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The black hole information paradox has been an important problem in quantum gravity. In the study of
evaporating black hole, it has been proposed that the holographic map between the semiclassical effective
description in bulk and the fundamental description in boundary cannot be isometric. In this work, we
would like to study the reflected entropy in an evaporating black hole model through a nonisometric
holographic map. We assume that the evaporating is slow enough that it makes sense to ascribe a slowly
varying temperature to the Hawking radiation. We then introduce a two-sided black hole model to
canonically purify the semiclassical state. The holographic map to the fundamental description is
nonisometric and defined by a Haar random unitary matrix. We show that the entropy of radiation in
the model computed in the fundamental description matches the result read from the quantum extremal
surface formula and agrees with the Page curve. Furthermore, through a nonisometric holographic map, we
study the reflected entropies between different regions, including the one between the black holes on
different sides, the one between the radiations distributed symmetrically but disconnectedly, and the one
between the black hole and the radiation on a single side. Our results are consistent with the existing ones

based on the effective descriptions.

DOI: 10.1103/qr71-3r93

I. INTRODUCTION

One important implication of AdS/CFT correspondence
[1] is that the black hole evaporation process must keep the
unitarity. The entropy of Hawking radiation is an important
physical quantity for detecting whether black hole evapo-
ration is unitary or not. If black hole evaporation is unitary,
the entropy of Hawking radiation should follow the Page
curve [2,3]. In the AdS/CFT correspondence, the boundary
entropy and its bulk dual, the quantum extremal surface
(QES) formula [4], when applied to evaporating black
holes, will lead to the so-called “island rule” [5—11], which
helps to show that the entropy of Hawking radiation obeys
the Page curve.

The quantum extremal surface has also been used to
study the problem of bulk reconstruction, which involves
representing bulk operators in the Hilbert space of the
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boundary conformal field theory (CFT) [12-18]. During
the research, it was found that the problem of bulk
reconstruction can be discussed within the framework of
quantum error correction [19-22]. The underling key points
are as follows. The Hilbert space of the low-energy
effective field theory in the bulk can be mapped to the
boundary Hilbert space by an approximate isometric map
Vi Hyuik = Hooundary (an isometry is a linear map satisfy-
ing VTV = I). In the language of quantum error correction,
Hpui is the “logical” Hilbert space, and Hyoyndary 18 the
“physical” Hilbert space. If the boundary Hilbert space can
be tensor factorized into two parts Hyoundary = Ha ® Hz,
then the bulk can be decomposed along the corresponding
quantum extremal surface X7 into Hy, = H, ® Hz. In
this case, for the bulk density operator p, we have the QES
formula,

_ Area(Xy")

S(tra(VeV')) ~ 4 TS0a) (L)

Strictly speaking, the above bulk reconstruction only
applies to the emergence of spacetime outside the black
hole horizon.

The above holographic map encounters serious problems
in describing the spacetime behind the black hole horizon.

Published by the American Physical Society
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For example, in the late stage of black hole evaporation,
the degrees of freedom in the bulk effective field theory will
vastly exceed the degrees of freedom on the boundary. On
the one hand, as a simple model, one may take the black
hole as a quantum system B with Hilbert space Hp
containing the microscopic degrees of freedom of black
hole, coupled to a “reservoir” R with Hilbert space Hp. The
Hawking radiation from the black hole can propagate out
into the reservoir. In this so-called fundamental description,
the quantum system could belong to a high-energy band of
holographic CFT, and the reservoir R could be a kind of
free-field theory on a half-space in one higher dimension
than the holographic CFT if we may ignore the interaction
of radiations safely. On the other hand, from the bulk
effective field theory perspective, there are two kinds of
modes inside the black hole: one kind of mode consists of
the states falling into the black hole, denoted as s, and the
other kind of ones denoted as r are entangled with the
Hawking radiations. The semiclassical bulk description is
referred to as the effective description. The holographic
map in this case is defined as

V®IR:HS®Hr®HR—>HB®HR, (12)
as shown in Fig. 1. Here the interactions between two kinds
of modes have been neglected. At the late stage of black
hole evaporation, the entanglement entropy of the radia-
tions in the effective description far exceeds the entropy of
the black hole,

S(p,) = S(pr) > log |B. (1.3)

In other words, the dimension of the Hilbert space H, is
much larger than that of Hp, |r| > |B|. Therefore, the
linear map V: 'H; ® H, — Hp must be nonisometric, and
a large number of null states in the effective description will
be annihilated by the map. In [23], the authors constructed a
nonisometric holographic map from the effective descrip-
tion to the fundamental description and proved that it has
properties such that observing the null states requires the
operations of exponential complexity. It was shown that
these nonisometric codes protected by computational
complexity could explain the emergence of the black hole
interior.

FIG. 1.

The model in [23] was refined in [24] by taking into
account the energy conservation and the thermal nature
of the Hawking radiation. In [24], it was assumed that the
black hole evaporates slowly enough that it makes sense
to ascribe a slowly varying temperature to the Hawking
radiation. In this so-called quasiadiabatic regime, Hawking’s
derivation is valid, and it requires that Sgy > ¢, where c is
the degrees of freedom of massless modes. More precisely,
the black hole is assumed to evaporate in a series of time steps
whose sizes are of the order of the scrambling time of the
black hole. In this picture, the black hole evolves approx-
imately through a sequence of microcanonical states, and the
semiclassical state is now a thermofield double with a slowly
varying temperature. One may canonically purify the ther-
mofield double state by considering the two-sided black hole.
In this setup, one may discuss richer physics [8,25,26]. Now
the entire system is naturally divided into multiple regions,
we can study the entanglements between these regions. In
this work, we plan to study the reflected entropy in this two-
sided black hole model.

The reflected entropy was first introduced in the study of
canonical purification for the entanglement wedge cross
section [27], and has been under intensive study in various
situations, including holographic models [28—47], random
tensor networks [48-51], the free scalar and fermion field
theories [52-55], Chern-Simons theory [56-58], conformal
field theory [59-63], Lifshitz theory [64], etc. The reflected
entropy is a probe of tripartite entanglement [65,66]. It is
remarkable that even though the monotonicity of the
reflected entropy gets lost for certain quantum state [67]
and for the ground state in free Lifshitz field theories [64], it
holds for holographic state [27], as the consequence of the
“entanglement wedge nesting” property.

We are going to compute the reflected entropies between
different regions in the two-sided black hole model. Our
study is in spirit similar to the one appearing in the 2D
eternal black hole plus CFT model [30,31], where the two-
sided black hole was used to discuss the thermal equilib-
rium between the black hole and the thermal bath [8]. We
will calculate the reflected entropy between the black holes
on different sides, the one between the radiations distrib-
uted in a symmetric but disconnected way, and the one
between the black hole and the radiations. In the case at

V& I

Holographic map of a single-sided black hole coupled with the radiation R. The s modes, the r modes, and the R modes in the

radiation region appear on the selected Cauchy surface in the effective description.
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hand, we verify the equality between the reflected entropy
between the black hole and the radiation in the single-sided
black hole model and the entanglement entropy of radia-
tions in the two-sided black hole model, despite the fact that
two models have different holographic maps. To obtain
analytical results, we focus on the high-temperature limit,
where the system can be taken as the microcanonical
ensemble. In this case, we can clearly observe the changes
in reflected entropy during the black hole evaporation
process.

The remaining parts of the paper are organized as
follows. In Sec. II, we introduce briefly the two-sided
black hole. In Sec. III, we compute the reflected entropies
and the mutual information between different regions. We
end with conclusion and discussion in Sec. IV.

II. A MODEL FOR A TWO-SIDED BLACK HOLE
We first review briefly the model in [23]. In this model,

to achieve the nonisometry of the holographic map, we
consider a larger Hilbert space H; ® H, ® H, where f
are some extra degrees of freedom such that,

\fllsllr| = [PI|B]. (2.1)

For a positive integer | P|, there is a tensor decomposition of
the Hilbert space

HS ® H, ® Hf == HB ® Hp. (22)
The holographic map is defined as
V= VIP[{0lpUlwo),, (2.3)

where |y) , is a fixed quantum state on Hy, [0)p is a fixed
quantum state on Hp, and U is a unitary operator on
H, ® H, ® Hy, which satisfies the statistical properties

of being Haar random. The coefficient \/W is used for
normalization. We can regard |y) ; as describing any extra
effective-field-theory degrees of freedom we are not inter-
ested in. This model achieves the nonisometry of the
holographic map through the postselection on the unitary
operator by (0|p.

For an evaporating black hole, the r modes form
maximally entangled pairs with the radiations [68].
Ignoring the contribution of |y),, we consider that the
black hole is formed by the infalling s state. From this, we
can find that |P| = |r||R], |0)p = [IMAX), is the maximal
entangled state on H, ® Hp [23,24]. So we can derive the
form of the holographic map,

V = /|r[[RI(MAX|, ;U. (2.4)

(0[p VP

<]7 U $¢0r>f

B —

S

FIG. 2. Diagram of the holographic map V, in which U is a
unitary operator and the external legs on both sides correspond to
the degrees of freedom of the respective Hilbert spaces. The
degrees of freedom of f and P are fixed by [y) and (0p. For

clarity, the order of the external leg indices in the diagram
matches the indices of U in (2.8), i.e., the left side corresponds to
the index i, and the right side corresponds to the index j.

A. Two-sided black hole model

Next, let us discuss the case of a two-sided black hole.
Typically, in AdS/CFT, without matter and evaporation, a
black hole is dual to a mixed state in the CFT. In the
simplest setting, a static black hole in AdS is dual to a
thermal state in CFT. And a two-sided black hole is dual to
the purification of this mixed state, the so-called thermal-
field double state, in two copies of the conformal field
theory [25]. Here we generalize the picture to take into
account the radiations. We assume that the radiation is slow
enough such that we can approximately take the black hole
as a state in (quasi)-thermal equilibrium. In our model, the
infalling state s under the effective description corresponds
to the formation process of the black hole. We assume it to
be varying very slowly as well such that it does not change
the mass of the black hole quickly. It could be a mixed state
or a pure state. In any case, we may have a copy s’ of the
infalling state s to purify s, with the pure state composed of
s and s’ being denoted as |S) .

We consider the coupling of a two-sided black hole with
the radiations R and R’ on two sides. In the fundamental
description, we have to doubly copy the CFT and the
reservoir, as shown in Fig. 3. At this point, the modes r and
' form maximally entangled states with the modes R and
R’, respectively, denoted as |X),p and |X'),p. In the
effective description, the quantum state of the system is
taken as

|W> = |X>rR|X/>r’R’|S>ss" (25)
Now the holographic map is as shown in Fig. 3. If we
regard s and s’, r and 7, B and B’, respectively as the
double copy of the former Hilbert space in (2.2), following
the analysis before, we can define the holographic map as

V = |X|(MAX|,zx (MAX|, p U (2.6)

where U is a unitary operator on H, @ Hy ® H, ® H,,
which satisfies the statistical properties of being Haar
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Holographic map of the model in which a two-sided black hole is coupled with the radiations on two sides. On the left side, the

effective description is obtained by doubly copying a single-sided evaporating black hole along the red dashed line, resulting in a doubled
system. On the right side, the basic description corresponds to the double copies of the quantum system representing the black hole region
coupled with the radiation. For the holographic map, the mapping on the radiation regions R and its copy R’ are trivial. A similar diagram has
been used in the discussions of Jackiw-Teitelboim (JT) gravity with the radiations at a finite temperature, as shown in [8].

random. For convenience, we set |X|=
and |Y| = |B||B'|.

[l = [RIIR

B. Averaging and the Haar integral

In the following, we will show how to compute the
entropy of radiations in the fundamental description. In our
model, for a holographic map V, the corresponding unitary
operator U is not a random variable but a fixed value.
However, when calculating some quantities with small
fluctuations, we can average over U to simplify the
computation. Such quantities are referred to as the self-
averaging quantities. The Rényi entropy we are going to
calculate is a self-averaging quantity. After averaging, we
may compute the von Neumann entropy by using the
formula

S(p) = lim

lim—log (w(p"). (27

In the calculation, we need to take the average under
the Haar measure. The integral under the Haar measure can
be generally written as [dUf(U,U") where U and its
conjugate transpose U' are elements of the unitary group
U(N), and dU is the Haar measure, satisfying the nor-
malization condition: [dU = 1. In order to obtain non-
vanishing integrals under the Haar measure, we need to
have the same number of U and U". For such integrals, we
have,

i i
/dUUzm Ui, Ul Ul

E 6[11';(1)...5["1';(”)

oTES,

;7 ...0

-1
i » Wg(or™',N)

jnj,(,,)

(2.8)

where Wg(o77!, N) is the Weingarten function [69,70], and
o and 7 are permutations in the symmetric group S,,.

When calculating the n-th Rényi entropy, if # is large, the
Weingarten function becomes complex. However, for our
model, we usually assume that the degrees of freedom of
the black hole and the radiations are large, thus we can
assume N = |X|?|Y| > 1. In this case, we can approximate
the Weingarten function as

- 5(]7\[7 i O(NLl)

where §(z, e) is the delta function on the group elements in
the symmetric group S,,, and e is the identity element. Thus,
we can approximate the Eq. (2.8) as

We(z, N) (2.9)

/dUUlljl Un] UT//l‘/l"'UTjLiﬁl

1
= By Bt B B, T (2:10)

ceS,

Using this approximation, we can easily obtain the n-th
Rényi entropy of the radiation region. We can describe the
index contraction in tr(p") by using a diagrammatic method
as shown in Fig. 2. After averaging under the Haar measure,
we obtain an integral over the Haar measure multiplied by a
coefficient. By calculating these, we can derive the expression
for the entropy. The details of the computation are as follows.
First, we can simplify the diagram, as shown in Fig. 4. Since
IX), X'}, represents the maximally entangled state in the
regions rr’ and RR’, it can be written as

1X|
R — Z \/|—}—(' RR’

For the index contraction on the region RR’, the entanglement
is transferred to the contraction of the indices on r#' through

1X) = X) (2.11)

046009-4
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FIG. 4. Simplification of the diagram: the blue line represents the index contraction, and the large triangle to the left of the blue line
represents the state |X'), x; after index contraction, the left diagram is simplified to the right figure with an additional coefficient ﬁ
the maximally entangled state, and the factors —— on both ~ where x and y correspond to the indices of regions " and

v BB’, respectively; i labels the i-th copy; 7 and ¢ belong to
the elements of permutation group S,; 7 is the cyclic
permutation and ¢ is any group element; |6| represents the
number of cycles in the permutation o.

sides of the contraction matrix are retained. Thus, after
simplifying the schematic diagram to the index contraction
on the region r7’, we need to multiply it by an additional factor

1
of IXT We can generally write the expression for the n-th Rényi
After simplifying the diagram, we can more conven- entropy as
iently describe the calculation process of the n-th Rényi
entropy of the radiation, whose density matrix is, " 1
Py y NG :—n_]log(an(a)>. (2.14)

pri(0) = trpp (V@ Ipp ) (w|V' @ Igg).  (2.12) oS

1 1 max 5
As shown in Fig. 5, we replicate the system n times, When we find the maximum value f;** in f, (), we have

resulting in n pairs of U and U'. From Eq. (2.6), for each V

or V7, the normalization factor is |X|, so the total normali- - log(fmax) — log(T'(n + 1))
. . 2 . 1 n—1 n—1
zation factor is |X|*". In Fig. 5 we have n factors of b4l from 1
n index contractions, so the whole coefficient should be < st < - — llog(f n). (2.15)

|X|". The Haar integral can be expressed as

P 1 n
/dUH UW:‘ Uj‘f(z‘)yt‘ = m Z H(Sxfxma)(sy‘;yo(i)

S, i=1 —_ T max) __ _
€S, i lim——— log(f3**) = (1 =7)

1
=WZ|X|' o (2.13) < 8M < —lim

CES, n—in—1

Fitting as n tends to 1, we see that

log(f7™) (2.16)

1
X

=il
il
Sl

JL j_ . LjL Jtﬁ
npairsyof u,ut

4_
B

FIG. 5. Diagram illustrating the calculation of the n-th Rényi entropy. The red lines represent the contraction of indices over the
regions B and B’. After contracting the red lines, we obtain the density matrix of the radiation region, pgg (U). The blue lines represent
the contraction of indices over the regions R and R’. We replicate the density matrix n times, and the contraction of the blue lines
represents the operation of multiplying the n copies of the density matrix and taking the trace, where the indices x of U are cyclically
permuted.

046009-5



BIN CHEN and ZHI-JUN YIN

PHYS. REV. D 112, 046009 (2025)

where y = 0.577..., i.e.,

1
S = —lim

n—1ln —

1log(f‘,}“’”‘) +0(1). (2.17)
In the summation (2.13), because |X| and |Y| are much
larger than 1, we only need to find the dominant
contribution.

According to [48], we have |o| + [oo7| < n + 1. Thus,
when |X| > |Y/|, the term with the largest |o o 7| dominates.
In this case, 6 = 77!, 50 |6o7|=|e| =nand |o| = || = 1.
Multiplying by the coefficient |X|", the expression for the
Rényi entropy in this case is

1

/ A0w(pl (0) = - (2.18)

When |X| < |Y], the term with the largest || dominates. In
this case, 6 =e¢, so |ooz| =|7] =1 and |o| = |e| = n,
where e is the identity element. Multiplying by the factor
|X|", the expression for the Rényi entropy in this case is

- - 1
Thus, the fine-grained entropy of the radiation is
S(RR’) = 2 min(log |R|,log |B|), (2.20)

which agrees with the result given by the QES formula.

III. REFLECTED ENTROPY

In this Section, we would like to compute the reflected
entropies between different regions in the two-sided black
hole model. First, let us review the definition of the
reflected entropy [27]. For a subsystem AC, its Hilbert
space can be factorized into a direct product of two sub-
Hilbert spaces Hac = Hy ® He. The density matrix on
AC is pyc. It can be canonically purified on a double
Hilbert space H, ® He ® Hy @ He- to |\/pac) with

Dic) (3.1)

where I,-¢ is the identity matrix and |¢;.) is a maxi-
mally entangled state without normalization factor,
> i) acli) a=c- The reflected entropy between A and C
is defined as

IVPac) = Pac @ Ly

Sr(A:C) = S(AAY) o = S(paar)

where pa4- = treee (|y/Pac) (y/Pacl) is the reduced density
matrix of the AA* subsystem.

Based on the strong subadditivity of the entanglement
entropy we can determine the upper and lower bounds for
the reflected entropy,

(3.2)

I(A:C) < Sg(A:C) <2 min(S(A), S(C)). (3.3)
In the following, in addition to calculating the reflected
entropy, we also calculate the mutual information. Actually,
we may define the so-called Markov gap [66],
Sp(A:C)=1I(A:C), (3.4)
which can be related to the fidelity of a particular Markov
recovery process on the canonical purification of py.

As the computation of the entanglement entropy, one
may calculate the n-th Rényi reflected entropy first and
then do analytical continuation n — 1 to obtain the
reflected entropy. However, unlike the usual entanglement
entropy, the calculation of the reflected entropy involves
the operator ,/psc, which is not easy to define and
compute. To solve this problem, one introduce a new
replication on /psc [27] to define a normalized state,

m m - 2

) = tr(pe) 2P (3.5)
When m approaches 1, we return to our initially defined
purification. When m is even, the terms containing ./pac
do not appear, making the calculation easy. At the same
time, considering n copies for the n-th Rényi entropy, one

obtains a (m, n)-th Rényi entropy, and the reflected von
Neumann entropy is given by

Sg(A:C) = lim

mn—11—n

"))

log tr(trees ( (3.6)

In the following calculation, it is necessary to take the
average over the Haar measure. To prevent the denominator
from containing the unitary matrix random variable, we
should first take the average on the normalized denomi-
nator

90) = u () 1) (3.7)
The modified definition of reflected entropy is
Sp(4:C) = lim ———log i (trcc*( ¢<m>><¢<m>|)").
m,n— —n
(3.8)

In this definition, when averaging over the Haar measure,
we can conveniently apply the Haar measure integration
formula (2.10).

A. Reflective entropy between black holes

In this subsection, our goal is to calculate the reflected
entropy Sg(B:B’) and the mutual information /(B:B’)
between the black hole regions on two sides.

046009-6
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>

npairsof U, Ut

FIG. 6. Diagram showing how to compute the n-th power of the reduced density matrix of region B. In this diagram, the blue line

represents the simplified index contraction multiplied by a factor of

1
[xp

the red line represents the index contraction for the region B’, and

the green line represents the index contraction and taking trace of the n replicated reduced density matrices of B. Using the indices of U
as the basis, among the indices of U ¥ the red line corresponds to the B” and the blue line corresponds to the X with the same indices as U,
while the green line corresponds to the indices of B with a cyclic permutation of the n elements.

First, we calculate the mutual information between the
two black hole regions B and B’, given by

I(B:B') = S(B) + S(B') — S(BB'). (3.9)

Since the entire system in our model is in a pure state, the

entanglement entropy of the two-sided black hole region

S(BB’) should be equal to the one of the two-sided
radiation region S(RR’). According to (2.20), we obtain

S(BB') =2 min(log|R

log |B)). (3.10)

Due to symmetry, we expect that S(B) is equal to S(B’).
Therefore, the only quantity we need to calculate is the
entanglement entropy corresponding to the region B. The
reduced density matrix of B is

PB(U) = trgry (V @ Irpe ) (w |V ® Igg).  (3.11)

We can calculate the n-th Rényi entropy of the region B.
From Fig. 6, similar to the previous analysis, we can factor
out a coefficient |X|", and for the Haar integral we have

n
7 7 7
/ du H UB,Bj.;x,- Ux[;Br(;)Bﬁ-
i=1
! 1) ) 1)
TN Z H BB OBiBy ;) Oxitati

cES,

(3.12)

Since |6 o 7| 4 |o| < n + 1, the equality holds when o is the
identity element, and |o| = |e] = n takes the maximum
value. Thus, the n-th Rényi entropy of B satisfies

1

/dUtr(pg(U)) =BT (3.13)

The von Neumann entropy of B is simply

S(B) = log|B|. (3.14)
Thus we can obtain an expression for the mutual informa-
tion based on the above results,

I[(B:B') = 2max(log |B| —log |R],0).  (3.15)
Therefore, we see that the quantum correlation between the
black holes gets weakened by the Hawking radiations.
After the Page time, there is no longer correlation between
the two black holes, and all the degrees of freedom in the
black holes are entangled with R and R'.

Now we turn to the calculation of the reflected entropy
Sg(B:B'). For the purification defined in (3.1), its effect on
the external legs is merely to rotate the directions of the
external legs by 180 degrees (from the perspective of
the diagram), meaning that the vector corresponding to the
external leg is turned to its dual vector. Because the
maximally entangled state |¢") does not have a normali-
zation factor, we do not need to add any additional factors
before the expression. Now we consider the m-replicated
state |¢™). We can first calculate its denominator
tr(pn,)1/2, which after averaging becomes a coefficient
outside the Haar integral. To read the m-th Rényi entropy of
the two-sided black hole region BB’, we need to compute
tr(p},) and have

_ 1 1
tl'(/)rgB/) — max Y=l Tvim= | -
X[t yp

To compute the reflected entropy, we need to consider the

(m,n)-th Rényi entropy by using double-replica trick,

which requires us to replicate the density matrix n times,

so the denominator, when multiplied » times, contributes a
1 1 \\-

factor of (max (m—_]m—_])) m

(3.16)
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m o
7 pairsof U,U*t

FIG. 7. Diagram showing the computation of the numerator of the reduced density matrix trg - (|p

1 1
|X| X1

U — ot U — ot

m .
7 pairs of U,U"

2 2
i) (Pt

), for even m replicated

states. The fixed external legs were omitted as they do not affect the calculation. We have labeled the regions corresponding to each
external leg. From the green solid lines, it can be seen that the conjugate transpose of the degrees of freedom corresponding to B

becomes the degrees of freedom for B*.

After handling the coefficient contributed by the denom-
inator, we next need to calculate the numerator of the

reduced density matrix trg g~ (|ﬂgll/;/2> (p%,zD We refer to the
copied region for the two-sided black hole region BB’ as
B*B'*. Actually, to compute the reflected Rényi entropy, m
should be even. In this case, we can use the diagram shown
in Fig. 7. We have a total of m pairs of U and U such that
the reduced density matrix corresponding to |¢(’”)> gives
rise to a factor of W Taking into account the fact that
computing the (m, n)-th Rényi entropy requires replicating

n times, we find a factor of \x+ Meanwhile, the normali-

zation factor for nm pairs of U and U is | X|*™". Therefore,
before calculating the Haar integral, we should multiply it
by an overall coefficient

1 1 -n
|X|mn max Vim=1 Tuim=1 . (317)
X[y
The relevant Haar integral is
nm
7 J 7t
/dU-l_[l UBiB;';in %5850 By, )
=
1
= S DBl alteenlx|ll, - (3.18)

cES,

where ¢g; and g, are two group elements in the permutation
group S, satisfying

1 1

SR [P S
g XU g g I g

FIG. 8.

contractions in regions B’ and B, respectively, while the black lines represent the index contractions in x, accompanied by a factor of

g=(12,...m)....(n=m+1,...n), (3.19)

m 3m 1 m

g = E‘i—l, 7 i’l—z m—l—l,...,nm,l, E
(3.20)

We show the calculation of (2,n)-th reflected Rényi
entropy in Fig. 8.

When |X| > |Y|, namely the dimension of the radiation
region is larger than that of the black hole region,
corresponding to the late evaporation stage, the dominant
term in (3.18) is the one that |o| takes the maximum value.
In this case, o must be the identity element e with |o| = nm,
and |60 g;| + |6 © g,| = 2n. Thus, multiplying by the factor
|X|™"|Y|™"=" we obtain the reflected entropy,

Sg(B:B') =0. (3.21)
This indicates that in the late evaporation stage, the
reflected entropy Sg(B: B') reaches its lower bound, simply
vanishing.

When |X| < |Y|, namely the dimension of the radiation
region is smaller than that of the black hole region,
corresponding to the early evaporation stage, the situation
is more complex. We need to introduce the Cayley distance
[48], defined by the minimal number of transpositions. For
the permutation group S, let a, f be group elements, then
we have the Cayley distance

Sl
Sl

When m = 2, the diagram for the numerator of the reduced density matrix. The red lines and green lines represent the index

L
x|

From the cyclic units, it is easy to see that if the indices of U are fixed, the indices x of U™ correspond one-to-one with the indices x of U.
The indices B and B’ of U' are composed of a series of length m cycles, arranged in an interleaved manner. The end of one cycle of one
index is located in the middle of the cycle of the other index. From this, the expressions for g; and g, can be read.
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d(a,f) =n—|aocp!]. (3.22)

The Cayley distance satisfies the triangle inequality,

d(a, ) +d(B.y) 2 d(a,y). (3.23)
Thus, we obtain
loog| +|oog| <2nm—2n+2.  (3.24)

If |Y| is large enough, we need to first consider the exponent
of |Y|. In order to get the dominant term in (3.18), we need
the inequality to be saturated. In terms of the Cayley
distance this requires that the o should be a permutation of
the minimal number of transposition from g; to g,

d(gi.o™') +d(o7". o) = d(g1.02).  (3.25)
We find that ¢, and g, differ by integer multiples of m/2,
from 1 to nm. As g7'g is the transposition from g, to g,, if
we omit the identical maps, g;'g, can be written as

1

m 3m
~ m, 2. 2m, 2 nm, (n—3)m
gl‘gz—< o ] 62
1)m,§

m, St m, AL (n =
In this case, 6~ belongs to one of the minimal number
of transpositions, namely ¢~! is in an intermediate pro-
cess of the cycle of (m,2m,...,nm) and (m/2,3m/2,
(n—1/2)m). Then we need to choose a ¢ with maximal |
in these intermediate processes. By induction we find that
when ¢ = g7' or 6 = g;!, |o| has a maximum value n.
Thus, multiplying by the factor |X|*""~", we obtain the
reflected entropy,

Sg(B:B') =2log|B|. (3.27)
But if log|X| and log|Y| are comparable, when the
exponent % (oo g+ [60g,|) of |Y| decreases and the
exponent |o| of |X| increases, |B|lo°9l*loc9l|x|lcl may
increase. Considering 1(|oog|+|oog,|)+|o| <nm+2n,
when 1 (|oog;| + |60 gs|) decreases by 1 from its maxi-
mum value, |o| can increase by at most n, which happens
when

m\~! (m m -1
0—<1,2,...§> (§+1,§+2...m)
1 -1
X ((n—§>m+1,...,nm> .

So strictly speaking, the derivation to (3.27) is valid only
when |X|" < |Y|. However, if we take n — 1, this require-
ment goes back to |X| < |Y|. In the following computa-
tions, we will use the same treatment.

(3.28)

Considering the upper bound of the reflected entropy

2 min(S(B), S(B')) =2log|B

, (3.29)

we see that when the dimension of the radiation region is
smaller than that of the black hole region (early evapora-
tion), the reflected entropy Si(B:B’) equals its upper
bound 21log |B|. On the contrary, when the dimension of
the radiation region is larger than that of the black hole
region (late evaporation), the reflected entropy Sg(B:B’)
equals its lower bound, 0.

In the late stage of evaporation, the fact that the
entanglement entropy of the radiation region equals the
black hole entropy 2log|B| suggests that at this time,
the black hole region and the radiation region are max-
imally entangled, and there is no entanglement between
the two black hole regions. Hence, the reflected entropy
is 0. This picture has also been verified in the two-sided
black hole model in which the JT gravity is coupled with
a conformal field theory [31]. In fact, if we take the
high-temperature limit f — 0, the reflected entropy
Eq. (5.19) in [31]

Sg(By: Bg) = 28, + 20, +§(b —1In coshz +In2)

(3.30)
can be approximated as
) 2nc
3p
The single-side black hole entropy Eq. (D.1) in [31]
¢, ¢ 4sinh?2Hd
SBr) =S — 3.32
(B)=So+ Gona 6™ simna P
can be approximated as
e
S(Br) ==b. 3.33
(B) =5 (3:33)

So before the evaporation the reflected entropy between
the two black holes in the JT gravity + CFT model
Sg(By: Bg) also equals the upper bound 2S5(B;).

In the early stage of evaporation, although there is an
entanglement entropy 2 log |R| in the radiation region, the
dimension of the black hole region is larger than that of
the radiation region. Therefore, the two black holes are
approximately in a pure state, and the reflected entropy is
saturated at the upper bound 2 log |B]|. It is worth noting that
in our model, the contribution of the entanglement between
the black hole region and the radiation region to the
reflected entropy is of higher order. This also leads to a
discontinuous transition of the reflected entropy at the
Page time, while the transition of the Page curve of the
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|
Ry, Ry

FIG. 9. For the partition of the two-sided radiation region, the
red dashed line divides the radiation region on one side into two
subregions R; and R,. Both of these two subregions are
disconnected but are symmetrically distributed in the radiation
region R and its copy. In our model, due to the symmetry of the
unitary matrix U, other less symmetric partitions might yield the
same result.

entanglement entropy only has a discontinuity in the first
derivative at the Page time.

B. Reflective entropy between radiations

Here we are not going to study the reflected entropy
between the radiations on two sides. Instead, we partition the
whole radiation region in a way similar to that employed in
[31]. Specifically, we cut the radiation region and its copy at
the same positions to obtain two regions R and R,, as shown
in Fig. 9. Note that both subregions R; and R, are
disconnected and distributed in an symmetric way.

Similar to the previous subsection, we first compute the
mutual information I(R;: R,), assuming without loss of
generality that |R| > |R;|. In the mutual information

I(Ry:Ry) = S(Ry) + S(Ry) = S(RiRy). (3.34)
S(R{R,) is the von Neumann entropy of the whole
radiation region R, given by

S(R{R,) =2 min(log|R|,log |B|). (3.35)
Next, we need to compute S(R;) and S(R,). Similar to the
previous calculation of Rényi entropy, the key lies in
identifying the index correspondence in the Haar integral
and determining the dominant elements in the permutation
group S,. Analogous to the previous calculations, the
coefficient is |X|", and the expression for the Haar integral is

nm
- - - 1
0T 0t Ot =g S ¥R R,
i=1

i= c€ES,
(3.36)
J
09
I(R|:R,) =} 2log|R| —2log|B|.
21og |R,|,

When |R;| > |R;||Y/|, o should be taken as the inverse of an
n-cycle permutation z~! such that |[coz| = n. As |o| =1,
and multiplying by |X|", we find the n-th Rényi entropy and
further obtain the von Neumann entropy of the region R,

S(R,) = 2log |B| + log |R,|. (3.37)

When |R,| < |R,||Y], o should be the identity element e,
|ooz| =1, |o6| = n, and multiplying by |X|" gives the n-th
Rényi entropy. Then, we obtain the von Neumann entropy of
the region R,

S(Ry) =log|R;|. (3.38)
From the above discussion, we have
S(R,) = min(log |R,|,2log |B| +log |R,|).  (3.39)

Symmetrically, we obtain the expression for the von
Neumann entropy of region R,,

S(R,) = min(log |R,

.2log |B| + log|R;|) = log|R,|.
(3.40)

Finally, we have the mutual information /(R : R,) between
the regions R and R, with |R| > |R,|

I(R,: Ry) = S(R;) + log|R,| — 2 min(log |R|,log |B]).
(3.41)

It can be classified into three stages, with two transition
points. The first transition occurs at |R| = |B|, which
corresponds to the Page time. The second transition occurs
at |R;| = |B|*|R,|, which was called the Page time for the
region R; [31]. Before the first transition, the mutual
information I(R;: R,) = 0; between the first and second
transitions, /(R :R,) = 2log|R| —2log |B|; and after the
second transition, /(R :R,) = 21og |R,|. In summary, we
have (|R,| > [R;|)

when R [|R, | < |B]
when B|R,|"! < |Ry| < |BP|R,|
when|R] > |B]R,|.

(3.42)
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This three-stage behavior in the mutual information also
appears in Fig. 5.7 of [31].

Next, we consider the reflected entropy between the
region R; and the region R,. Similar to the previous
calculations, we first compute the denominator. Since the
total system is in a pure state, the value of the denominator
is the same as in the previous section. We then obtain the
Haar integral multiplied by the coefficient [considering
(m, n)-th Rényi entropy]

1 1 —n
| X" ( max ( ——,——— .
|X|m—1 Y‘m—l

Next, we identify the elements of the permutation group S,
corresponding to the ways in contracting the nm replicated
external legs. Due to the asymmetry between the region R,
and the region R,, the Haar integral corresponding to the
(m, n)-th Rényi reflected entropy between the regions R
and R, differs slightly from the Haar integral corresponding
to the (m, n)-th Rényi reflected entropy of the black holes
BB'. Finally, we read

nm
N - ~
/ du H in;RliRm‘ URl_qz(z)Rz_ql(i);yi
=1

=

1
= N7 Z |R1

cES,

(3.43)

“7092||R2|‘5091||Y“5|'

(3.44)

When |Y| > |X|, o should be taken as the identity ele-
ment. The dominant term is |R;|"|R,|"|Y|"" = |X|"|Y|"™,
resulting in the (m, n)-th Rényi entropy being 0. Thus, we
obtain the reflected entropy between the region R; and the
region R,

SR(RI . R2) - 0 (345)
When |Y| < |X|, given |R;| > |R,|, o should be taken as the
inverse of g, to ensure the exponent of |R;| reaches its
maximum. The dominant term is |R; |""|R,|""=2"+2|y |"m =

|X|"™|Y|"|R,|~"*2. We obtain the reflected entropy between
the region R and the region R,,

SR(RI: Rz) = 210g |R2| (346)
Meanwhile, we can compute the upper bound of the reflected
entropy Sg(R;: R»),

2 min(S(R;), S(R,)) =2S(R,) =2log|R,|. (3.47)
Based on the above results, we find that before the Page time,
the reflected entropy Si(R;: R») is at its lower bound, and
after the Page time, the reflected entropy Si(R; : R,) is at its
upper bound. In short, we have

Sr(Ry1R,)

when|Ry[R| < |B]

when |R;||R,| > |B].
(3.48)

07
B {2 min(log|R;|,log |R,|),

The result here is the same as the one in [35], where the
reflected entropy in the West Coast model was studied.

There is only one transition for the reflected entropy
between the region R; and the region R,, and no transition
at the Page time for R;. Additionally, under the partition of
the regions R, and R,, the transition of the reflected entropy
Sr(Ry: R,) is discontinuous, whereas the two transitions of
the mutual information I(R,:R,) are continuous.

C. Radiation and black hole

For an evaporating single-sided black hole, its funda-
mental description involves the entanglement between a
boundary quantum system B and a single-sided radiation
system R. In the case of a two-sided black hole coupled
with a two-sided radiation system, the fundamental descrip-
tion is composed of the region of the original single-sided
black hole BR and its mirror copy B'R’ so that the whole
system gets canonically purified. This purification process
conforms to the definition of reflected entropy, thus we
should have

SY(R:B) = S(RR"). (3.49)

The reflected entropy Sg) (R:B) between the radiation
subregion R and the black hole subregion B in the single-
sided evaporating black hole system, should be equal to the
entanglement entropy of the two-sided radiation region RR’
in the two-sided evaporating black hole system.

However, it is worth noting that in our model, the puri-
fication is defined in the effective description, while the
entropy calculation is performed by using the nonisometric
mapping in the fundamental description. There is no direct
quantitative relationship between the holographic mapping
corresponding to the single-sided black hole and the one
corresponding to the two-sided black hole, i.e., V# V ® V,
but we can verify that for the holographic mapping described
in this work, the relationship in Eq. (3.49) still holds.

In order to calculate the reflected entropy Sg) (R:B)
between the radiation subregion R and the black hole
subregion B in the single-sided evaporating black hole
model, we first consider the properties of the reduced den-
sity matrix corresponding to a single radiation region R, as
shown in Fig. 10, where U and U™ are defined by (2.4). By
simplifying the maximally entangled state to the external leg
representing the dual vector, the normalization factor of the
two maximally entangled states provides a factor of ﬁ. After
knowing the form of the reduced density matrix, we are able
to calculate the (m, n)-th Rényi entropy. For the denomi-

nator, we have [23]
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1
R

R

B— U Ut
[Lhar
FIG. 10. Diagram of the reduced density matrix corresponding
to the radiation region in the single-sided evaporating black hole
model. The three indices B, R, and s that need to be summed are
all marked in the figure. The red lines represent the tracing out of
the single-sided black hole region when calculating the reduced
density matrix. The blue curves represent the contraction of the

unitary matrices U and U with the maximally entangled states
on r and R.

1 tr(p?’)).

tr(py) = max <|R|’"‘l B (3.50)

Combined with the previous discussion, a pair of U and U
corresponds to a coefficient of ﬁ, and from (2.4), the
normalization coefficient for a pair of U and U' is |R|*.
As a result, we get the total coefficient

1 tr(/)é”))‘”'

|R|m—1 ’ B|m—1

|R|™" max( (3.51)

We can also calculate the form of the Haar measure
integration as

nm
/ du UBi;R,»aip.faibi U};
i=1

92()0i3Bg, (i)

|o]

1 ,
= N Z (|R||6092|B||gogll Htr(pgr(ﬂ))>, (352)
r=1

ceS,

where a, b are the indices of p,, and ¢, is the length
of the r-th cycle in the group element o, satisfying
Ir'il ¢,(6) = n. According to the properties of the density
matrix, the dominant term is obtained when ¢ = g;! or
6=g,'. When |R| <|B|, the dominant contribution is
|R|"m=2n+2| B|"mtr(p™)". In this case, the reflected von
Neumann entropy is
SY(R:B) = 2log|R|. (3.53)
When |R| > |B|, the dominant contribution is
|R|"™|B|"m=2n+2tr(pm)" and the reflected von Neumann
entropy is

SY(R:B) = 2log|B|. (3.54)

Thus we have
St (R:B) = 2 min(log ||, log |B|) = S(RR). (3.55)

That s, in the single-sided evaporating black hole model, the
reflected entropy Sg) (R : B) between the radiation subregion
R and the black hole subregion B is equal to the entanglement
entropy S(RR’) of the two-sided radiation in the two-sided
evaporating black hole model.

Going a step further, if we purify multiple small single-
sided black holes and perform the replacement V ® V — V
multiple times, we can study the case of multisided black
holes. By applying the previous computational techniques,
we can study the multientropy and reflected entropy on
evaporating multisided black holes. (Some previous studies
can be found in [28,47,71].)

IV. CONCLUSION AND DISCUSSION

In this paper, we introduced a two-sided evaporating
black hole model by using a postselection map defined by a
Haar random unitary matrix. We investigated the entangle-
ment entropy and reflected entropy in this model through a
nonisometric map. The entropy of radiation in the model
matches the result from the quantum extremal surface
formula and agrees with the Page curve.

In this model, we are allowed to discuss the reflected
entropy and the related mutual information between differ-
ent regions, including the black holes on different sides, the
radiations distributed in a symmetric but disconnected way,
and the black hole and radiation on single side. The main
results are as follows.

(1) For the reflected entropy between the black holes, it
is at its upper bound before the Page time and at its
lower bound (zero) after the Page time. The tran-
sition at the critical point is discontinuous, similar to
the results in [31].

(i) For the reflected entropy between the radiations, it is
at its lower bound before the Page time and at its
upper bound after the Page time, coinciding with the
Page curve of reflected entropy proposed in [35].
The transition at the critical point is discontinuous.
In contrast, the corresponding mutual information
presents a three-stage behavior, undergoing the
continuous transitions at the Page time and at the
Page time for the region R;.

(iii) Finally, we verified that in the single-sided evapo-
rating black hole model, the reflected entropy
Sg(R:B) between the radiation subregion R and
the black hole subregion B is equal to the entangle-
ment entropy S(RR') of the two-sided evaporating
black hole model’s radiation.

Our investigations rely on the nonisometric maps from
the effective description to fundamental description. Even
though the results in this work are consistent with the ones
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in other models [31,35], our method is different from the
ones in [30,31,35], which is based on the semiclassical
effective description. It would be interesting to study
the reflected entanglement spectrum more carefully and
investigate the possible correction to the above picture.
Furthermore, our model can also be extended to the case of
multisided black holes. In future work, we may be able to
use our method to explore the multipartite generalization of
reflected entropy from a different perspective.
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