDzfQgDtoQgsoCHiGV3hDj+gFvaOPZWsB5TOn8Afo8wfCjY/A</latexit>

(a) t = 0
<latexit sha1_base64="faKxQjJuVlkYLr7j4Ecj2PqdPtA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSxChVKSKtiLUPDisYKthSaUzXbTLt18sDuRlpC/4sWDIl79I978N27bHLT1wcDjvRlm5nmx4Aos69sobGxube8Ud0t7+weHR+ZxuauiRFLWoZGIZM8jigkesg5wEKwXS0YCT7BHb3I79x+fmFQ8Ch9gFjM3IKOQ+5wS0NLALFcdYFNISXbh1JwahhtrYFasurUAXid2TiooR3tgfjnDiCYBC4EKolTftmJwUyKBU8GykpMoFhM6ISPW1zQkAVNuurg9w+daGWI/krpCwAv190RKAqVmgac7AwJjterNxf+8fgJ+0015GCfAQrpc5CcCQ4TnQeAhl4yCmGlCqOT6VkzHRBIKOq6SDsFefXmddBt1+7LeuL+qtJp5HEV0is5QFdnoGrXQHWqjDqJoip7RK3ozMuPFeDc+lq0FI585QX9gfP4AM56TNQ==</latexit>

(b) 0 < t < tPage
<latexit sha1_base64="lLyvx7DGvoyCz6+y95FEWWcgZC0=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GIEMJuFExhEbCxjGAekF3C7GSSDJl9MHNXDEt+wMZfsbFQxNbezr9xNtlCEw9cOJxz7525x4sEV2BZ30ZuZXVtfSO/Wdja3tndM/cPWiqMJWVNGopQdjyimOABawIHwTqRZMT3BGt74+vUb98zqXgY3MEkYq5PhgEfcEpASz3zpOQAe4DEm545ZaeMLXyFIa3eXG+QIZv2zKJVsWbAy8TOSBFlaPTML6cf0thnAVBBlOraVgRuQiRwKti04MSKRYSO9fKupgHxmXKT2TVTfKqVPh6EUlcAeKb+nkiIr9TE93SnT2CkFr1U/M/rxjCouQkPohhYQOcPDWKBIcRpNLjPJaMgJpoQKrn+K6YjIgkFHWBBh2AvnrxMWtWKfV6p3l4U67Usjjw6QseohGx0ieroBjVQE1H0iJ7RK3oznowX4934mLfmjGzmEP2B8fkDtaWaDg==</latexit>

(c) t > tPage
<latexit sha1_base64="V1RKO1/cS9TECoef8OOG2PHBVBo=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVSkmqYFdScOOygn1AE8JkOm2HTh7M3IglZOvGX3HjQhG3/oE7/8Zpm4W2HrhwOOfemXuPHwuuwLK+jZXVtfWNzcJWcXtnd2/fPDhsqyiRlLVoJCLZ9YligoesBRwE68aSkcAXrOOPr6d+555JxaPwDiYxcwMyDPmAUwJa8kxcdoA9QEqzM6fiVDDgKwzeXGuSIcs8s2RVrRnwMrFzUkI5mp755fQjmgQsBCqIUj3bisFNiQROBcuKTqJYTOhYP97TNCQBU246uyTDp1rp40EkdYWAZ+rviZQESk0CX3cGBEZq0ZuK/3m9BAZ1N+VhnAAL6fyjQSIwRHgaC+5zySiIiSaESq53xXREJKGgwyvqEOzFk5dJu1a1z6u124tSo57HUUDH6ASVkY0uUQPdoCZqIYoe0TN6RW/Gk/FivBsf89YVI585Qn9gfP4AAC6ZPQ==</latexit>

Figure 9. We show the profile of the simple boundary brane in the bulk at t = 0. At later

times it falls in, in the sense that the physical distance to the boundary increases. We have also

shown the black hole entanglement wedges. Where we assumed we started from a black hole at

low temperature where the initial horizon is located where we indicated. The pink region is the

entanglement wedge of the black hole, while the complementary blue region is the entanglement

wedge of the bath.

in figure 9(a). As time progresses, this brane falls deeper towards the interior of AdS3 and

becomes more distant from the physical boundary.

We consider an initial black hole which is at a very low (but nonzero) temperature,

much lower than the temperature of the black hole that results after the energy pulse falls

in. The entanglement wedge goes very close to the original horizon (the horizon before the

energy pulse comes in), and the entanglement wedge of the black hole contains most of the

region associated to the black hole, see figure 9(a).

As time progresses, the topology of the figure 9(a) stays similar, but as the brane

falls deeper into the bulk, its distance from the boundary increases, leading to a growing

entropy, as shown in figure 9(b). This growing entropy can be physically interpreted as

the building up of entanglement between the Hawking modes escaping into the bath and

their partners trapped behind the event horizon. This entropy is equal to the entropy of
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QM
<latexit sha1_base64="HyCMH0FSarNArmpEPpSpe79/5Sw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYuQgHlIsoTZySQZMju7zPSKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6GbqNx+5NiJS9ziOuR/SgRJ9wSha6aGD/AnT2t2kWyi6JXcGsky8jBQhQ7Vb+Or0IpaEXCGT1Ji258bop1SjYJJP8p3E8JiyER3wtqWKhtz46ezgCTm1So/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+j3pCc0ZyrEllGlhbyVsSDVlaDPK2xC8xZeXSaNc8s5L5dpFsXKdxZGDYziBM/DgEipwC1WoA4MQnuEV3hztvDjvzse8dcXJZo7gD5zPHwm2kI8=</latexit>

2d-Gravity
<latexit sha1_base64="DXcV7Ft6cd75OCMFKoj+hApzYzc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBiyWpgh6LHvRYwX5AG8pms2mXbjZhd1INsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82LOFNj2t1FYWV1b3yhulra2d3b3zPJ+S0WJJLRJIh7JjocV5UzQJjDgtBNLikOP07Y3up767TGVikXiHtKYuiEeCBYwgkFLfbPcA/oIWc0/vZF4zCCd9M2KXbVnsJaJk5MKytHom189PyJJSAUQjpXqOnYMboYlMMLppNRLFI0xGeEB7WoqcEiVm81On1jHWvGtIJK6BFgz9fdEhkOl0tDTnSGGoVr0puJ/XjeB4NLNmIgToILMFwUJtyCypjlYPpOUAE81wUQyfatFhlhiAjqtkg7BWXx5mbRqVeesWrs7r9Sv8jiK6BAdoRPkoAtUR7eogZqIoAf0jF7Rm/FkvBjvxse8tWDkMwfoD4zPH2xOlBs=</latexit>

3d-Gravity
<latexit sha1_base64="840+pzZVLUtPGYEkdvxFOj2T5Lo=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHcWJJW0GXRhS4r2Ae0oUwmk3bo5MHMTTXEfoobF4q49Uvc+TdO2yy09cCFwzn3cu89biy4Asv6NlZW19Y3Ngtbxe2d3b19s3TQUlEiKWvSSESy4xLFBA9ZEzgI1oklI4ErWNsdXU/99phJxaPwHtKYOQEZhNznlICW+mapB+wRspp3diPJmEM66Ztlq2LNgJeJnZMyytHom189L6JJwEKggijVta0YnIxI4FSwSbGXKBYTOiID1tU0JAFTTjY7fYJPtOJhP5K6QsAz9fdERgKl0sDVnQGBoVr0puJ/XjcB/9LJeBgnwEI6X+QnAkOEpzlgj0tGQaSaECq5vhXTIZGEgk6rqEOwF19eJq1qxa5Vqnfn5fpVHkcBHaFjdIpsdIHq6BY1UBNR9ICe0St6M56MF+Pd+Ji3rhj5zCH6A+PzB23clBw=</latexit>

ye
<latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit><latexit sha1_base64="CJgMI2RTdZKNUClZUWYutJ+e734=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6yIY4rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPj51QZzgTOKoNUY0LZlI6xb6mkEWo/X5w6IxdWGZEwVrakIQv190ROI62zKLCdETUTverNxf+8fmrCGz/nMkkNSrZcFKaCmJjM/yYjrpAZkVlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmm4RRxnO4BwuwYMGNOEOWtAGBmN4hld4c4Tz4rw7H8vWklPMnMIfOJ8/VpyNww==</latexit>

Original
<latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit><latexit sha1_base64="/OImNnW21bro2sPUKthtuh1Kz4k=">AAAB+HicbVBNS8NAEN3Ur1o/WvXoZbEInkoigh4LXrxZwX5AG8pmO2mXbjZhdyLW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/vlysFhy8Sp5tDksYx1J2AGpFDQRIESOokGFgUS2sH4eua3H0AbEat7nCTgR2yoRCg4Qyv1K+UewiNmt1oMhWJy2q9U3Zo7B10lXk6qJEejX/nqDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHT+mpVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPIzoZIUQfHFojCVFGM6S4EOhAaOcmIJ41rYWykfMc042qxKNgRv+eVV0jqveW7Nu7uo1t08jiI5JifkjHjkktTJDWmQJuEkJc/klbw5T86L8+58LFoLTj5zRP7A+fwBYpSTfQ==</latexit>

horizon
<latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit><latexit sha1_base64="t08DoatFonW5njBVgJx/GrNGjTg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF+wFtLJvtpF262Q27E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1gwZTQul2SA0ILqGBHAW0Ew00DgW0wtHV1G/dgzZcyVscJxDEdCB5xBlFK911ER4xGyrNn5Sc9MoVr+rN4C4TPycVkqPeK391+4qlMUhkghrT8b0Eg4xq5EzApNRNDSSUjegAOpZKGoMJstnVE/fEKn03UtqWRHem/p7IaGzMOA5tZ0xxaBa9qfif10kxugwyLpMUQbL5oigVLip3GoHb5xoYirEllGlub3XZkGrK0AZVsiH4iy8vk+ZZ1feq/s15peblcRTJETkmp8QnF6RGrkmdNAgjmjyTV/LmPDgvzrvzMW8tOPnMIfkD5/MHfmWTFg==</latexit>

Island
<latexit sha1_base64="3gOzB1SL6yFgCnFxkhUqpEVtVCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8laQKCl4KXvRWwX5AG8pms2mXbjZxd1Isob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8xPBNTrOt7Wyura+sVnYKm7v7O7tlw4OmzpOFWUNGotYtX2imeCSNZCjYO1EMRL5grX84c3Ub42Y0jyWDzhOmBeRvuQhpwSN5HWRPWF2pwWRwaRXKjsVZwZ7mbg5KUOOeq/01Q1imkZMIhVE647rJOhlRCGngk2K3VSzhNAh6bOOoZJETHvZ7OiJfWqUwA5jZUqiPVN/T2Qk0noc+aYzIjjQi95U/M/rpBheeRmXSYpM0vmiMBU2xvY0ATvgilEUY0MIVdzcatMBUYSiyaloQnAXX14mzWrFPa9U7y/Ktes8jgIcwwmcgQuXUINbqEMDKDzCM7zCmzWyXqx362PeumLlM0fwB9bnD0+hkm0=</latexit>

�0
<latexit sha1_base64="7FJzzRD0Vgnl3PBiCzraOo1za08=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxgv2AdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rBztJWCDJUPGIU2Kd1OkZPpSk7/XLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdF1kHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukVav6F9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AxFuPxg==</latexit>

�IR
<latexit sha1_base64="FF68iLIWpj3WzeVtmAe/LN9cpdA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoOCl4EVvVewHNCFstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTIFtfxultfWNza3ydmVnd2//wDysdlScSkLbJOax7AVYUc4EbQMDTnuJpDgKOO0G45uZ332iUrFYPMI0oV6Eh4KFjGDQkm9WXcWGEfYzF+gEsruHPPfNml2357BWiVOQGirQ8s0vdxCTNKICCMdK9R07AS/DEhjhNK+4qaIJJmM8pH1NBY6o8rL57bl1qpWBFcZSlwBrrv6eyHCk1DQKdGeEYaSWvZn4n9dPIbzyMiaSFKggi0Vhyi2IrVkQ1oBJSoBPNcFEMn2rRUZYYgI6rooOwVl+eZV0GnXnvN64v6g1r4s4yugYnaAz5KBL1ES3qIXaiKAJekav6M3IjRfj3fhYtJaMYuYI/YHx+QOtLJTU</latexit>
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Figure 10. An improved version of figure 6 showing the entanglement wedge of the radiation

including a contribution from the initial black hole horizon, and a contribution from the IR cutoff

in the CFT. Both these contributions are smaller than SiBek.

the radiation and goes as

SBlack Hole(t) ∼ SRad(t) =
πc

6

∫ t

0
dt′ T (t′) = 2SiBek

(
1− e−

κ
2
t
)
, (3.3)

where T (t′) is the temperature at time t′. Here SiBek is the coarse-grained Bekenstein-

Hawking entropy of the black hole that forms after the pulse falls in. Denoting its tem-

perature by Ti, we find that T (t) ∼ Tie
−κ

2
t due to black hole evaporation [40]. Here κ is

proportional to c and also to the effective gravitational coupling of the 2d gravity theory,

see [9] for details.

The important point about (3.3) is that it rises continuously and it saturates at twice

the initial black hole entropy. In the context of figure 9 this means that we can neglect

the contribution of the leftmost RT/HRT surface that ends at the original horizon. The

factor of two in (3.3) arises because the Hawking radiation is not adiabatic and it generates

coarse grained entropy [4] (see also [8]).

3.2.3 A slightly more precise picture for the entropy of radiation

Having specified the initial state in more detail, we can be slightly more precise about the

entropy of radiation at late times. There are a couple of new contributions.

First, the initial state had some entropy, S0, associated to the horizon of the original

low-temperature black hole. We are imagining that S0 is much smaller than the Bekenstein-

Hawking entropy SiBek of the black hole created by the pulse of energy. Nevertheless, this

implies that, to the left of the “island”, there is also a piece of the RT/HRT surface

associated with this original horizon, see figure 10 middle.

In addition, we can consider radiation as living in a finite interval [σ0, σIR] where σIR

is big enough to contain the entire Hawking radiation, in particular, larger than the total

evaporation time. Then there is a second surface that ends on this endpoint and goes to

the “Cardy” brane. See figure 10. This surface gives rise to a relatively small entropy

proportional to c
6 log σIR � SiBek.
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<latexit sha1_base64="IylR5hxIlnikamLoG8XRiRKQ4BI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchH1ZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A5QOjd0=</latexit><latexit sha1_base64="IylR5hxIlnikamLoG8XRiRKQ4BI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchH1ZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A5QOjd0=</latexit><latexit sha1_base64="IylR5hxIlnikamLoG8XRiRKQ4BI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchH1ZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A5QOjd0=</latexit><latexit sha1_base64="IylR5hxIlnikamLoG8XRiRKQ4BI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchH1ZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A5QOjd0=</latexit>

1 2 3 4
κ t

Early-time surface
Late-time surface

2S0
<latexit sha1_base64="CUyUIKTF4Cdq28VNO8u3D4UaIyY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchHlZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5Az2qjaQ=</latexit><latexit sha1_base64="CUyUIKTF4Cdq28VNO8u3D4UaIyY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchHlZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5Az2qjaQ=</latexit><latexit sha1_base64="CUyUIKTF4Cdq28VNO8u3D4UaIyY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchHlZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5Az2qjaQ=</latexit><latexit sha1_base64="CUyUIKTF4Cdq28VNO8u3D4UaIyY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8kWQY8FLx4r2g9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWLa8Fg92lnCAknGikecEptLjYchHlZruI4XQOvEL0gNCrSG1a/BKKapZMpSQYzp+zixQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaMLp4xQFGtXyqKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ugkyrpLUMkWXi6JUIBuj/HE04ppRK2aOEKq5uxXRCdGEWhdPxYXgr768TjqNuo/r/v1VrYmLOMpwBudwCT5cQxPuoAVtoDCBZ3iFN096L96797FsLXnFzCn8gff5Az2qjaQ=</latexit>

2S0 + Si
<latexit sha1_base64="h3MRnfXShtyP3EnlCHR1YJ2Joq4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEEq2CHosePFYqf2AdlmyabYNzWa3SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFySCa4Pxt1PY2Nza3inulvb2Dw6PyscnbR2nirIWjUWsugHRTHDJWoYbwbqJYiQKBOsE47u533liSvNYPpppwryIDCUPOSXGSt1a08dXTZ/75Qqu4gXQOnFzUoEcDb/81R/ENI2YNFQQrXsuToyXEWU4FWxW6qeaJYSOyZD1LJUkYtrLFvfO0IVVBiiMlS1p0EL9PZGRSOtpFNjOiJiRXvXm4n9eLzXhrZdxmaSGSbpcFKYCmRjNn0cDrhg1YmoJoYrbWxEdEUWosRGVbAju6svrpF2rurjqPlxX6jiPowhncA6X4MIN1OEeGtACCgKe4RXenInz4rw7H8vWgpPPnMIfOJ8/xWqPEg==</latexit><latexit sha1_base64="h3MRnfXShtyP3EnlCHR1YJ2Joq4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEEq2CHosePFYqf2AdlmyabYNzWa3SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFySCa4Pxt1PY2Nza3inulvb2Dw6PyscnbR2nirIWjUWsugHRTHDJWoYbwbqJYiQKBOsE47u533liSvNYPpppwryIDCUPOSXGSt1a08dXTZ/75Qqu4gXQOnFzUoEcDb/81R/ENI2YNFQQrXsuToyXEWU4FWxW6qeaJYSOyZD1LJUkYtrLFvfO0IVVBiiMlS1p0EL9PZGRSOtpFNjOiJiRXvXm4n9eLzXhrZdxmaSGSbpcFKYCmRjNn0cDrhg1YmoJoYrbWxEdEUWosRGVbAju6svrpF2rurjqPlxX6jiPowhncA6X4MIN1OEeGtACCgKe4RXenInz4rw7H8vWgpPPnMIfOJ8/xWqPEg==</latexit><latexit sha1_base64="h3MRnfXShtyP3EnlCHR1YJ2Joq4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEEq2CHosePFYqf2AdlmyabYNzWa3SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFySCa4Pxt1PY2Nza3inulvb2Dw6PyscnbR2nirIWjUWsugHRTHDJWoYbwbqJYiQKBOsE47u533liSvNYPpppwryIDCUPOSXGSt1a08dXTZ/75Qqu4gXQOnFzUoEcDb/81R/ENI2YNFQQrXsuToyXEWU4FWxW6qeaJYSOyZD1LJUkYtrLFvfO0IVVBiiMlS1p0EL9PZGRSOtpFNjOiJiRXvXm4n9eLzXhrZdxmaSGSbpcFKYCmRjNn0cDrhg1YmoJoYrbWxEdEUWosRGVbAju6svrpF2rurjqPlxX6jiPowhncA6X4MIN1OEeGtACCgKe4RXenInz4rw7H8vWgpPPnMIfOJ8/xWqPEg==</latexit><latexit sha1_base64="h3MRnfXShtyP3EnlCHR1YJ2Joq4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEEq2CHosePFYqf2AdlmyabYNzWa3SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFySCa4Pxt1PY2Nza3inulvb2Dw6PyscnbR2nirIWjUWsugHRTHDJWoYbwbqJYiQKBOsE47u533liSvNYPpppwryIDCUPOSXGSt1a08dXTZ/75Qqu4gXQOnFzUoEcDb/81R/ENI2YNFQQrXsuToyXEWU4FWxW6qeaJYSOyZD1LJUkYtrLFvfO0IVVBiiMlS1p0EL9PZGRSOtpFNjOiJiRXvXm4n9eLzXhrZdxmaSGSbpcFKYCmRjNn0cDrhg1YmoJoYrbWxEdEUWosRGVbAju6svrpF2rurjqPlxX6jiPowhncA6X4MIN1OEeGtACCgKe4RXenInz4rw7H8vWgpPPnMIfOJ8/xWqPEg==</latexit>

t
<latexit sha1_base64="YuC4AolqjnFCIxMWNT0jEKqgFKo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4dua3n5g2PJUPdqJYmOBQ8phTtE7q9MaoFBLbr1T9mj8HWSVBQapQoNGvfPUGKc0SJi0VaEw38JUNc9SWU8Gm5V5mmEI6xiHrOioxYSbM5/dOyblTBiROtStpyVz9PZFjYswkiVxngnZklr2Z+J/XzWx8E+ZcqswySReL4kwQm5LZ82TANaNWTBxBqrm7ldARaqTWRVR2IQTLL6+S1mUt8GvB/VW17hdxlOAUzuACAriGOtxBA5pAQcAzvMKb9+i9eO/ex6J1zStmTuAPvM8fv/GPtQ==</latexit><latexit sha1_base64="YuC4AolqjnFCIxMWNT0jEKqgFKo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4dua3n5g2PJUPdqJYmOBQ8phTtE7q9MaoFBLbr1T9mj8HWSVBQapQoNGvfPUGKc0SJi0VaEw38JUNc9SWU8Gm5V5mmEI6xiHrOioxYSbM5/dOyblTBiROtStpyVz9PZFjYswkiVxngnZklr2Z+J/XzWx8E+ZcqswySReL4kwQm5LZ82TANaNWTBxBqrm7ldARaqTWRVR2IQTLL6+S1mUt8GvB/VW17hdxlOAUzuACAriGOtxBA5pAQcAzvMKb9+i9eO/ex6J1zStmTuAPvM8fv/GPtQ==</latexit><latexit sha1_base64="YuC4AolqjnFCIxMWNT0jEKqgFKo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4dua3n5g2PJUPdqJYmOBQ8phTtE7q9MaoFBLbr1T9mj8HWSVBQapQoNGvfPUGKc0SJi0VaEw38JUNc9SWU8Gm5V5mmEI6xiHrOioxYSbM5/dOyblTBiROtStpyVz9PZFjYswkiVxngnZklr2Z+J/XzWx8E+ZcqswySReL4kwQm5LZ82TANaNWTBxBqrm7ldARaqTWRVR2IQTLL6+S1mUt8GvB/VW17hdxlOAUzuACAriGOtxBA5pAQcAzvMKb9+i9eO/ex6J1zStmTuAPvM8fv/GPtQ==</latexit><latexit sha1_base64="YuC4AolqjnFCIxMWNT0jEKqgFKo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bjw4jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4dua3n5g2PJUPdqJYmOBQ8phTtE7q9MaoFBLbr1T9mj8HWSVBQapQoNGvfPUGKc0SJi0VaEw38JUNc9SWU8Gm5V5mmEI6xiHrOioxYSbM5/dOyblTBiROtStpyVz9PZFjYswkiVxngnZklr2Z+J/XzWx8E+ZcqswySReL4kwQm5LZ82TANaNWTBxBqrm7ldARaqTWRVR2IQTLL6+S1mUt8GvB/VW17hdxlOAUzuACAriGOtxBA5pAQcAzvMKb9+i9eO/ex6J1zStmTuAPvM8fv/GPtQ==</latexit>

tPage
<latexit sha1_base64="U2fBzXh9tskexv12RqJVmq9dkbA=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6LLgxmUF+4A2hMl00g6dPJi5EWvIl7hxoYhbP8Wdf+O0zUJbD1w4nHPvzL0nSKXQ6Djf1tr6xubWdmWnuru3f1CzD486OskU422WyET1Aqq5FDFvo0DJe6niNAok7waTm5nffeBKiyS+x2nKvYiOYhEKRtFIvl1DPx8gf8S8RUe8KHy77jScOcgqcUtShxIt3/4aDBOWRTxGJqnWfddJ0cupQsEkL6qDTPOUsol5vW9oTCOuvXy+eEHOjDIkYaJMxUjm6u+JnEZaT6PAdEYUx3rZm4n/ef0Mw2svF3GaIY/Z4qMwkwQTMkuBDIXiDOXUEMqUMLsSNqaKMjRZVU0I7vLJq6Rz0XCdhnt3WW86ZRwVOIFTOAcXrqAJt9CCNjDI4Ble4c16sl6sd+tj0bpmlTPH8AfW5w9/4JOQ</latexit><latexit sha1_base64="U2fBzXh9tskexv12RqJVmq9dkbA=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6LLgxmUF+4A2hMl00g6dPJi5EWvIl7hxoYhbP8Wdf+O0zUJbD1w4nHPvzL0nSKXQ6Djf1tr6xubWdmWnuru3f1CzD486OskU422WyET1Aqq5FDFvo0DJe6niNAok7waTm5nffeBKiyS+x2nKvYiOYhEKRtFIvl1DPx8gf8S8RUe8KHy77jScOcgqcUtShxIt3/4aDBOWRTxGJqnWfddJ0cupQsEkL6qDTPOUsol5vW9oTCOuvXy+eEHOjDIkYaJMxUjm6u+JnEZaT6PAdEYUx3rZm4n/ef0Mw2svF3GaIY/Z4qMwkwQTMkuBDIXiDOXUEMqUMLsSNqaKMjRZVU0I7vLJq6Rz0XCdhnt3WW86ZRwVOIFTOAcXrqAJt9CCNjDI4Ble4c16sl6sd+tj0bpmlTPH8AfW5w9/4JOQ</latexit><latexit sha1_base64="U2fBzXh9tskexv12RqJVmq9dkbA=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6LLgxmUF+4A2hMl00g6dPJi5EWvIl7hxoYhbP8Wdf+O0zUJbD1w4nHPvzL0nSKXQ6Djf1tr6xubWdmWnuru3f1CzD486OskU422WyET1Aqq5FDFvo0DJe6niNAok7waTm5nffeBKiyS+x2nKvYiOYhEKRtFIvl1DPx8gf8S8RUe8KHy77jScOcgqcUtShxIt3/4aDBOWRTxGJqnWfddJ0cupQsEkL6qDTPOUsol5vW9oTCOuvXy+eEHOjDIkYaJMxUjm6u+JnEZaT6PAdEYUx3rZm4n/ef0Mw2svF3GaIY/Z4qMwkwQTMkuBDIXiDOXUEMqUMLsSNqaKMjRZVU0I7vLJq6Rz0XCdhnt3WW86ZRwVOIFTOAcXrqAJt9CCNjDI4Ble4c16sl6sd+tj0bpmlTPH8AfW5w9/4JOQ</latexit><latexit sha1_base64="U2fBzXh9tskexv12RqJVmq9dkbA=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6LLgxmUF+4A2hMl00g6dPJi5EWvIl7hxoYhbP8Wdf+O0zUJbD1w4nHPvzL0nSKXQ6Djf1tr6xubWdmWnuru3f1CzD486OskU422WyET1Aqq5FDFvo0DJe6niNAok7waTm5nffeBKiyS+x2nKvYiOYhEKRtFIvl1DPx8gf8S8RUe8KHy77jScOcgqcUtShxIt3/4aDBOWRTxGJqnWfddJ0cupQsEkL6qDTPOUsol5vW9oTCOuvXy+eEHOjDIkYaJMxUjm6u+JnEZaT6PAdEYUx3rZm4n/ef0Mw2svF3GaIY/Z4qMwkwQTMkuBDIXiDOXUEMqUMLsSNqaKMjRZVU0I7vLJq6Rz0XCdhnt3WW86ZRwVOIFTOAcXrqAJt9CCNjDI4Ble4c16sl6sd+tj0bpmlTPH8AfW5w9/4JOQ</latexit>

SRadiation
<latexit sha1_base64="xJUKAPN3ucAeJqaRRzJr8X22rbI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXBjcv66APaECaTSTt0MgkzN2INwV9x40IRt/6HO//GaZqFth64cDjnXu69x084U2Db30ZlaXllda26XtvY3NreMXf3OipOJaFtEvNY9nysKGeCtoEBp71EUhz5nHb98eXU795TqVgs7mCSUDfCQ8FCRjBoyTMPbr1sAPQBshscsELMc8+s2w27gLVInJLUUYmWZ34NgpikERVAOFaq79gJuBmWwAineW2QKppgMsZD2tdU4IgqNyuuz61jrQRWGEtdAqxC/T2R4UipSeTrzgjDSM17U/E/r59CeOFmTCQpUEFmi8KUWxBb0yisgElKgE80wUQyfatFRlhiAjqwmg7BmX95kXROG47dcK7P6k27jKOKDtEROkEOOkdNdIVaqI0IekTP6BW9GU/Gi/FufMxaK0Y5s4/+wPj8AV4+lb8=</latexit><latexit sha1_base64="xJUKAPN3ucAeJqaRRzJr8X22rbI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXBjcv66APaECaTSTt0MgkzN2INwV9x40IRt/6HO//GaZqFth64cDjnXu69x084U2Db30ZlaXllda26XtvY3NreMXf3OipOJaFtEvNY9nysKGeCtoEBp71EUhz5nHb98eXU795TqVgs7mCSUDfCQ8FCRjBoyTMPbr1sAPQBshscsELMc8+s2w27gLVInJLUUYmWZ34NgpikERVAOFaq79gJuBmWwAineW2QKppgMsZD2tdU4IgqNyuuz61jrQRWGEtdAqxC/T2R4UipSeTrzgjDSM17U/E/r59CeOFmTCQpUEFmi8KUWxBb0yisgElKgE80wUQyfatFRlhiAjqwmg7BmX95kXROG47dcK7P6k27jKOKDtEROkEOOkdNdIVaqI0IekTP6BW9GU/Gi/FufMxaK0Y5s4/+wPj8AV4+lb8=</latexit><latexit sha1_base64="xJUKAPN3ucAeJqaRRzJr8X22rbI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXBjcv66APaECaTSTt0MgkzN2INwV9x40IRt/6HO//GaZqFth64cDjnXu69x084U2Db30ZlaXllda26XtvY3NreMXf3OipOJaFtEvNY9nysKGeCtoEBp71EUhz5nHb98eXU795TqVgs7mCSUDfCQ8FCRjBoyTMPbr1sAPQBshscsELMc8+s2w27gLVInJLUUYmWZ34NgpikERVAOFaq79gJuBmWwAineW2QKppgMsZD2tdU4IgqNyuuz61jrQRWGEtdAqxC/T2R4UipSeTrzgjDSM17U/E/r59CeOFmTCQpUEFmi8KUWxBb0yisgElKgE80wUQyfatFRlhiAjqwmg7BmX95kXROG47dcK7P6k27jKOKDtEROkEOOkdNdIVaqI0IekTP6BW9GU/Gi/FufMxaK0Y5s4/+wPj8AV4+lb8=</latexit><latexit sha1_base64="xJUKAPN3ucAeJqaRRzJr8X22rbI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE0GXBjcv66APaECaTSTt0MgkzN2INwV9x40IRt/6HO//GaZqFth64cDjnXu69x084U2Db30ZlaXllda26XtvY3NreMXf3OipOJaFtEvNY9nysKGeCtoEBp71EUhz5nHb98eXU795TqVgs7mCSUDfCQ8FCRjBoyTMPbr1sAPQBshscsELMc8+s2w27gLVInJLUUYmWZ34NgpikERVAOFaq79gJuBmWwAineW2QKppgMsZD2tdU4IgqNyuuz61jrQRWGEtdAqxC/T2R4UipSeTrzgjDSM17U/E/r59CeOFmTCQpUEFmi8KUWxBb0yisgElKgE80wUQyfatFRlhiAjqwmg7BmX95kXROG47dcK7P6k27jKOKDtEROkEOOkdNdIVaqI0IekTP6BW9GU/Gi/FufMxaK0Y5s4/+wPj8AV4+lb8=</latexit>
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Figure 11. Sketch of the entropy of the radiation, computed using the early time surface and the

late time one. We are assuming that S0 � SiBek. There is a transition between the two at the Page

time. Here κ is proportional to c and also to the effective gravitational coupling of the 2d gravity

theory.

3.3 The Page curve

The Page time [3] is defined to be the time where the increasing early-time form of the

entropy (3.3) is equal to the decreasing late-time one (3.2), and the entanglement wedge

undergoes a transition. The minimality condition in the RT/HRT prescription leads to the

entropy of the radiation reaching a maximum and then decreasing, see figure 11. (Recall

that we are assuming that S0 � SiBek.) Both surfaces exist on either side of the transition,

it is just that they may not be the minimal ones.

Note that in the case that the extremal entropy S0 is not negligible, then the mini-

mization process could be different. For example, if we had S0 � SiBek, then the entropy

of the radiation will take the short time form for all times. The reason is that we need to

pay a 2S0 price to create the “island” (becasue of the two endpoints of the island), and

this is not favorable when S0 is large. However, if we keep feeding the black hole with

pure matter while the black hole evaporates, eventually the radiation will become entropic

enough that it will be worth paying the 2S0 price for the island.

4 A new rule for computing the entropy when gravitational systems are

involved

The calculation of the Page curve using the three-dimensional geometry that we discussed

above looks fairly natural from the three-dimensional point of view. It does not look very

different from other examples where the entanglement wedge extends beyond the causal

wedge.

However it looks surprising from the purely two-dimensional point of view. There, we

have a hybrid system consisting of a black hole coupled to a CFT on a half line. If we
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want to compute the entropy of a region in the CFT, then we are strongly tempted to do

what Hawking did [2] and restrict attention to the region of the CFT, without including

anything else. However, the holographic computation suggests that we should also include

the interior region.

This suggests that we should introduce a new rule when we compute entropies in

effective theories involving gravity. If we consider a state in a quantum field theory that

is entangled with some other system that lives in a gravity theory, then we should use the

RT/HRT/EW method and include all possible “islands” that could extremize the entropy.

When we include such an island we will often have to pay a price due to the boundary area

of the island, the area term in the gravity theory. However, there can be situations where

the quantum system is entangled with fields inside a closed universe, or the interior of a

black hole that has evaporated completely. In such cases we do not have to pay an area

price because we could, in principle, take the whole space.

The prescription is that the actual entropy of some region A in a quantum field theory

is given by extremizing a generalized entropy-like functional over islands Ig followed by a

minimization over all extrema:

S(A) = Min
Ig

Ext
Ig

[
Seff(A ∪ Ig) +

Area[∂Ig]
4GN

]
, (4.1)

where Area[∂Ig] is the area of boundary of the island. The subscript in Seff reminds us

that we are computing the entropy of the state in semi-classical gravity. We call the islands

Ig that extremize this functional quantum extremal islands. The area contribution form

the boundary of the island can be zero if it includes a whole closed universe. We imagine

minimizing over all possible regions Ig that could reduce the bulk term for the entropy and

also include the areas of such regions, see figure 12. The subscript in Ig reminds us that

this is an island in a gravity theory.

We should emphasize that this is a rule in the effective field theory. If we have the

complete and exact state in the quantum system A, then we simply use the usual formula

for computing the entropy, namely S(A) = −Tr(ρA log ρA), where ρA is the density matrix

of A in the exact quantum theory. On the other hand, in the new rule (4.1) we have a

state ρeff
A∪Ig which is a semiclassical gravity state.8

Note, in particular, that we cannot “forget” how we obtained the state. When we

obtained it using a gravity theory, we should also compute its entropy using the gravity

formula (4.1). The system A could be a simple spin chain. But if we obtained the state in

this spin chain by collecting Hawking radiation from a black hole, we should still include

the interior in computing the entropy. If we solved the black hole evolution exactly and we

give the exact state in the spin chain, then we can use the standard von Neumann formula

for the entropy of this spin chain. We can also view the geometry as part of the specification

of the state and therefore we need to use the proper RT/HRT/EW prescription to compute

its entropy.

Another perspective is the following. If we have a configuration that has a quantum

system in one region of space and has dynamical gravity in some other region of space, even

8See also [41] and [42] for further comments on the distinction between ρA and ρeff
A∪Ig .
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Figure 12. On the left side we have a quantum system, A, entangled with quantum fields living

in a dynamical geometry, which we take to have one spatial dimension. The rule is that we can

consider islands, labelled here as blue regions Ig. In (a) the region Ig is a portion of the whole

geometry which has a boundary with area Area(∂Ig). In (b) region Ig is the whole universe and it

has zero area.

to compute the entropy of the quantum system, we should still use the rules for gravity

theories. In other words, if we transfer the Hawking radiation to a set of spins, using the

gravity theory, then the combined configuration of spins and black hole spacetime is the full

state. When we compute the density matrix we need to follow the rules of gravity to find

the entanglement wedge of the spins and its corresponding entropy. The full configuration

can be thought of as a tensor network preparing the state of the spins [43, 44]. So, when

we compute the entropy we need to take into account the full network. More precisely,

the entanglement displayed in figure 12 should be viewed as internal links in that tensor

network.

If the whole computation occurs in a holographic theory, such as in the usual Engen-

hardt-Wall [7] quantum extremal surface prescription, then islands should also be allowed

in the bulk when we perform the search for a minimal extremal surface.

Notice that the size of the island can be very large, even if the entanglement is relatively

small. So, this new rule says, for example, that if we have a single spin-1/2 particle

entangled with another spin-1/2 particle in a very large closed universe which is otherwise

in a pure state (its total bulk entropy arises only due to the spin half particle), then the
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entanglement wedge of the original spin half particle includes the whole closed universe, see

figure 12(b). Now, this is surprising because the whole closed universe could be in different

pure states. However, if we do not know which pure state we have, and we want to include

those alternatives, we generate a mixed state and therefore the entropy inside this universe

increases and we would not get that the entanglement wedge of the outside spin includes

the whole universe. In other words, this formula is not saying that we can learn about the

state of the whole closed universe by just looking at a single spin-1/2 particle. Note that by

this rule, the entanglement wedge could potentially also include a whole set of additional

closed universes in pure states, but which would not contribute to the generalized entropy

at all, and we continue to not learn anything about them.

It is possible that there is also an exact description of the gravity theory where (4.1)

is exact. (As discussed in [8], such a description might involve something similar to a

final state projection [45].) We are calling (4.1) as an effective prescription, because in

general, we can only view the gravity theory as an effective field theory. It is of course

very interesting that gravity still knows about the fine-grained von Neumann entropy of

the state. We can view this as evidence that there is some bulk theory that contains the

precise information about the state.

Notice that this set of ideas is also connected to the Bekenstein area bound in an

interesting way. The Bekenstein bound says that the entropy of a region bounded by

some surface S should be smaller than the area of S. This bound is clearly violated if

we consider S to be the horizon of an old evaporating black hole and use semiclassical

reasoning. However, in such situations when the bound is violated, we expect that there

is a nontrivial quantum extremal surface E inside S, and now the Sbulk term should only

contain the entropy between E and S, instead of the entropy of the entire region bounded

by S. The entanglement wedge thus might be smaller than the entire region inside S,

and the large entropy remains outside the entanglement wedge. This suggests a modified

version of the Bekenstein bound stating that:

The generalized entropy of the entanglement wedge inside a region with bound-

ary S should be less than Area(S)/(4GN ).

Let us discuss this in more detail. This statement presumes that we can consider an

arbitrary surface S and view it as being a holographic-type boundary where a quantum

system lives. Then we consider a candidate quantum extremal surface E inside the region

bounded by S. This modified bound would then follow simply from the minimization

prescription, if we extremize over the choice of E . This is due to the fact that a very “thin”

entanglement wedge, where E almost coincides with S, would be an example of the surfaces

over which we are extremizing. Since it is very thin, it does not capture any bulk entropy,

and thus the generalized entropy functional evaluates to Area(S)/(4GN ) on this very thin

entanglement wedge. Therefore, the true minimal extremal surface should have smaller

generalized entropy.

We should emphasize how surprising the RT/HRT/EW formulas are [5–7]. They claim

that we can compute the fine-grained entropy just by looking at the effective gravity theory.

This is surprising because one might expect that we need some knowledge that goes beyond
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the effective field theory (the details of the UV completion of the theory, for example) in

order to compute the fine-grained entropy. It is expected that if one wanted to compute

detailed matrix elements of the density matrix, then we would need to have an accuracy

of order e−S , where S is the black hole entropy. Such computations are expected to be

very sensitive to the microscopic details of the theory. They are also likely to involve other

topologies, as in the long time discussion in [46, 47]. However just the effective field theory

is smart enough to know about the correct entropy of Hawking radiation. One simply has

to apply the correct prescription for its entropy!9

5 Conclusions

To summarize, we have considered the computation of the entropy of Hawking radiation

for an evaporating black hole. We studied a two-dimensional black hole coupled to a

two-dimensional matter CFT, where this matter CFT has a holographic dual. In this

case, the quantum extremal surface prescription of [7] reduces to the usual RT/HRT [5, 6]

prescription in the bulk geometry. When interpreted in terms of the two-dimensional

theory, the entanglement wedge has an “island” in the black hole interior. The appearance

of this island was previously noted in the computation of the entanglement wedge of the

black hole in [8, 9]. This island is connected to the exterior, where radiation lives, by

the extra dimension of the holographic theory. One can view the resulting geometry as a

particular realization of the ER=EPR [14, 15] idea (see also [16, 17]).

The radiation is described by a density matrix living in an ordinary quantum field

theory without gravity. So in principle, we can compute its entropy using the standard

formula S = −Tr(ρ log ρ). This presumes that we know the state ρ precisely enough. If the

final state was obtained via the evaporation of a black hole, or some other process involving

gravity, then, when we trace out the rest in the semiclassical approximation, we do not get a

precise enough approximation for ρ. In fact, we would get the standard Hawking answer [2].

However, the full geometry does contain enough information to compute the fine-grained

entropy, but perhaps not enough to compute the precise individual matrix elements of the

density matrix. For this, one needs to make up a new rule for how to compute entropies

for quantum systems that are entangled with gravitational systems. We need to consider

the addition of “islands” and use the quantum extremal surface prescription [5–7] to find

the precise shape for the island.

The case with holographic matter that we have considered here makes this new rule

plausible. But we expect it to hold even in cases where matter is given by free fields which

do not have a standard Einstein gravity dual.

Given the existence of these islands, it would be interesting to see whether there

exists a method to extract the information contained within them that has a clear bulk

interpretation, in the spirit of what was discussed for the Hayden-Preskill problem [50]

in [51, 52].

9Progress on a direct derivation of (4.1) has been reported in [48, 49].
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Notice that these islands, together with a suitable statement about entanglement wedge

reconstruction, suggests a degree of non-locality for the theory. So it would be interesting

to understand better how it is compatible with ordinary local gravitational bulk physics.

Note that for the CGHS model [12, 53–56], which is asymptotically flat, we expect a

very similar story. We need to compute the entropy of radiation in the asymptotic region,

where the dilaton is very large. Again we expect the development of an island in the black

hole interior. In the case that the matter is a CFT with a holographic dual, the island is

connected to the radiation through the extra dimension.

Finally, even though we restricted our analysis to the simple case of two dimensions,

we expect that the results should be similar in higher dimensions when we have a gravity

theory in d dimensions which contains matter that is holographically dual to a (d + 1)-

dimensional geometry.
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