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Abstract
Moving mirrors have been known as tractable setups modeling Hawking radia-
tion from black holes. In this paper, motivated by recent developments regarding
the black hole information problem, we present extensive studies of moving
mirrors in conformal field theories by employing both field theoretic as well as
holographic methods. Reviewing first the usual field theoretic formulation of
moving mirrors, we construct their gravity dual by resorting to the AdS/BCFT
construction. Based on our holographic formulation, we then calculate the time
evolution of entanglement entropy in various moving mirror models. In doing
so, we mainly focus on three different setups: escaping mirror, which models
constant Hawking radiation emanating from an eternal black hole; kink mirror,
which models an evaporating black hole formed from collapse; and the double
escaping mirror, which models two constantly radiating eternal black holes. In
particular, by computing the holographic entanglement entropy, we show that
the kink mirror gives rise to an ideal Page curve. We also find that an interesting
phase transition arises in the case of the double escaping mirror. Furthermore,
we argue and provide evidence for an interpretation of moving mirrors in terms
of two dimensional Liouville gravity. We also discuss the connection between
quantum energy conditions and the time evolution of holographic entanglement
entropy in moving mirror models.
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1. Introduction

Considerations of black hole evaporation due to Hawking radiation [1, 2] have led to the impor-
tant question whether unitarity is maintained in gravitational physics. A necessary, but not
sufficient property, which may indicate that black hole evaporation is a unitary process, is the
Page curve for the entanglement entropy of the Hawking radiation [3, 4]. Owing to the holo-
graphic fine grained entropy formula [5-8], the Page curve has been obtained for conformal
field theories (CFTs) coupled to gravity [9—11]. Similarly, this has also been realized by direct
Euclidean gravity computations using quantum corrected, boundary-unitarity-imposing sad-
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dles in approximating the gravitational path integral [12, 13]. For further progress along this
direction as well as closely related work refer, for instance, to [14-62].

Even though these studies are interesting and might provide further insights into how the
black hole information paradox should be resolved, they are lacking a proper description of
the Page curve from a fundamental theory of quantum gravity. For example, it has not been
addressed how the structure of the Hilbert space in quantum gravity does actually look like.
This would indeed be needed to explain the unitary behavior of the fine grained entropy during
the evaporation process.

In fact, the mentioned entropy computations do not use the hypothetical quantum state of
the radiation in order to obtain an entropy curve which is consistent with unitarity, see e.g. [63,
64]. Instead, it is the minimization-extremization procedure [5—8] of the generalized entropy
[65-67] over an extended semiclassical bulk region terminating at some codimension-two
surface, which is responsible for the results mentioned above.

Recall that the generalized entropy is a finite quantity, whereas, both the gravitational
entropy as well as the von Neumann entropy defined in the exterior region of the surface
determining the former are separately cutoff dependent. However, combining the two pieces
would result in a cancellation of such divergences and render the generalized entropy to be
cutoff independent and therefore finite [68—73]. This strongly suggests that some of the infor-
mation content present in the full quantum gravity description is captured by the generalized
entropy.

One may consider the latter as being measuring the degrees of freedom in the exterior
region of the dividing black hole horizon surface, where the gravitational part may account for
Planckian degrees of freedom regulated by quantum gravitational effects [68, 69, 74]. How-
ever, it is important reminding that the generalized entropy, as it has originally been introduced
by Bekenstein [65-67], is a purely semiclassical concept. Similarly, this is the case for the
notion of entanglement wedges [7, 75—79], where the latter turn out to be crucial for the recent
arguments regarding the reproduction of the Page curve.

Nevertheless, in order to explain the purification of the radiation and its unitary entropy
evolution, there has to exist a mechanism going beyond semiclassical bulk physics. This should
indeed be responsible for the expected behavior around the Page time and, in particular, for
making the generalized entropy finite and continuously decreasing in the presence of an old
radiating black hole. In fact, just assigning some coarse grained entropy proportional to the
black hole horizon surface area, namely, without addressing whether such degrees of freedom
are quantum correlated among each other, or, lead to extrinsic structures, cannot be sufficient
in addressing the black hole unitarity problem.

Based on algebraic arguments and related reflections on the bulk Hilbert space structure, it
has recently been argued that the purification of the radiation happens via hidden quantum cor-
relations extending across the black hole atmosphere [64]. Such correlations are proposed to be
existent due to the presence of certain, necessarily extended horizon operators in the emergent
bulk spacetime, that are highly quantum correlated with each other and do not belong to the
algebra describing the semiclassical world. During the evaporation process, these atmosphere
correlations, being transferred to the outgoing low energy Hawking radiation, will give rise to
a unitary entropy curve. In fact, using well established theorems and consistency assumptions
one can further argue for the necessity of such near horizon quantum gravitational effects that
start to be revealed around the halfway point [80].

Accordingly, in contrast to the usual thermal state predicted by Hawking, the state of the
radiation would start undergoing a drastic change slightly before half of the black hole has evap-
orated. Particularly, restoring unitarity as proposed in [64] would imply a non-factorized bulk
Hilbert space structure, that is dynamically evolving during the evaporation process. Around
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the halfway point, the entanglement structure of the black hole system, which, by then, will be
maximally correlated with the outgoing Hawking radiation, would necessarily extend across
the atmosphere. Indeed, this is in line with earlier stringy scenarios drawn in [68, 81, 82] which
already strengthened the idea that black holes should be viewed as ordinary quantum systems
as seen from the far distance. However, the mechanism in [64] would be more generically
applicable to any quantum formulation of black hole thermodynamics [83] and may therefore
explain the universal nature of the Bekenstein—Hawking entropy [84].

Taking all these considerations into account, we think that it will be helpful to explore an
alternative approach for studying the information content of black hole radiation. In doing so,
we may presumably be able to connect to the latter aspects in a direct manner, namely, without
entirely ignoring the relevant fine grained properties of the underlying spacetime.

Moving mirrors have been considered as a class of remarkable and tractable models of
Hawking radiation from black holes [2], which are based on quantum field theories defined
on spacetime backgrounds with boundaries [85, 86]. Therefore, unitarity is obvious in mov-
ing mirror models, and we expect that comparisons between the dynamics in such setups
and that of evaporating black holes will be helpful to understand unitarity in quantum grav-
ity. Motivated by this, the computation of entanglement entropy in two dimensional CFTs
with moving mirrors has recently been performed and a Page curve has been derived for
a mirror profile which mimics black hole formation and evaporation [87], both field theo-
retically and holographically. The gravity dual analysis has been achieved by extending the
AdS/CFT duality [88] to the case where the CFT is defined on a manifold with a bound-
ary [89-91]. This extension is known as the AdS/BCFT construction. In holographic CFTs,
which have classical gravity duals, there are two different contributions to holographic entan-
glement entropy [5, 6, 92] in AdS/BCFT. One comes from a connected extremal surface and
the other candidate relies on a disconnected surface which ends on the end-of-the-world brane
extending into the bulk. In [87], it has been found that the entanglement entropy which con-
tributes to the Page curve is the latter (disconnected) one. Contributions from the former
(connected) one were already evaluated in earlier works [93-96]. It is particularly worth men-
tioning that moving mirror examples mostly allow relatively simple and analytical calculations.
This can be taken as an advantage over other approaches to black hole information related
problems.

In this paper, we would like to provide major extensions of our previous analysis presented
in [87]. For doing so, we mainly focus on three different moving mirror setups: (i) escaping mir-
ror, (ii) kink mirror, and (iii) double escaping mirror, which are depicted in figure 1. These can
be regarded as models mimicking constant Hawking radiation from an eternal black hole, black
hole formation and evaporation, and radiation emanating from two black holes, respectively.
After presenting details of field theoretic and holographic realizations of moving mirror setups,
we perform comprehensive investigations of the time evolution of entanglement entropy in all
three setups. Moreover, we present a precise connection between our moving mirror models
and gravity models coupled to CFTs by making use of brane-world holography and the Liou-
ville formulation of two dimensional gravity. For the double escaping mirror, we observe an
interesting, new phase transition behavior in our entanglement entropy calculations. We also
study the properties of energy fluxes in moving mirror models. Particularly, when these give
rise to unitary entropy curves, we find that the quantum null energy condition (QNEC) [97,
98] is saturated, while the null energy condition (NEC) turns out to be violated temporarily.
In fact, this property may be viewed as an explicit realization of more general considerations
[80] which further advocate the mechanism discussed in [64].

The remainder of this paper is organized as follows. In section 2, we explain the description
of moving mirrors in two dimensional CFTs using conformal transformations. In section 3,
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Figure 1. Sketch of the three moving mirror setups: (left) escaping mirror, (center) kink
mirror, and (right) double escaping mirror. They model constant Hawking radiation,
black hole formation and evaporation, and radiation from two black holes, respectively.

we present a comprehensive review of direct analysis of two dimensional free scalar CFT with
a moving mirror in terms of creation and annihilation operators. In section 4, after briefly
reviewing the AdS/BCFT construction, we work out profiles of end-of-the-world branes in the
BTZ black hole background. In section 5, we provide extensive studies of gravity duals of a
single moving mirror and calculate the time evolution of holographic entanglement entropy.
We further give an interpretation of our setups in terms of two dimensional gravity coupled
to a CFT on a half space by referring to brane-world holography and Liouville theory. We
also argue that our moving mirror models are smoothly connected to earlier two dimensional
gravity models that have led to the island picture. In section 6, we analyze the gravity dual of the
double escaping mirror setup. We calculate its holographic entanglement entropy and uncover
an interesting new phase transition. In section 7, we study properties of energy fluxes in moving
mirror CFTs and discuss the connection to well known extensions of the classical NEC, such
as the QNEC. In section 8, we provide conformal field theoretic computations of entanglement
entropy in moving mirror setups. In section 9, we revise our moving mirror analysis as a BCFT,
and make clearer the way how the standard conformal boundary conditions are generalized into
corresponding moving mirror boundary conditions. In section 10, we give a brief summary
and finalize with some further comments. In appendix A, we present details of the gravity dual
associated with a conformal map. In appendix B, we present more entanglement entropy results
computed in CFTs with moving mirrors.

2. Moving mirror in two dimensional CFTs

In this section, we introduce the conformal map method and discuss its application in the
context of various mirror profiles.

2.1. Radiation from moving mirror

In a typical moving mirror setup, one initially places a mirror at x = 0, so that the physical
space is given by x > 0. The location of the mirror moves according to x = Z(¢), as sketched
in the left picture in figure 2. In such a setup, we expect the production of right moving radiation
quanta giving rise to some energy flux 7', [85].
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~

Figure 2. Sketch of conformal map from the moving mirror setup (left) to a standard
setup of BCFT with a straight line boundary at x = 0 (right). The dotted lines correspond
to the null lines in the coordinates (¢, x) and (7, X).

2.2. Conformal map method

A systematic method to analyze moving mirrors in two dimensional CFTs can be achieved by
employing conformal transformations. We would like to consider a conformal map from the
original moving mirror setup, see left picture in figure 2, here described by the following null
coordinates

u=t-—x, v=1+x, 2.1)

into the standard simple setup with a static mirror, see right picture in figure 2. The latter is
described by the new coordinates

(,0) = (f — X, 1+ %), (2.2)

so that the static boundary will be situated at ¥ = 1(o — i1) = 0.

Since we are mainly interested in the radiation emitted by the moving mirror, we would like
to consider the most simple case, in which only the right-movers are excited. In this case, these
coordinates are related by a chiral conformal transformation of the following form

= pu), =o, (2.3)

where the introduced function p in (2.3) will be determined by the profile of the mirror x = Z(¢)
as follows

t+2(0) = p(t — Z(1). (2.4)

If we rewrite the relation (2.4) in terms of the functions f(x) = p~'(u), we end up with

T g (@), (), @)

2 2 2 2

Since the state in (i, v) corresponds to the CFT vacuum, we would have Ty; = Ty = 0.
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Therefore, after performing the conformal transformation (2.3), we can evaluate the energy
flux expressed in terms of Schwarzian derivatives®, which takes the form

3 /1 2 7
m:i——p@ _ﬂw, (2.6)
247w \ 2\ pP(u) P (u)
with ¢ being the central charge of the underlying CFT.
Note that, since T, and T, are vanishing, we have T, = T, + T\, — 2T, = T .

2.3. Mirror trajectories

As mentioned, in the following, we would like to discuss some explicit examples for the mirror
profiles in the light of the conformal map method.

2.3.1. Rindler observer. Consider the following function

Z(t) = 12+ a?, 2.7)

which is analogous to the boundary experienced by some Rindler observer. In such a case, we
find

2
plu) = —0‘7 (2.8)

Since this is a global conformal transformation, we find the trivial result

T = 0. 2.9)

2.3.2. Perturbed Rindler observer. Consider now the following function

2

«
plu) = - T (2.10)
We get the profile
ty — /2 +a? —ya? { 202 +a? ] N
Z(t) = ~VEP+Ar+ B |-t + ——m— | + O(y7). (2.11
(0 - % Blot+ 5 | + 000 21D

The energy stress tensor reads as follows

c 3ya?

uu

5 Here, we use the standard formula for the conformal transformation of the energy stress tensor,

T = () 1+ (i)
uu du uu 12 M,M k]
where

@@ — 3@y
ity = (@,it7
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Figure 3. Depicted is the profile of the escaping mirror trajectory (left) and that of
the energy stress tensor 7, (x) multiplied by 487 (right). The blue and orange curves
correspond to 8 = 1 and 8 = 0.3, respectively.

2.3.3. Escaping mirror. Let us now consider

pu) = —B log(1 + /"), (2.13)

where we have introduced a positive parameter 3, which will play the role of an effective
temperature of the radiation. Note that in the limit # — oo, we have

pu) = —Be /7, (2.14)
while in the past time limit # — —oo, we have
pu) >~ u. (2.15)
The mirror trajectory is described by

pu) +u Z(u) = p

which is plotted in the left panel of figure 3. In the past time limit # — —oo, we have the static
mirror, i.e.

Z~0, (2.17)
while in the late time limit u — oo, we find
Z o~ —t— Be ¥, (2.18)

The energy stress tensor reads

c 1
Tw = 1 - . 2.1
48732 ( (1 +eu/5)2> (2.19)

It is particularly worth mentioning that the late time limit looks thermal T, ~

W, similar
to as one would get from a thermal density matrix with temperature ﬁ

9
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Figure 4. Shown is the profile of the kink mirror trajectory (left) and that of the energy
stress tensor 7, (1) multiplied by 487 (right). We have set uy = 4. The blue and orange
curves correspond to 5 = 0.5 and # = 0.1, respectively.

Here, it is useful to consider the (infinite temperature) limit 5 — 0. In this case, the mirror
trajectory develops a kink of the form

Z(t) ~ —16(1), (2.20)
as we can see in figure 3, and the energy flux is written in terms of the step function 6, i.e.

c

Tuu -
48732

0(1). (2.21)

2.3.4. Kink mirror.  'We now consider the following extended function
p) = — log(1 + /%) + B log(1 + “~0/5), (2.22)

where we assume 5 > 0 and uy > 0.
This corresponds to a moving mirror trajectory x = Z(f), which develops a kink-like shape
as depicted in the left panel of figure 4. In the 8 — 0 limit, the mirror profile is described by

0 (t < 0)

2~ { —t (0 >1< uo). (2.23)

The corresponding energy flux obtained by plugging (2.22) into (2.6) is plotted in the right
panel of figure 4.

10
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2.4. Perturbation

In general, by using (2.5) we can write the following relation

-

= T = Z=pt—-2)—t (2.24)

in order to obtain Z(¢) from a given function p(u), where the dot and prime denote ¢ and u
derivatives, respectively.
Similarly, we may find p(u) from Z(¢) by solving the following equation

1+7 u-+p
f=—- = =27 —— . 2.25
P=1_5 p ( > ) +u (2.25)
For instance, let us assume that p in (2.3) is of the form

p(u) = s(u) + Ag(u), (2.26)

where s and g are some arbitrary functions and A is some real parameter.
Starting from the general expression in (2.26) and assuming \ < 1, we may expand (2.24),
so that
s —1 2¢

~ A
s’+1+ [s" + 177

+0O0?). (2.27)

2.4.1. Example 1. Let us consider the first term in (2.26) to be given by
s(u) = au. (2.28)
Then, according to (2.27), we get

!

_a-—1 2g

~ A . 2.29
a+1 - [a + 177 ( )
Using the relation
du ~ 2 dr (2.30)
T l4a '

which follows from the relation in (2.16), then (2.29) can be integrated as follows
a—1 A 2t
Z(t) ~ t . 2.31
@ [a—kl} +a+1g<a+l) 23D

2.4.2. Example 2.  As another example, let us now assume that

2
s(u) = —0‘7 (2.32)

determines the first term in (2.26). Then, we get
N a? — u? 28'u*
T ot u? [a? + u?]?’

(2.33)
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We may write the following relation

2u? o?
Re-expressing the lhs of (2.33) by making use of (2.34), we get

2 2

o —u g’
7 ~ + A 2.35
2u? a?+u?’ (2.35)
After integrating the latter, we find the general solution
1 o R A0))
Z(u) ~ —= — |+ X[ dy 2.36
) 2{u+u}+/ Pt (2.36)

By using the relation

ult) =t — Va2 + 12, (2.37)

which is deduced from the right equation in (2.34), we finally find

u(t) 2 7
2~ P+ a® + )\/ dy y2g+@)2, (2.38)

where u(?) is given in (2.37).
For instance, if we have A — 0, the expression (2.38) for Z(¢) becomes identical to (2.7). If
we set g(u) = —u as in (2.10), we find

u(?) 2
-y u(t)
/ dy m = (v arctan (a) - M(t), (239)

which approaches the rhs of (2.11) if one identifies the small expansion parameter A with /3.
For instance, we may choose the function
¥
g(y) =’y + 3 (2.40)

appearing in (2.26) and further assume (2.32). Then, by using the solution in (2.38), we find

NG 213
20~ VE T az ATV ErT +t] 2.41)
where
2 3
Pu) =~ —% +A [uaz T b;] : (2.42)

which leads to the following energy stress tensor

i 10u2a? + 3a* — 2uP X\ + uta® )\
127 [a? 4+ u?[u? + o2])?

T =— (243)

As it is expected from the discussion in section 2.3.1, the latter vanishes for A — 0.

12



Class. Quantum Grav. 38 (2021) 224001 | Akal et al

3. Direct analysis of massless free scalar CFT

In the present section, we discuss the explicit quantization of a free massless scalar field in two
dimensional flat spacetime with a moving mirror. We first calculate the expectation value of the
energy momentum tensor. Afterwards, we work out the relevant Bogoliubov coefficients for
the escaping mirror profile modeling a one sided eternal black hole, and compute the particle
production rate. Lastly, we comment on connections to gravitational setups.

3.1. Energy momentum tensor

In two dimensional free massless scalar field theory, the energy momentum tensor is given by
(86]

1
Ty =Tu =3 [(0i0)> + (0x0)*] ,

) (3.44)

To=Tu=7 [(019) (0x9) + (0:0) (D:9)] -
The field equation reads®

0*P

= 3.45

Oudv (3.45)
The scalar field ® shall satisfy the reflection boundary condition, i.e.

O(1,Z(1)) =0, (3.46)

where Z(f) denotes the moving boundary of the spatial direction, cf section 2.2.
A complete set of positive frequency modes, i.e. solutions to (3.45) and (3.46), is given by

o = H(wv) + G(wu), (3.47)

where w = |k|, with H and G being arbitrary functions. More specifically, we may write the
incoming mode as

in (7, x) = i(dmw') 1/ (e*iw’v _ e*iw’@Tr")) . (3.48)

For simplicity, we consider a single moving boundary, where the mirror location is deter-
mined by 27, — u = p(u), see section 3.3 for a more general setup. The variable 7, is defined by
the mirror trajectory through 7, — Z(7,) = u, cf [85]. An incoming mode function describing
Minkowski spacetime with a static boundary would correspond to 7, = u, hence

(1, x) = (mw') "2 sin(w'x)e " (3.49)

The field ® can be expanded in terms of the incoming mode
(1, x) = / dw’ [aw/qsgl, +al,om|. (3.50)
0

Here, a,, and al/ are the standard annihilation and creation operators, such that a|0);, = 0,
where |0);, is the incoming vacuum state at Z~.

®Here, & is used to denote an on-shell configuration of the scalar field ¢.

13
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Alternatively, ® can also be expanded in terms of the outgoing mode
Bt = [ dw b2+ 502, (3.51)
0

where b,, and b, correspond to the annihilation and creation operators defined with respect to
the outgoing vacuum state at Z+.
The outgoing mode can be expressed as

G (1,%) = ildmw) ™2 (7 — e | (3-52)
where f(u) = p~'(u).

So, forming a complete set, one can expand the positive frequency modes ¢°* at ZT in
terms of the positive frequency modes ¢, at 7~, means

P = / dw’ [l ol — Buwdll] (3.53)
where
Qo = (805 00) s Buw = — (62", 01) (3.54)

are the corresponding Bogoliubov coefficients, which will be discussed in more detail below.
Similarly, one may construct

o= / dw [ @0 + Buwdd™] - (3.55)

The scalar product introduced in (3.54) normalizing the mode functions is defined as

(¢1, ) = —i /E (610,05 — (0,01)05] S, (3.56)

where Y is a Cauchy surface. The mode functions are orthonormal with respect to the scalar
product in (3.56), i.e.

(P Pur) = 0w — W), (¢u, @) = 0. (3.57)

In general, we have

(Tyw) = /0 dw Ty [ 0] - (3.58)

According to the integrand above, the expressions in (3.44) should be evaluated as bilinear
forms on the mode functions ¢,, and their complex conjugates.

Since (3.58) is divergent, one may use the point splitting regularization method. Namely,
instead of evaluating both modes, ¢,, and ¢, in (3.58) at the same point (¢, x), one may evaluate
¢, at (t + €, x), where € is taken to be an infinitesimally small shift parameter.

Therefore, focusing on the expectation value for the energy momentum tensor at Z™, the
factors that need to be inserted into (3.58), where we use the mode function in (3.48), take the
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form
in 1/2 )
¢ (t X (41) —1w'1; _ p/(u)e—lwp(u)) ,
s
apin | )
¢ i = (%) 9y (e )
(3.59)
¢ (I+ €, x) (41) 1w(l +€) p/(u + 6)eiu.;p(u—i-e)) ,
s
a inx* 1/2 ) ]
¢ (t+€ )C) (4&) (elw(1x+e)+p/(u+6)elwp(u+e)).
us

By using (3.58), we get the following expectation value for the energy momentum tensor

1o _
(Ty) = (Tax) = — / dw [e‘“‘ + P wp'(u+ e)e‘“’(l’(“+f>—p(u))] ,

= 4 0
e (3.60)
(Tu) = (Tu) = / dw [ — pl)p/(u + e)e Pt P
4 0
Finally, evaluating the integrals in (3.60) gives rise to [86]
1
(Tu) = T (Tix),
(3.61)

B 1 p/// 3 p// 2
(Tix) = A [p’ ) (p’) + O(o).

3.2. Renormalized energy flux

After having obtained the expectation values (3.61), what remains to be done is taking the limit
€ — 0. This leads to the following renormalized expectation value for the energy stress tensor,
cfe.g. [85],

) 1 3 A4 /17
(T )ren = lgg [<Ttt> - <Ttt>noMM] sy [5 (%) - %1 . (3.62)
Here, it has been used that
1
(Tu)nomm = 5 (3.63)

which corresponds to the value obtained in flat spacetime without a moving boundary, i.e.
p(u) = u, see section 3.1.
The renormalized energy flux at Z+ from (3.62) should be understood as

(Ty)ren = (¥|T,|T) — (0|T,|0), (3.64)
with

|) = U|0) (3.65)
7We would like to note, that other than in the present section 4, we denote the renormalized vacuum expectation value
(T, )ren simply as T, throughout this paper.
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being the final state, where |0) = |0);, corresponds to the vacuum state at Z*. Here, U is a
unitary operator.

3.3. General mode function
Consider a general positive frequency solution to (3.45) of the form

(1, x) = i(dmw) P (W) e Tior) (3.66)
We calculate (T',,,,) in the same way as in (3.61). This leads to

s { Pwpute  _qdqw+e }
4 [ (pu+€) — pw)* (v +€) — q(v))

<Ttt> = <Txx> =

B 1 2 1 p/// 3 p// 2 1 q/// 3 q// 2
“Tam|ets 7‘5(?)]*6 T35 [roe)
(3.67)

(T) = (T} = 1 [ Pwpu+e  qdwqw+e ]
T dn [((pu+ o) — pw)?  (qv + €) — g(v))?

B 1 1 p/// 3 p// 2 1 q/// 3 q// 2

—4%[6 [y‘z(y) %b‘z(ﬁ +OO:

where we have used
Pwpu+e 1 1[p" 3(p
(Puto—pwp & 6 [ﬂ 2(1/) o (08

As before, we take the limit € — 0, which results in

1 1 1" 3 7\ 2 1 " 3 i\ 2
() = (1) = = |2 |2 -3 (2) | L _3(L) ] o)
4r (6 | P 2\ P 6|q 2\ ¢q
For the remaining components, we again distract the (0|7,|0) and (0|T,,|0) contributions
as in (3.64), and find the following renormalized energy flux

(Tu)ren = (Trx)ren = —% lé l% - %(%)2] + é l% - %(‘;—N>ZH (3.70)

after taking the limit € — 0.

3.4. Bogoliubov coefficients

Let us write down the Bogoliubov coefficients more explicitly. We consider an incoming mode
of the general form

Ot %) = iy V2 (&7 — e ) (3.71)
and an outgoing mode
¢Zm(t’ )C) — i(47TOJ)_l/2 (e—iwf(“) _ e—iwu) , (372)

where f = p L.
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Using the definitions in (3.54), we obtain the following integral representations for the
coefficients,

Uy = —i(ZW)_l(w’w)_l/z/ dx sin w'x [(wf’ + e — (wp + w’)ei“’”]
0

N\ 1/2 poo
_ (271_)71 (%) / dx {eflw x~+iwf(x) 4 elw x~+iwp(—x) (373)
0
and

Bow = i(Zﬂ)_l(w’w)_l/z/ dx sin w'x [(wf’ — whe ™ — (wp — w'e 7]
0

. w’ 12 e —iw x—iw f(x) i x—iwp(—x)
—en (2 dx [e  el/aien } . (3.74)
0

Note that the scalar product has been calculated on the # = 0 slice by performing integration
by parts.

3.5. Thermal spectrum

Now, consider the escaping mirror profile from section 2.3.3. We may approximate the inverse
function of the asymptotic form (2.14) as

fv) ~ —é In[—Buv/A]. (3.75)

By using the expression (3.74), we get

-1 . 1 1
‘ﬂww/|2 = (4772ww’) e /B‘I‘(l + l(/.)/B)|2 = B (ew/kBT — l) ,  (3.76)

where B = 2mkgT. This precisely matches with the well known black body spectrum charac-
teristic for black hole radiation as obtained by Hawking [2].

The average number of particles found at future null infinity Z+ with frequency w follows
from evaluating the integral

i (OIN2M0)i = /0 dw’ | B | (3.77)

3.6. Reinforcing the analogy

The analogy between moving mirrors and black hole radiation in a gravitational setup becomes
more clear if one directly compares the exact Bogoliubov coefficients on both sides. In the
following, we briefly comment on two such examples.

Indeed, as we have encountered in section 3.5, moving mirrors commonly give rise to a
thermal radiation spectrum. An appropriately chosen setup, mimicking an eternally radiating
black hole, for instance, leads to a constant thermal flux of particles, see section 2.3.3.

A precise matching between the Bogoliubov coefficients on both sides, however, may fur-
ther support our expectations put forward in section 5.6. In there, we argue that the moving
mirror setup may indeed be interpreted as a field theory coupled to gravity, thus providing a
direct connection to two dimensional (quantum) gravity.
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Figure 5. Left: Penrose diagram of a black hole formed from a collapsing null shell (yel-
low thick line). This scenario may be modeled by the escaping mirror from section 2.3.3.
Right: Penrose diagram of the formation and evaporation of a black hole. This scenario
may be modeled by the kink mirror from section 2.3.4. The region behind the event
horizon is colored in green.

3.6.1. Collapsing null shell. A well studied case is the example of a black hole that is formed
from a collapsing null shell, cf figure 5 left. Consider, for instance, the following mirror
profile [99]

_ WQe ™)

Z(t) = —t P

(3.78)

where we have introduced the W Lambert function®. The profile (3.78) is equivalent to the
function

pu) = — le‘“’“. (3.79)
K

In this situation, the underlying integrals for the Bogoliubov coefficients are exactly solvable,
and one arrives at the following two expressions

L 3 SRS R LA
2nk W | K K

. —iw/kK .
B = i{_i(wwf)} F<E>
K K

2nk | W’

(3.80)

8 The Lambert function (also known as the product logarithm) is defined to be the inverse relation of the map
[z zexp(2),

where, in general, z € C. It follows
7z = W() exp(W(2)).

Here, we consider the case where the argument is real.

18



Class. Quantum Grav. 38 (2021) 224001 | Akal et al

Here, T" denotes the standard Gamma function. For simplicity, we have used w’ > w.
Similar to what we have already seen in section 3.5, for the spectrum one finds

1 1
2
= . 3.81
B 27 Rw’ (ezw/” - 1) (3:8D)

Interestingly, the expressions (3.80) indeed precisely match with the coefficients obtained for
a collapsing null shell in 1 + 1 dimensions, cf e.g. [100]. Here, the acceleration parame-
ter x in (3.78) would play the role of the black hole’s surface gravity and thus its Hawking
temperature.

We should note that the coefficients (3.80) approximate the one obtained for the escaping
mirror in section 2.3.3. The latter will therefore describe the same situation as well. Accord-
ingly, the kink mirror profile introduced in section 2.3.4 would then model Hawking radiation
of an evaporating black hole that has initially formed from collapse.

Quite importantly, this would even include nontrivial back-reacting effects which are
expected to be necessary for unitarity. The diagram describing this scenario is sketched in
the right panel of figure 5.

3.6.2. CGHS black hole. A second profile which highlights a close similarity between a mov-
ing mirror setup and black hole radiation in a two dimensional gravitational theory is described
by the following function

1 ] em‘
Z(t) = ——arcsinh (| — |, (3.82)
K 2

see e.g. [101].” As in the example before, one can explicitly compute the corresponding Bogoli-
ubov coefficients. The one which determines the produced particle spectrum takes the form

1 ; . , .
b= ]9 <_I<W+W>,1+lw), (3.83)

2tk V w K K

such that
| , . , . 2

|wa"2 = w B M,l _ W (3.84)

4m2K2 w K K
Here, we have used the notation B(x,y) = 1;(8_1;%) Using again w’ >> w, the latter gives rise to

the usual thermal spectrum

1 1
2
= , 3.85
B 2 kW’ (ew/kBT — 1) (3.:85)

where k = 27kgT.
More interestingly, (3.83) precisely coincides with the Bogoliubov coefficient which is
found for the radiating black hole in the well known CGHS model [102],

i(w+wh iw
(05)

namely, if A is identified with the acceleration parameter « in (3.82), cf e.g. [103].

2

1 !
@ , (3.86)

4r2A? W

|wa"2 =

9 n fact, in the late time limit, this approaches the trajectory of the escaping mirror introduced before.
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3.7 Entangled pair production

For later analysis of entanglement entropy in the presence of a moving mirror, it is useful to
examine the entangled pair production.

In particular, we would like to locate the region where the entangled pairs are created due
to the moving mirror. This can be estimated by calculating the correlation function between
the Hawking pair operator [ dw a™a™ and a pair of scalar field operators, i.e.

in<0‘¢(ul’vl)¢(u2a UZ)/dw a:ffagl”O)m

__1 dw 1 [emietorton) _ givtipu)

C2n
— e Py i) )]

(3.87)

LI {(p(m) + plu) —i€)(v1 + vy — i€)

21 [ (1 + plua) — ie)(pluy) + vy — i€) |

As can be seen, the overlap gets divergent when v; + p(u) = 0 or v, + p(u;) = 0. This
behavior can be explained if entangled pairs are produced at

v+ p(u) =0, (3.88)

and if they are propagating in opposite directions at the speed of light.

4. AdS/BCFT in Poincaré AdS;

In what follows later, we will construct the gravity dual of CFTs in the presence of moving
mirrors by employing the AdS/BCFT duality [90, 91]. As a preparation, in this section, we
would like to review the AdS/BCFT construction in Poincaré AdS, and present a calculation
of holographic entanglement entropy in a simple moving mirror setup, which does not generate
any energy flux. As it is mainly the case in this paper, we focus on two dimensional BCFT.

4.1. AdS/BCFT construction

Consider a BCFT on a two dimensional manifold 3} with a boundary 0. Its gravity dual, based
on AdS/BCFT, can be constructed as follows.

First, we consider an extension of 9% to a two dimensional surface Q in a three dimensional
bulk. This surface Q is also called the end-of-the-world brane in recent contexts.

To preserve the boundary conformal invariance on 9%, we impose the following Neumann
boundary condition

K — haK = =Thap (4.89)

on the surface Q. The parameter 7T is the tension of the end-of-the-world brane Q and is mono-
tonically related to the degrees of freedom of a given BCFT which depends on the boundary
condition on 9X.. The gravity dual of the BCFT is given by the three dimensional space called
M, which is defined by a region enclosed by Q and X. Refer to figure 6 for a sketch.

The metric of M is determined by solving the Einstein equation with the negative cosmolog-
ical constant, which is standard in AdS/CFT, with the boundary condition (4.89) imposed on
Q. Note that this construction can be generalized to scenarios, where 0% consists of multiple
disconnected boundaries as well as to the higher dimensional cases.
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X0 |\

yA

Figure 6. A simple example of AdS/BCFT dual to a two dimensional CFT defined in
the region |x;| < /4% + x(z). The blue region in Poincaré AdSj; is the gravity dual of the

BCFT, enclosed by the brane Q. We show the connected and disconnected geodesics.
The disconnected geodesic, which departs from a point in the red shaded region, goes
beyond the Poincaré patch.

We can also extend the holographic entanglement entropy [5, 6, 92] to AAS/BCFT setups.
Consider a subsystem A defined as an interval on a time-slice of BCFT. The entanglement
entropy S4 is computed by the following formula [90, 91]

Sa = min {S5™, S3°}, (4.90)
where

LA - g KOO, (4.91)

SCOl‘l — ,
A 4Gy A 4Gy

Here, S5°" and S§* are the holographic entanglement entropies, which are proportional to the
connected and disconnected geodesic lengths, denoted by L(I'$™) and L(T'{®), respectively.
The surface I'{" is the geodesic, which connects the two end points of the interval A. On
the other hand, T'{® is the union of the two disconnected geodesic curves which connects each
of the two end points of A with a point on the surface Q. The latter point is determined by

minimizing the geodesic length. Refer to figure 6 for a sketch of such geodesics.

4.2. General solutions in three dimensional bulk spacetime

In general, to determine of the metric of the gravity dual M, we need to solve a complicated
back-reaction problem in general relativity. However, in our three dimensional setups, where
we consider pure gravity without any matter fields, we can easily find the shape of the surface
Q and the metric of M. This is essentially so, because any solution to the Einstein equations in
three dimension is locally equivalent to Poincaré AdSs, i.e.

22 dz? +dx? — dx%.

d 2

(4.92)
Z

The general solution to (4.89) takes the form

(z—a)* + (x1 — a)* — (xo — b)* = 7~ (4.93)
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When we consider the region inside this surface (4.93), this is dual to the two dimensional
BCFT on

(x1 —a)* — (xg — b <> — . (4.94)

Note that this is identical to the simple moving mirror example in (2.7), where the energy flux
is vanishing.
In this case, the tension of the surface (4.93) is given by

T:%. (4.95)

This is depicted in figure 6. If we consider the outside region of (4.93), it is dual to the BCFT
on (x; — a)®> — (xg — b)*> > v* — a2, and its tension is given by T = -5

The standard BCFT corresponds to the values of the tension given by 7L < 1. At least
mathematically, we can consider also the region 7L > 1, where the surface Q is floating in the
bulk AdS. This exotic case has been discussed in [104], and was argued to be dual to a certain
analytical continuation of the BCFT, e.g. a two dimensional CFT on a disk with an imaginary
radius.

Nevertheless, from the bulk gravity viewpoint, we do not observe any obvious problem in
the presence of such an end-of-the-world brane having tension 7L > 1, which is still timelike,
though the boundary 0% of the BCFT becomes spacelike.

4.3. Holographic entanglement entropy for a simple moving boundary

We now want to compute the holographic entanglement entropy of a given subregion in the
BCFT. We would like to focus on the vanishing brane tension case, i.e. 7 = 0, for simplicity.
By setting @ = 0 and b = 0, and making use of translation invariance, the end-of-the-world
brane Q in Poincaré AdS is described by

24 xi—xl=4% (4.96)

The gravitational spacetime in the bulk ends on the brane Q, which is holographically dual to
the CFT living on the region |x;| < /42 + x3. This is depicted in figure 6.

The geodesic length Dy, between (z, xo, X1) = (21, t1, X1) and (z, xo, X1) = (22, t2, X2) 1S given
by the standard formula

(4.97)

Dy, = cosh™! <(x‘ —0)l - —n)?+3+ Z%) .

22122

We choose the subsystem A to be an interval x; € [[;, 5] at time xo = t. We further
consider —\/42 + 2 < I} <l < \/y2+ .

The connected geodesic, which exists at any time, determines the contribution to the
holographic entanglement entropy, which reads

c 12 — ll
S =1 , 4.98
A 3 og c ( )

where e denotes the UV cutoff.
As we explained before, in AAS/BCFT, disconnected geodesics, which end on the brane Q,

are allowed. In the current setup, we can consider a geodesic I'{"* which connects the boundary
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point (¢, x, 7) and a point (/% + s2 — y2, y, s) on the brane Q. Its length takes the form

V4 =y + =y —(@—97

D~ 1o (4.99)
g e\/72 + 52 —y?
By extremalizing D with respect to s and y, we find
292 x 272t
=7 - L S 4.100
YRy _p TRy _p ( )

At first sight, to have a spacelike geodesic, which leads to the inequality v> + s> — y* +
(x —y)* — (t — 5)* > 0, we might require

4+~ —=7F>0. (4.101)

This covers only a part of the region of the space > where the BCFT is defined.

However, this argument is based on the assumption that the geodesic ends on a point on
Q within the Poincaré patch. If we take into account the possibility that the geodesic ends on
an extended surface of Q in the global patch, then we can actually find that we still can have
a spacelike geodesic with the desired property. The geodesic length will be given by (4.100),
with /42 + s2 — y2 being replaced by — /42 + 52 — y2.

The geodesic length for the solution in (4.100) leads to the following holographic entangle-
ment entropy

2_p 2 2_p 2
sdis — ¢ log r-h+9 + ¢ log ﬂ’ (4.102)
6 ey 6 €y
resulting from the two disconnected geodesics.
Here, we have assumed the extension to global AdS; as we have mentioned before. Notice
that the expression in (4.102) is still correct even when the inequality (4.101) gets violated.
In this way, the holographic entanglement entropy is obtained from (4.90), where the con-
nected and disconnected geodesic results in (4.91) are computed as in (4.98) and (4.102),
respectively. It is easy to observe that the disconnected solution S is favored when

B+B i +b)
Py Hzr 1 72+#~ (4.103)

This results in a phase transition between S4* and S5 as depicted in figure 7.

4.4. AdS/BCFT for the BTZ black hole

As a next holographic moving mirror example, let us consider setups of AdS/BCFT in BTZ
black hole backgrounds, i.e.

d 2
ds? = —( = A 4+ L= + e, (4.104)
— o

In order to find the correct end-of-the-world branes Q, we can employ the fact that the
BTZ spacetime can be mapped into Poincaré AdS; discussed in section 4 via the following
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Figure 7. Time evolution of holographic entanglement entropy in the AdS/BCFT setup
(4.96). We plot the entropy, with the UV divergence being subtracted by setting ¢ = 1, as
a function of time 7. We set v = 1. The left and right graphs correspond to a subsystem
A chosen to be given by [0, 0.9] and [—2.5, 2.5], respectively.

coordinate transformations

2

Y v
Xp— X} = —eL @D 1——(2),
E
2
o} T, 4.105
x0+xl :eL(Xth) 1_70, ( )
r T
7= 0T,
r

4.4.1. Static surfaces. 'We can map the solution in (4.93) fora = b = 0 via the transformation
(4.105) and obtain a static profile for the surface Q in BTZ. When L7 < 1, with a translation
in x direction, we find

1o TL

= V1 = T2L? sinh 2% (4.106)
as depicted in figure 8. When LT = 1, we obtain
H(x) = 2rgye L. (4.107)
When LT > 1, we get
roTL (4.108)

rx) = VT2 -1 cosh%’

This brane Q does not extend to the AdS boundary at r = oo, as opposed to the cases where
TL < 1.Ineachcase,i.e. LT < 1,LT = 1,and LT > 1, we realize that the world volume of
Q is identical to AdS,, R"!, and dS,, respectively.

4.4.2. Time dependent surfaces. Next, we would like to turn to the general time depen-
dent surface Q in the BTZ black hole background. This is parameterized by three parameters
(e, a, b), and the profile of Q is explicitly given by
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I(X)1 TL<1

TL=1
TL>1

To

Horizon

Figure 8. Shown are characteristic profiles for the end-of-the-world brane Q in the BTZ
background depending on the value of L7 .

j7 T t rox 2 t rox 2

A1 2000t g cosh Lt [1 - 10 + 2b sinh ot _h

r L r? L r?
=+ —d® -’ (4.109)

This is time dependent when either a # 0 or b # 0.
At the AdS boundary z = 0, we have
T t rox r rox

1% _ 24 cosh %e% 4 2b sinh %e% — b — @ Al (4.110)

It is useful to introduce the relation between the Poincaré AdS; coordinates and the BTZ
coordinates,

X0+ x 2rgt
70 ! :—e_L_’
X0 — X1
> > > 2rpx
PHxi-xl=el, “4.111)

Remember that the outside horizon region for the BTZ black hole corresponds to the right
wedge defined by x; — x¢o > 0, and xg + x; > 0 in Poincaré AdS;.

We can classify the time dependent behavior of the boundary surface Q according to the
values of the four parameters («, 7, a, b). They are qualitatively different depending on the fact
whether the absolute value of the tension 7 = % is larger or smaller than 1/L. Therefore,
below, we focus on the two different examples: (i) vanishing tension 7 = 0 case, where we
choose the values o = 0 and v = 2, and (ii) the case 7 = 2/L, where we choose the values
a=4and vy = 2.

In the former case (i), there are five classes, depending on how the right wedge region
(x1 — x0)(x1 + x0) > 0 is situated relative to the boundary surface Q at the AdS boundary
z =0, as depicted in figure 9. The profiles of Q at various values for the time ¢ are plotted in
figure 10.
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Figure 9. Shown are five different classes of the brane Q with 7~ = 0 at the AdS bound-
ary z = 0 of the BTZ background. The purple curve describes Q at z = 0. The green
region is the patch covered by the outside horizon region of the BTZ black hole.

In the latter case (ii) with 7 = 2, depending on the location of the right wedge relative to
the boundary surface Q at the AdS boundary z = 0 and the center z = «, we can classify the
profiles of Q into seven classes as depicted in figure 11. Note that the surface Q looks as a
spacelike boundary at z = 0, while it becomes a timelike curve at z = «. The profiles of Q for
various values of time ¢ are plotted in figure 12. A special feature of the exotic scenario with
tension 7L > 1 is that a floating brane is possible, see case (e) in figure 12.

5. Radiation from holographic moving mirror

In this section, starting with introducing the general procedure, we first focus on a setup with
a moving mirror and construct its holographic dual. We discuss the dual bulk geometry and
provide a gravitational interpretation in the light of brane-world holography. We will discuss
two different setups: (i) escaping mirror, which models Hawking radiation from a black hole
and (ii) kink mirror, which mimics black hole formation and evaporation.

5.1. Gravity dual of conformal map
Consider the Poincaré metric in AdS;

_dp —dUdV

2
ds o

, (5.112)

which is dual to the vacuum of CFT,. For simplicity, we have set the AdS radius to unity. A
conformal transformation of the type

i =pu),  U=q), (5.113)
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Figure 10. Plots of the brane Q for five different examples corresponding to the five
classes in figure 9 with 7 = 0. The horizontal and vertical axes correspond to the x and
rdirections, respectively. We have set « = 0 and v = 2 with L = ry = 1. The parameters
(a, b) we have chosen are indicated in each plot. The blue, orange, green, red and purple
curves correspond tot = —6, —3, 0, 3, 6. In the cases (b), (d) and (e), the curves have time
reversal symmetry, i.e. t — —t. Therefore, we only plot these curves for t = —6, —3, 0.

is dual to the following coordinate transformation in AdSs
222(17,)26]”
U=p+ o a g
2Z2(q/)2p//
4p/q/ _ Z2p//q// ’
_ 4x(pg)?
- 4p/q/ _ Z2pl/q//’
which is known as the so-called Banados map [105-107]. The metric expressed in terms of
the coordinates (u, v, z) reads

V=gqW) + (5.114)

ZZ

2
ds* = dziz' + T (u)(du)? + T_(v)(dv)* — (l + z2T+(u)T(v)> dudv,  (5.115)

where

WP -2l 24
4p* ’ - - 44

are the chiral and anti-chiral energy stress tensor, respectively.

T (u) = (5.116)

5.2. Moving mirror in AdS/BCFT

As previously discussed, a single moving mirror is described by the conformal map (2.3) from
a half plane. The gravity dual is simply obtained by employing the metric in (5.115). Since we
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Figure 11. Shown are the seven classes of the brane Q with 7 = 2/L at the AdS bound-
ary z = 0 of the BTZ background. The purple and red curves describe Q at z = 0 and
z = a, respectively. The green region is the patch covered by the outside horizon region
of the BTZ black hole.

consider the case g(v) = v, the metric (5.115) becomes the plane wave metric given by

dz

ds* = — + Ty (u)(du)* — —du do, (5.117)

where
3(p")* —2pp”
4p? '

Hence, according to the relations (5.114), the coordinate transformation, which maps into
Poincaré AdSs, takes the form

Ty(u) = (5.118)

U = p(u),
/!
(u) 2

V= + 5.119

W) G119
n=2zypW.

It is also useful to introduce the coordinates 7 and X such that

U=T-X, V=T+X. (5.120)

Using the AdS/BCFT formulation, the mirror is dual to the brane Q located at x = Z(?),
where u = t — x and v = t + x are equivalent to the equation

X+ An =0, (5.121)

with A being related to the tension 7 of the brane as follows (below we set L = 1)

T
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Figure 12. The plots of the brane Q in seven different scenarios corresponding to the
classes in figure 11 with 7 = 2/L. The horizontal and vertical axes correspond to the
x and r directions, respectively. We have set « =2 and v =4 with L = rg = 1. The
parameters (a, b) we have chosen are indicated in each plot. The blue, orange, green,
red and purple curves correspond to t = —2,—1,0, 1, 2. For the plots (b), (d) and (e),
the curves have time reversal symmetry, i.e. t — —t, hence, we only plot them for
t=-2,—1,0.

This is equivalent to

v = pu) — —p,z —222/p. (5.123)

Note that the induced metric on Q describes AdS, geometry,

(1 + \2)di? — dT?

2 _
ds® = o

(5.124)

5.3. Holographic entanglement entropy for escaping mirror

After having constructed the gravity dual of the moving mirror in CFT,, we would first like
to holographically investigate the AdAS/BCFT description for the escaping moving boundary
example introduced in (2.13).

The gravity dual for the escaping mirror in CFT}; is obtained from the following region of
Poincaré AdS;

V—U+2\>0, (5.125)

as depicted in the left panel of figure 13, where the condition (5.125) arises in AdS/BCFT due
to the presence of the end-of-the-world brane Q.
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—_—

— X

Figure 13. Sketch of the coordinate transformation in (5.119) mapping from Poincaré
AdS3 (left) to the gravity dual of a single moving mirror (red curve) depicted in the right
panel. We can extend the geometry such that the brane Q (gray, transparent) is extended
to the region U > 0 denoted by the dashed plane in the left panel.

V Minimal
surface

, Tuu>0
| Tuu=0

Figure 14. The left picture describes the calculation of holographic entanglement
entropy in AdS/BCFT. The blue curve in the middle shows the holographic entangle-
ment entropy S4 as a function of time for 5 = 1, where we have set ¢ = 1. The red
graph describes the approximation (5.128). The right picture sketches the energy flux
T, under the time evolution of the moving mirror.

First, let us evaluate the holographic entanglement entropy. We choose the subsystem A to
be a semi-infinite line (x > x) at time 7. By considering the disconnected geodesic I','® which
starts from x = x at time ¢ and ends on the brane Q extended to U > 0, we can holographically
calculate the entanglement entropy by employing the Poincaré AdS; description as follows

c Vo — Ug c vo — p(uo)

Sy = — log ——— + Spay = — log ————— + Spay, 5.126
e B A B[ B 1200
where Uy = p(uy), Vo = vo = xo + t, and ug = —xo + t are the coordinates of the end point P

of the geodesic I'4. Spay denotes the boundary entropy given in terms of the tension 7 as [90,
91] (wesetL=1)

c [1+T
dey = 6 log ﬁ_ (5127)

Refer to the left panel of figure 14, where the time evolution of this entanglement is plotted in
the center.

10For the semi-infinite interval, the holographic entanglement entropy (4.90) is determined by the disconnected
geodesic.
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If we fix the end point of the subsystem A, i.e. xo, at late time ¢ — co, we can approximate
(5.126) as follows

Sp é(r —x0)+ ¢ log -+ Shay. (5.128)
Refer to the middle picture in figure 14.

It is intriguing to note that this consists of a sum of a term linearly growing in 7 and a term
with logarithmic growth. The former linear one can easily be understood by remembering that
the energy flux is present uniformly for # > 0. Refer to the right panel in figure 14.

Next, it is useful to move the end point x( as a function of time. In particular, we take the
distance between x; and the null trajectory to be a constant ),

xo(t) = —t + &o. (5.129)
In the late time limit # — oo, we find the following time evolution for the entanglement entropy

c (&) + Be—(f—xo(t))/ﬁ) V1 + et=x0®)/B

Sy = 3 log + Sbay- (5.130)
€
In the late time regime,
€0 = Pe @08, (5.131)
we find a linear growth, i.e.
Sim Sy S0 g (5.132)
AT ep T B TNy '

Refer to the left graphs in figure 15. Note that the condition (5.131) is equivalent to
v+ p(u) > 0. (5.133)

Therefore, we may conclude that the entangled pair production occurs along the spacelike
curve v + p(u) = 0. This matches with our previous estimation of entangled pair production
in the free scalar field theory given by (3.88). The propagation of the entangled pairs results
in the linear growth of the entanglement entropy (5.132). This scenario is sketched in the right
panel of figure 15.!!

5.4. Geometry of gravity dual

Even though, expressed in terms of the (U, V,n) coordinates, the gravity dual is given by the
region (5.125), the gravity dual in terms of the coordinates (u, v, z) only covers the region
U < 0 in Poincaré AdS;. This is so, since U = p(u) is always negative for any u, as we can
see from (2.13).

To see how the global spacetime structure is affected, let us first consider the AdS boundary
geometry, i.e. z = 0, where the CFT is defined on. The coordinates (u, v) are embedded into
(U = u,V = 0) as sketched in figure 16.

Tt may seem problematic that the entangled pair production occurs along a spacelike surface far from the mirror
itself. However, it can be understood in the following way. Although the excitation originates in the moving mirror,
quasi-particles arise as a collective phenomenon of the excitation and hence can be distant from the mirror. In other
words, it in general takes time for the excitation to behave like quasi-particles.
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Figure 15. Left: time evolution of holographic entanglement entropy, where the end
point of the subsystem A is chosen to be xg = —¢ + . The blue, yellow and green curves
correspond to the values §, = 0.1, {;, = 0.01 and &, = 0.001, respectively, where we
have set = 1. Right: the quasi-particle picture of entanglement growth for the escaping
mirror profile in (2.13). The red thick curve is the mirror trajectory x = Z(¢), or equally
v = p(u). The purple dashed curve corresponds to the space like curve defined by v +
p(u) = 0. The black dashed lines are the null lines described by the coordinates (2.1).
The production of the entangled particles (red and yellow dots) occurs along the purple

curve.
t f
F=0—| ei=i
x = Z(f) —>
-« «

Figure 16. The global spacetime structure for the escaping mirror setup. The left and
right pictures describe spacetime in terms of the («,v) and (i, U) coordinates, respec-
tively. The upper green region shown in the right panel cannot be captured in the left
plot. The equivalent regions on both sides are identified with the same coloring. The
right global structure, for which the corresponding Penrose diagram is depicted on the
left in figure 17, is similar to the usual black hole diagram drawn in the right panel of the
latter. Pair creation mainly occurs on the codimension one surface defined by v + p =0
(purple curve). After the conformal map, the purple line gets projected onto the positive
horizontal axis x > 0 as shown in the right panel.

As can be seen, the region U > 0 is missing in the (&, v) spacetime. This is analogous to the
existence of an horizon in a black hole geometry. Indeed, the latter is the reason why we can
mimic Hawking radiation in the moving mirror setup. This is consistent with what we have
previously discussed by studying the mode functions, see section 3.

Now, let us consider the bulk geometry. Note that the brane Q is also extended to U > 0,
which is missing in the (u,v) coordinate. This is important in our calculation of holographic
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Figure 17. Penrose diagram for global spacetime structure of moving mirror setup (left)
and black hole geometry (right).

100

80

40

20
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Figure 18. We plot the surface Q shape at fixed values z, where 8 = 1. The horizontal
and vertical coordinates are x and z. We have set A = 0. The blue, yellow, green and red
curves correspond to z = 0,z = 3, z = 6 and z = 9, respectively.

entanglement entropy. The induced metric on Q is described by

2 ! 2 /!
a = (% T ”;{’7) dudz + (f—ﬂz -2+ %) Q. (5.134)

33



Class. Quantum Grav. 38 (2021) 224001 | Akal et al

AN
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Figure 19. Depicted are null geodesics on the surface Q. We plot the left moving (5.135)
(left) and right moving (5.136) (right) geodesics separately. The horizontal axis is the z
direction and the vertical one is labeled by u.

This is equivalent to the AdS, metric (5.124) via the coordinate transformation (5.119) by
extending to the region U > 0.

The brane Q, which for small z looks as in figure 3, now changes its profile as z increases.
This situation is depicted in figure 18. In the 5 — 0 limit, the brane Q at a fixed value of z
develops a kink shape.

Although we can transform the metric on the two dimensional spacetime of Q, which is
described by the metric (5.134), into AdS,, it only covers a lower half of Poincaré AdS,. To
understand the global embedding, let us consider the null geodesics in the metric (5.134), which
are given by (here, we choose A = 0 and focus on X = 0 for simplicity)

= % (5.135)
_ pw) +s

VW’

ZR

and correspond to n = —T + s and n = T + s, respectively. Here, s is an arbitrary constant.
These null geodesics are plotted in figure 19.
This shows that in the (i, z) metric coordinates of (5.134), the region z > \_/% is not con-

nected to the future of the boundary as depicted in the left panel of figure 24. Hence, we may
conclude that the geometry of Q has a causal horizon much like a black hole.
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TUU=0

NN

Figure 20. The left sketch shows the behavior of the energy flux 7. The profile of the
brane Q is depicted in the right panel. We have chosen z = 0,1,2,3 and 8 = 1/3. We
have shifted the x coordinate such that the center of the trajectory is located at the origin.

5.5. Holographic entanglement entropy for kink mirror

Next, we would like to compute the entanglement entropy for the kink mirror (2.22), which
models black hole formation and evaporation. Note that in this case, we have an energy flux
T, # 0in a limited spacetime region, as depicted in the left panel of figure 20.

The gravity dual is obtained by performing the coordinate transformation (5.119). As before,
the dual geometry is simply mapped into half Poincaré AdSs, i.e. V — U + 2An > 0. The pro-
file of the end-of-the-world brane Q in the (x,t) plane at a fixed value of z is depicted in the
right panel of figure 20.

The time evolution of holographic entanglement entropy for the semi-infinite, but static
subregion A = [xg, o0], can be computed from the expression given in (5.126). In particular, if
we consider a non-static, semi-infinite subregion A = [xp, oo], where xo = Z(#) + 0.1, we end
up with the ideal Page curve [4] depicted in figure 21.!2

On the other hand, taking the subregion A to be a finite interval, we obtain two different
peaks, see figure 22. The first one arises, if only the right moving particles are crossing the
subregion A, see right panel of figure 23. The second peak appears, when only the reflected
particles cross the subregion A. As can be seen from figure 22, the disconnected result S$* gives
the dominant contribution according to the general formula (4.90) when the boundary entropy
is smaller than a certain value (we set it to be vanishing in the plot). When the boundary entropy
gets larger, the connected phase becomes dominant. For a more detailed discussion, we would
like to refer to [87].

In figure 23, we provide an interpretation for the observed evolution of entanglement entropy
in figure 20 in terms of the propagation of entangled radiation quanta created by the kink
mirror.

12 We should emphasize that if the subregion A is taken to be a static, semi-infinite line as illustrated in figure 23, the
entropy curve gets altered due to remaining vacuum quantum correlations, i.e. the final value is increased compared
to the original value.
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-10 -5

Figure 21. Time evolution of holographic entanglement entropy in the presence of a
non-static, semi-infinite subregion A = [xo, oo] with xo = Z(#) + 0.1, cf [87]. We have
set f = 1 and ug = 20. Only Sg‘s is shown, since S5 never dominates in this case.

16+
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Figure 22. Time evolution of holographic entanglement entropy in the presence of a
non-static, finite subregion A = [x, x1] with xo = Z(#) + 0.1 and x; = Z(¢) + 40, cf
[87]. We have set 5 = 1 and uy = 20. The orange curve and the blue curve show the
disconnected entropy S, i.e. (4.102), and connected entropy S5, i.e. (4.98), respec-
tively. For simplicity, we have set the boundary entropy as Spqy = 0. This can, however,
take any value in (—00, 00).

5.6. Gravitational interpretation via brane-world and Liouville theory

In the AdS/BCFT, the CFT on a manifold M with a boundary OM is dual to the bulk gravity
spacetime enclosed by the end-of-the-world brane Q such that 0Q = OM. However, there is
another equivalent description, namely the CFT on M may be seen as coupled to a dynamical
gravity sector defined on Q along the interface OM. This directly follows from considerations
based on brane-world holography [11, 108—110]. The boundary geometry of the gravity dual
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Figure 23. Sketch of propagation of entangled pairs created by the moving mirror (red
thick curve). The red dot describes a point where an entangled pair is created. The par-
ticles will propagate at the speed of light in the left and right direction. In the left panel,
the escaping mirror profile in (2.13) is depicted. In this case, one partner of the pair
propagates to the right and can be picked up in the subsystem A (blue interval), while
the other one goes to the left and can never reach the subsystem A. The right picture
describes the kink mirror setup in (2.22). In this case, at early time ¢ = ¢, the subsystem
A may capture only one partner of the entangled pair (red arrow). However, at later time
t = 1, the initially left moving partner (yellow arrow) is reflected off the mirror and can
reach the subsystem A.

of our escaping mirror setup is depicted in the right panel of figure 24. In this subsection, we
would like to present an interpretation of our moving mirror setup as a CFT coupled to gravity
in two dimensions.

Namely, for arriving at this understanding, we can regard the surface Q in AdS/BCFT,
where we impose the Neumann boundary condition, as the brane in a brane-world setup.
This is so, simply, because their mathematical treatment is equivalent in the context of
AdS/CFT. This suggests that our two dimensional BCFT, which describes a moving mirror
field theory, can be interpreted as a two dimensional CFT coupled to two dimensional grav-
ity along an interface, which is geometrically identical to the mirror trajectory as depicted in
figure 25.

Consider a setup of AdS;/CFT,, whose metric looks like

d '2 o 2¢5d d
ds? = = 20 (5.137)
Z
In the boundary limit z — 0, its dual is a two dimensional CFT on a curved space
ds* = —e**dudv. (5.138)

In our AdS/BCFT setup, we impose the Dirichlet boundary condition in the right half of
the space, while the Neumann condition is imposed in the other left part. In the latter,
the gravity gets dynamical. In the presence of a matter CFT with a large central charge
¢, the two dimensional gravity dynamics is described by Liouville theory whose action is
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given by'3

Figure 24. Global spacetime structure of gravity dual of our escaping mirror setup in
form of a Penrose diagram. We have chosen A = 0 for simplicity. The left and right trian-
gle describe the surface Q (AdS;), where the brane-world two dimensional gravity lives
on, and the asymptotic AdS boundary, where the BCFT lives on, respectively. The gray
shaded region below the 7 = —n line is the causal past of the moving mirror spacetime
in the original (u, v) coordinates. We also show our choice of the subsystem A and the
appearance of its entanglement island in the calculation of entanglement entropy.

)
BCFT . Gravity | CFT

Figure 25. The brane-world interpretation of the AdS/BCFT setup implies that the
BCFT setup of moving mirrors in the left picture can be regarded as a CFT coupled
to a gravity along the interface, as shown in the right picture.

Cc

S = ——
L7 o4n

drdx [(0,0)* — (0:)” — pe*’] . (5.139)

The standard AdS/BCFT setup, corresponding to the static mirror, given by (5.121) and
(5.124), allows us to identify

13 Here, the Liouville mode contributes to the total partition function Z of the CFT coupled to gravity as Z o< e’L.
Therefore, there is an overall minus sign in front of the action. This means that it can actually be identified with the
timelike Liouville CFT, rather than a standard Liouville theory.
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1

where € is the UV cutoff of the radial coordinate of AdS, i.e. n > ¢ in this case. Indeed, the
solution to the equation of motion in Liouville theory reads

‘ 4\2e?
2 _ € i (5.141)
(V-Uy
which satisfies the expected boundary condition ¢** = 1 along the interface X = —\e, which

is the intersection between the UV cutoff surface at = ¢, and the surface Q at X + A\n = 0.

Now, we move on to a general profile of a moving mirror, where the coordinate is written
as (u,v) = (t — x,t+ x), and the mirror trajectory is given by v = p(u). In this case, we can
find the solution to the Liouville equation as follows

20 _ NEPW

— ) (5.142)
(v — pw)?
In this case, the interface between the CFT and gravity is given by
v = p(u) — 2Xe\/p(u), (5.143)

which we obtain by setting z = € in (5.123). In the limit € — 0, this indeed coincides with the
mirror trajectory.

However, note that we need to match the state in gravity with that in the CFT along the
interface. The energy stress tensor of the Liouville sector is provided by the standard formula

TV = = (0,6 — 20).

wo T g
C
TLY) = e (0.0 — 029) . (5.144)

For the gravity background (5.142), the energy stress tensor is found as

2 /11
T © (31/ - P) . TW—, (5.145)

w " oar \2p2 " p

This indeed matches with the energy stress tensor of the moving mirror BCFT given by (2.6). In
this way, we can determine the dynamics of the system. The latter consists of a two dimensional
CFT coupled to gravity in two dimensions along the interface for which we solve the Liouville
equation and impose that the energy stress tensor is continuous along it.

It is also intriguing to consider the holographic calculation of entanglement entropy. Recall
that in AdS/BCFT, this is given by the formula (4.90). When the subsystem A is semi-infinite,
as we have seen, the disconnected contribution is always favored. From the viewpoint of the 2D
gravity interpretation, this disconnected one is equivalent to the presence of an island [9-11],
refer to figure 24. In this way, in our model, where the CFT on a half plane line is coupled to
2D gravity, we always have an island region. One may think this situation is a bit different from
the earlier models of evaporating black holes [9—-11, 111], where a phase transition between
the case without an island and that with an island explains the Page curve behavior. As we
will clearly see in the next subsection, we actually find that our model and earlier models are
naturally connected, if we view them from the viewpoint of AdS/BCFT.
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Itis also useful to note that when A is very large, the 2D gravity gets weakly coupled, where
the boundary entropy of the BCFT [104]

1 1
—— = ——arcsinh(\), 5.146
4G§\?) 10n arcsinh(\) ( )

Spdy =
gets large. Here, G;?) is the effective Newton constant of 2D gravity on Q. On the other hand,
when A is small, the gravity gets strongly coupled and its entropy is decreased, which may be
interpreted as a reflective mirror in a CFT.

5.7 Comparison with earlier island models via AdS/BCFT

In earlier models of evaporating black holes using the island prescription'* [9—11, 111], the
turning point at the Page time ¢ = p typically corresponds to a phase transition between
a phase without island and that with an island. On the other hand, considering our model
describing the moving mirror, in the 2D gravitational description, explained in the previ-
ous section, there is always an island region. Thus, one may be puzzled with these two
totally different-looking situations. However, if we consider these setups holographically based
on AdS/BCFT, we can understand that they are actually smoothly connected as we will
see below.

To see this, consider the setup of an eternal two dimensional black hole coupled to two
CFTs on half lines, whose island prescription is given in [111]. This is depicted in the
upper pictures in figure 26. We can construct its gravity dual via AdS/BCFT. It is simply
given by cutting an eternal BTZ spacetime along a surface Q, which splits the x direction
into two parts as in (4.106). For vanishing tension 7 = 0, the surface Q is simply given
by x = 0, as depicted in the lower pictures in figure 26. Similar to the gravity dual of a
global quantum quench [112], the holographic entanglement entropy then will grow linearly
for t < tp, where the connected geodesic I'¢™" is favored. On the other hand, for later times,
i.e. > tp, the disconnected geodesic I'{® will be dominating, and the entropy becomes con-
stant. The disconnected geodesics end on the brane Q, which indeed opens up the island
region.

Now, let us take a Z, quotient of the previous setup, such that two CFTs on half spaces are
identified. This transforms an eternal black hole into a single sided black hole, as depicted in
figure 27. Its gravity dual now contains an extra brane ', which arises due to the Z, quotient,
and is identical to the end-of-the-world brane in [112], in addition to the original brane Q.
In this gravity dual setup, the holographic entanglement entropy again experiences a phase
transition as depicted in the lower pictures of figure 27. At early time, the geodesic I'4, which
ends on the extra brane Q' is favored, and this gives rise to a linear growth of the entanglement
entropy. At late time ¢ > tp, the geodesic I'4, which ends on the original brane Q, becomes
dominating and the entanglement entropy saturates. Note that in this single sided setup, the
geodesic I'y always ends on one of the end-of-the-world branes Q or Q. This means that there
always exists an island region, if we also count the hidden island region, see lower pictures of
figure 27, which appears on the extra brane Q'. In this way, we can always find an island region,
if we apply brane-world holography to the brane Q' as well. Also note, that this construction
is qualitatively similar to [11]. Thus, we can conclude that our model, describing 2D gravity

14 As pointed out in [20], depending on the details of the model, there can exist more than two phases, where the
turning point is not always at the phase transition point of emergence of an island.
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Figure 26. We sketch the gravity dual and computation of entanglement entropy in two
BCFTs coupled to an eternal AdS, black hole. The two-dimensional description, sum-
marized in the upper Penrose diagrams, is identical to the setup of [111]. The gravity
dual via the AdS/BCFT is given by the lower pictures, where Q corresponds to the
brane in AdS/BCFT which is dual to the boundary of the BCFT. The two BCFTs are
entangled, which is dual to the Einstein—Rosen bridge in the gravity side. At early time,
the connected geodesic is favored and there is no island region. However, at late time,
the disconnected one becomes dominant and an island region appears. Accordingly, the
entanglement entropy S4 initially grows linearly, and at the Page time ¢ = #p it saturates,
as sketched in the right graph.

coupled to a CFT on a half space, is smoothly connected to earlier island models of evaporating
single sided black holes.

6. Double escaping mirror

In this section, we generalize the previous results to the case of two oppositely placed moving
mirrors in the CFT. After explaining how they can be mapped to a much more simple setup
in the CFT, we construct the corresponding gravity duals of them. There are two types of
gravity duals, namely, depending on how one chooses the boundary conditions on the mirrors.
Finally, we will consider a holographic CFT with two oppositely escaping mirrors as a concrete
example, and discuss our findings.

6.1. Conformal map: from double moving mirrors to strips

The trajectories of the two mirrors can be described by x = Z;(¢) and x = Z,(¢). We would
like to conformal map these two trajectories into ¥ = L/2 and x = —L/2, so that the resulting
manifold is a strip with width L. See figure 28 for a sketch. The corresponding map is given by

u = p(u), v = q(v), (6.147)
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Figure 27. We sketch the gravity dual and computation of entanglement entropy in a
BCFT coupled to single sided AdS, black holes. This setup is obtained from the double
sided one in figure 26 via a Z, quotient in the spacial coordinate. Its gravity dual is
given by introducing an extra end-of-the-world brane Q'. The holographic entanglement
entropy is dominated by a geodesic which ends on Q' initially. At late time, the one which
ends on Q is preferred and an island region appears. The time evolution of entanglement
entropy Sy is similar to the one in the double sided example.

Figure 28. Sketch of conformal map from a double moving mirror setup (left) to a
standard setup of BCFT with two straight line boundaries, i.e. a strip (right).

where the functions p and g are determined by

L=q@t+Z(1)—pt—7Zi1),

(6.148)
—L=q(t+2Z@0)— pt—2(1).
In particular, if we assume Z; = —Z,, then we have p = ¢.
Under the conformal transformation, the energy stress tensor reads
32 — 20 "
T = <3P =200 | g
127 4p?
3( //)2 2 ! I (6149)
¢ q) —=2494 n
Tyw= "> Ts,
r 42 14
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- 1]
/// ///

Figure 29. Two types of gravity duals for a strip. The left panel shows the confined
configuration, and the right panel shows the deconfined configuration.

where Ty; (Tyy) is the energy stress tensor for a strip and depends on the details of the boundary
conditions. When the two boundaries of the strip have exactly the same conformal boundary

conditions, the energy stress tensor is identical to that of a cylinder and Ty; = Ty = — 4§£2 .In
this case,
- c 3(17//)2 _ 2p/p/// 7r2p/2
12w 4p? 412 )’
(6.150)
Tvv _ L 3(6]”)2 _ 2q/q/// B 7_[_2q/2
127 44" 412

6.2. Gravity duals: confined and deconfined configurations

Now, let us consider the gravity dual of a double moving mirror setup. As we have discussed
in the former subsection, since a double moving mirror setup can be mapped to a strip, it is
sufficient to consider the gravity dual of a strip and perform a proper Banados map to it to
obtain the gravity dual of a double moving mirror.

According to AdS/BCFT, there are two types of gravity duals for a strip [90, 91]. One is
the confined configuration given by a portion of global AdS; with one end-of-the-world brane
Q. The other one is the deconfined configuration given by a portion of Poincare AdS; with
two end-of-the-world branes Q; and Q,. See figure 29 for a sketch. If the two boundaries of
the strip have the same conformal boundary condition imposed on, then both configurations
are allowed as on-shell configurations. In this case, the confined configuration has a smaller
action and is hence physical. On the other hand, if the two boundaries of the strip have different
boundary conditions, then only the deconfined configuration is allowed. Note that the confined
configuration breaks supersymmetry in the bulk [91].

6.2.1. Confined configuration: geometry and holographic entanglement entropy. The con-
fined bulk configuration for a strip is given by a portion of global AdSs;, whose metric can
be expressed as

2\2d7? AP ™\ 2\ > dx?2
d? = —(1 (”—’7) /I 1—(—) @ 6.151
s (+2L AR )% (6.151)
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This can be related to the standard global AdS; metric

2
d? = — (R + = ) ar? R2dX2, 6.152
; ( )T (6.152)
with

1 T2
sz—(f) . 6.153
0 )" ( )

The end-of-the-world brane Q is located at
X T T

R — | = . 6.154
cos( T ) L ( )

Performing a proper bulk coordinate transformation, the Banados formalism [105] guar-
antees that the bulk metric of a holographic double moving mirror setup can be expressed as

dz? 1
ds? = iz + Ty )(du)® + T_(v)(dv)? — (2 + 12T+(u)T(v)> dudv, (6.155)
Z Z
where
3(]7”)2 _ 2p/pm 7_[_217/2 3(q//)2 _ quqm 7r2q’2
= - (v) = - . (6.156
T () e e T i o (6156)

The exact expression of this coordinate transformation is complicated and discussed in
appendix A. However, it is essential that

U = p(u) + O,
V =q) + 0,
n=z/rq + 0. (6.157)

Therefore, the holographic entanglement entropy can be computed in the global coordinates
(T,X,R) with the UV cutoff deformed by a Weyl factor /p/¢’. For an interval A, whose
two edges are given by (u,v) = (u;,v;) and (u,v) = (up, v2), respectively, the holographic
entanglement entropy is given by (4.90), i.e.

Sa = min {S3™, S}, (6.158)
where

con _ € [ (2[‘/71-)2 . 1 ~ ~ . 1 S~
= 618 | G e Ty o (ar® — ) sin (5@ ”2))” ’
(6.159)

dis _ € [ (L/7)? o KPR
e N A ACIAC) C"S(zL(”1 ”1)) COS(ZL(”2 ”2))’]
+ 2Shay.- (6.160)
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6.2.2. Deconfined configuration: geometry and holographic entanglement entropy. The
deconfined bulk configuration for a strip is given by a portion of Poincaré AdS; with metric

_di? —dUav

2
ds 2

(6.161)

Let us use Q; (Q,) to denote the brane attached on X = L/2 (x = —L/2). In this case, Q, is
located at

X—-L/2)— \n=0, (6.162)
and Q, is located at
X +L/2)+ Xan =0, (6.163)

where J; is related to the tension 7; of Q; as
A= —. (6.164)

Performing the Banados map (5.114), the deconfined bulk metric for a double moving mirror
is given by (5.115). In this case, the holographic entanglement entropy can be evaluated in
a similar way as in the single moving mirror cases. However, since we have one more end-
of-the-world brane on which a disconnected Ryu—Takayanagi (RT) surface can end, we get
more candidates. For an interval A, whose two edges are given by (4, v) = (u1,v;) and (i, v) =
(uz, v7), respectively, the holographic entanglement entropy is given by

SA — min {Szon’ Sj‘is,ll’szis,IZ’Szis,Zl’ Sj‘is,ZZ} , (6165)

where

Syt = = log

3 (6.166)

{ (ity — i2)* (D1 — D2)* }
etp () p () g (1) g (v2)]’

€ o | LT (=)L) (=it2 + 2 + (~1)'L)’
12 %% & ) P W) d g (@)

dis,ij
S, =

+ Svdy.i + Sbay,j-  (6.167)

Here, Sgis’ij is the disconnected entanglement entropy evaluated with the help of two discon-
nected RT surfaces: one connecting (u;,v;) and Q;, and another one connecting (i, v,) and
Q;. This feature leads to interesting phase transitions in the time evolution.

6.3. Confined holographic double escaping mirror

As a concrete example, let us consider a double moving mirror, which can be mapped to a strip
—L/2 < ¥ < L/2 with

it = pu) = —f log(1 + e~ "/?),
q(v) = —B log(1 + e~ */%). (6.168)

3
I
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Figure 30. The left picture shows the two opposite trajectories for the double escaping
mirror setup. The picture in the middle plots the energy stress tensor 7, as a function
of retarded time u. The right picture shows the energy density 7, + 7T, as a function
of ¢ (depth) and x (horizontal). We have used 5 = 1 and L = 20.

Plugging these relations into (6.148), we get the two mirror trajectories given by

x = +Z(), (6.169)

where

(/8 — 1) &% + \/ (L8 — 1)2e2/8 + 4el/5

Z(t) = 5 log 5 (6.170)
We can see that in the early time limit t — —o0,
20 = % 6.171)
while in the late time limit # — oo,
Z(Hh=t+ L + [ log (2 sinh L) . (6.172)
2 25

This setup realizes a double escaping mirror. See the left panel of figure 30 for a plot of the
mirror trajectory.

In this subsection, let us first discuss the holographic double escaping mirror in the confined
configuration. In this case, the energy stress tensor can be obtained by plugging the conformal
map into (6.150):

oo et/s (2 4 eu/ﬁ) 2 1 2
“CT 12w \ 4B2(1 + en/BY: 412\ 1 + ev/P .

S c eu/{j’ (2-{-@“/6) 7'('2 1 2
Y 12n \ 4820 4 /By AL2 \ 1 4 ev/B :

See the middle and the right panels of figure 30.

The holographic entanglement entropy for a single interval A can be also computed straight-
forwardly by plugging the conformal map into (6.158)—(6.160). The explicit form is compli-
cated, but it is useful to see how it behaves at late time. We will discuss this in several cases
and show the corresponding numerical results.

(6.173)
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Figure 31. Sketches for different setups with double escaping mirrors and plots for
holographic entanglement entropy in each case. Here, we consider the confined bulk
configuration. The green solid line shows subsystem A on a time slice, and the green
shaded region shows the ‘worldsheet’ of A. The left column shows the case, where two
edges of A are fixed. The middle column shows the case, where two edges of A comove
with the mirror trajectory. The right column shows the case, where one edge of A is fixed
and the other one comoves. In all the plots, the blue (orange) curve shows the time evolu-
tion of S5 (89%), and 8 = 1, L = 20, ¢ = 0.1. For simplicity, we have set the boundary
entropy as Spgy = 0. This can, however, take any value in (—o00, 00). How the interval is
chosen is shown in each plot.

6.3.1. Single interval with two edges fixed. Let us start with the most simple case. Let A be a
single interval xo < x < xo + [ with two edges fixed. In the late time limit t — oo, the leading
contribution reads

2 !
seon — % log (f sinh2ﬁ> +o (6.174)
. t
sdis — §B+_._ , (6.175)

Therefore, $3°" dominates at late time. Note that the entanglement entropy at late time is similar
to that in a thermal state with temperature 1/(273). Refer to the left column in figure 31 for a
sketch and numerical plot of such a setup.

6.3.2. Single interval with two comoving edges. Let us now consider A taken to be a single
interval —Z(7) + £, < x < Z(t) — £, with two edges comoving with the mirrors. In this setup,
the whole system is divided into mirrors and ‘heat bath’. In the late time limit + — oo, the
leading contribution turns out to be
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ct
con _ T ° 1
< 3ﬁ+ , (6.176)
: ct
gds — = 4., 6.177
3ﬂ+ ( )

Therefore, which RT surface dominates depends on how one chooses other parameters, espe-
cially, the boundary entropy Spqy. For example, in the large tension limit 7" — 1, Spay goes to
infinity and the connected RT surface dominates. In this case, A does not have an island on the
end-of-the-world brane Q. Refer to the middle column in figure 31 for a sketch and numerical
plot of such a setup.

6.3.3. Single interval with one fixed edge and one comoving edge. As the last setup, let A be
a single interval xp < x < Z(f) — ;. One edge of A is fixed and the other one comoves with
the mirror. In the late time limit, the leading contribution is

ct

g _ Sl 6.178
dgis _ €1

LI 1
sh=35+ (6.179)

Itis clear that S3°" dominates at late time. Refer to the right column in figure 31 for a sketch
and numerical plot of such a setup.

6.4. Deconfined holographic double escaping mirror

We would like to move on to the holographic double escaping mirror in the deconfined
configuration. In this case, the energy stress tensor turns out to be

u/3 u/f3
Tuu: < e/ (2+e/)a
127 432(1 + e"/P)2

(6.180)
_ c e'v/ﬁ (2 4 e'z;/ﬁ)
Y127 4B82(1 + ev/B)2”
since T;; = Ty = 0. See figure 32. The behavior is very similar to that in the confined case,

see figure 30.

Plugging the conformal map into (6.165)—(6.167), we can get the holographic entanglement
entropy for a single interval A. One can easily find that the leading contribution at late time is
the same as that in the confined case. Therefore, we will not repeat it here. On the other hand,
one crucial feature of the deconfined case, which differs from the confined case, is that there
are two end-of-the-world branes and hence two boundary entropy values to tune. This feature
generates colorful phase transitions in the process sketched in the middle.

In the double escaping mirror case, we can set Spqy,1 < Spay,2 Without loss of generality
thanks to the symmetry. For simplicity, let us consider a symmetric A with —x;(r) = x,(f) <
x < x (). In this case, although there are five candidates in (6.165), it is sufficient to consider
Seen, Sf\is’l l, Sfiis’lz. Refer to figure 33 for numerical plots of different setups. Here, we have set
Sbdy,1 = Sbdy,2 = 0. We can see that the behavior is very similar to the confined case in figure 31,
as we expect.

Let us then tune the boundary entropy and see what happens. Refer to figure 34 for a con-
crete example. Here, the two edges of A comove with the two moving mirrors. The boundary
entropies are tuned such that S5, S¢*'" and $$*'* dominate in order.
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Figure 32. Energy stress tensor in the deconfined case. The picture on the left plots the
energy stress tensor 7, as a function of u. The right picture shows the energy density
Ty, + Ty, as a function of 7 (depth) and x (horizontal). We have used 5 = 1 and L = 20.

5 5 t
A A
A S ———— ——
-99=x<99 -Z(t) + 0.1 < x < Z(t) - 0.1 0<x<Z(t)-0.1
Sa Sa Sa

1ZC 12
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2
t -20 -10 0 10 20 30 -20 -10 0 10 20 30

Figure 33. Holographic entanglement entropy in different setups. Here, we consider the
deconfined bulk configuration. We have set 3 = 1, L = 20, ¢ = 0.1. In all the plots, the
blue, orange and green curves show S5, S35 and S$*'? respectively. For simplicity,
we have set the boundary entropy as Spay,1 = Sbay,2 = 0. These can, however, take any
value in (—o0, 00). How the interval is chosen is shown in each plot.

Let us focus on the specific example shown in figure 34, and consider what happens in the
gravity dual. In this example, we choose 0 < Spay,1 < Spdy,2, and the boundary entropy is fine
tuned.

By applying brane-world holography, we can regard this setup as gravity on Q; and Q,
coupled to a heat bath CFT in the middle. At early time, the entanglement entropy is given
by the connected RT surface and hence no island exists on the brane. As time evolves, the
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Figure 34. Holographic entanglement entropy for the heat bath. Boundary entropies are
tuned, such that S, Sj‘s’” and Sj‘s’u dominate in order. Here, 8 = 1, L = 20, ¢ = 0.1.
dey,l = 0.366‘, deyqz = 1.33c.

disconnected RT surface, which ends on Q;, dominates. In this case, the island is a finite interval
on Q; sandwiched by the two end points of the disconnected RT surface. At late time, the
disconnected RT surface, which has one end point on Q; and another on Q,, dominates. In this
case, the island becomes almost the whole part of the two branes.

To understand this kind of behavior, we should note three features of the double escap-
ing mirror setup. First of all, the left moving energy flux from the right boundary is exactly
the same as the right moving energy flux from the left boundary. If we regard the radi-
ation as information leakage from the boundary to the middle region, then this implies
that the leaking speed from the two boundaries are exactly the same. The second point is,
that the radiation from the left boundary can never reach the right boundary and vice
versa in the double escaping mirror setup. As a result, the two boundaries do not inter-
act through the released radiation. The third point is, that the only difference between the
two boundaries is the boundary entropy, which quantifies degrees of freedom localized on
the boundary.

With these in mind, we can understand the phase transition behavior as follows. Initially,
the middle interval of the CFT does not contain knowledge about the information localized
on the two boundaries. As the mirrors move, the middle interval receives information through
the radiation. The leaking rate is the same. Therefore, it simply takes more time to recover the
information initially localized on boundary 2 than that on boundary 1.

7. Unitarity and entropy

In this section, we further elaborate on the time evolution of holographic entanglement entropy
and the outgoing energy flux in the moving mirror setup. By making use of our previous find-
ings, we show that a unitary entropy curve implies a violation of the NEC in a finite time
window, while the QNEC turns out to be saturated.
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71. Entropy evolution

Consider the kink mirror introduced in section 2.3.4. In general, the holographic entanglement
entropy (4.90) is computed from either the disconnected geodesic, leading to

c v—pu) ¢ v — pu)

or the connected one, which gives

dis __
Sy =

geon — E 1o (’Ul — U)(P(M) — P(M'))
N OO

where (u, v) and (¢, v') are the two end points of the subsystem A.

As we have discussed in section 5.5, taking the latter to be a non-static, semi-infinite interval,
the entropy S4 gives rise to a unitary entropy curve [87]. This is depicted in figure 21. Recall that
in this case, the holographic entanglement entropy is always determined by the disconnected
geodesic, Sy = S4.

(7.182)

72. Energy inequalities

The kink mirror can alternatively be described by

ufuo
1 7
pu) = 3 log % (7.183)

+e 7

cf section 2.3.4.
In the high temperature limit, i.e. 5 — 0, the (renormalized) energy flux (2.6), cf section 3.2,
takes the approximate form

c

Tuu =
48732

O@w)0(ug — u) + f(u), (7.184)

where the function f(u) gives a negative contribution and explicitly reads

c

Jeo== 16732 cosh? (%) .

(7.185)

After integrating over —oo < u < oo, we find

*© o im 3
[wdu T = 34 (262 ﬁ>, (7.186)

where the first and second term in the rhs arise from the step function and the negative function
fin (7.184), respectively.
Since 5 < uy is assumed, we find that that the averaged NEC, i.e.

/ du Ty > 0, (7.187)
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is satisfied. Importantly, the energy fluxes both saturate the QNEC!?

6
27T = 0,84 + =(0uSa)’,

g (7.188)
27Ty, = 7Sy + ;(GI,SA)Z.

Note that 7', = 0.

73. Energy flux and entropy

By rewriting the energy flux in the first line of (7.188) in a more convenient way, and integrating
over a small interval around some value u(/2, we find the following expression

ug /240

u0/2+5 6 6
o / du Ty exp (—SA) - [ezsAausA} , (7.189)
ug/2—0 ¢ up/2-0

where § < § < ug has been assumed.

We take the subregion A to be a semi-infinite line for which we get a unitary entropy curve
as discussed in section 5.5. Choosing u appropriately, the rhs of (7.189) will become negative,
so Ty, < 0.

Nevertheless, to show that unitarity in the sense above implies a negative energy flux, we
may more generally proceed as follows. Namely, we may first assume that the averaged NEC
is satisfied and

27r/ du Ty < 0 (7.190)

o0

holds due to energy conservation. Plugging the first line in (7.188) into (7.190), we first find
that

Siu)=0 (u— +o0). (7.191)

15 The QNEC provides a local constraint on the expectation value of the null projected energy stress tensor, (Tj),
which in its general form reads

1
2m(Ty) > —=S",
< kk> \/E

where
(Tw) = (T k") Y2 =0.

Here, the primes denote ordinary derivatives with respect to an affine parameter along the corresponding generator on
the null hypersurface, and & corresponds to the determinant of the induced metric on the boundary of the entangling
region [97, 98].

Notably, in two dimensional CFT, the QNEC takes the stronger form [97, 113]

6
21(Tw) = " + —(S)%.
C
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Then, using (7.190) and (7.191) and rewriting the energy flux which, in the present case,
saturates the QNEC, leads to the following integral condition'®

> 6
/ du T, exp (—SA> =0. (7.192)
0o c

In other words, what we find is that there must exist some « so that in a certain time window
the energy flux violates the NEC.

8. Entanglement entropy from CFT calculation

In this section, we would like to explain how to compute the entanglement entropy of a single
interval A = {x|x; < x < x,} from the CFT side in moving mirror setups. After explaining
the general method, we will see how the computation on the CFT side matches with that on
the bulk gravity side studied in the former sections for holographic CFT. We will also study
entanglement entropy in free Dirac fermion as another explicit example. Finally, we will ana-
Iytically study the entanglement entropy for a fixed interval in (single) escaping mirror setups,
and compare the results with a famous class of dynamics in CFT, known as quantum quenches
[117]. Results for more setups are presented in appendix B.

8.1. Calculation method in general CFT

As usual, let us use ¢ to denote the central charge of the CFT. The nth entanglement Rényi
entropy can be evaluated by following the so-called twist operator formalism [118, 119], so

S© — log(a(t, x1)F(t, x2)), (8.193)

1—n

where the conformal weights of the twist operators ¢, and 7, are

- c 1
h, = h, = o (n — n) . (8.194)

Here, the twist operator and its correlation function are defined in a n-replicated theory of the
original CFT. This theory is also a CFT itself, whose central charge is nc and the twist operators
act as primaries in it.

As in the former sections, we introduce the following null coordinates

u=t-—x, v=1-+x. (8.195)

In order to evaluate the correlation function, let us perform the following conformal transfor-
mation

i=pu), =q) (8.196)

16 This relation has previously been obtained in a moving mirror setup by referring to a renormalized notion of entan-
glement entropy [93], see also [95, 96] for related discussions. However, we should note that (7.192) is a direct
consequence of the fact that the energy stress tensor precisely saturates the QNEC.

Here, we want to emphasize that our derivation of (7.192) is based on the holographic entanglement entropy (4.90),
which is determined by the corresponding minimal surface in the constructed bulk dual. The holographic entanglement
entropy, of course, saturates the QNEC as one expects from considerations in the dual field theory. Refer, for instance,
to [114, 115] for further works on the saturation of the QNEC and, particularly, for its connection with states which
are dual to Banados geometries [116].
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to map the original setup to a static mirror setup which is parameterized by
n=ri—x, V=1+x. (8.197)

Remember that for single moving mirror setups, the static mirror setup was defined on the right
half plane (RHP). For double moving mirror setups, this region becomes a strip.
A primary operator O(u, v) transforms as

=\ ~ho 7 45\ ~ho
@(ﬁ,f})z(jZ) (j:j) O(u, v) (8.198)

under the conformal transformation, where ho (hp) is the chiral (anti-chiral) conformal
dimension of O. Accordingly,

(on(t, x1)T4(t, x2)) = (P/(MI)P/(Mz))h" (q/(Ul)q/(Uz))ﬁn X (G (11, X1) G (F2. X2) )staticmirror

(8.199)
where we have introduced
u =1— xj, v =t + xi, (8.200)
u; = p(u;), v; = q(vy), (8.201)
T _ —i; + 0;
= ——, i = 8.202
5 X 5 ( )

fori =1,2.

The two point function (o0 )susic mirror €an be computed via a ‘mirror method’!”, i.e. fill in the
region behind the mirror (boundary) with the mirror image and compute it as if the boundary
does not exist. For example, (co)rup = 1/ (0000)g11. The details will be explained in the
following sections.

8.2. Holographic CFT

For simplicity, we first consider single moving mirror setups. In holographic CFT, the two
point function of twist operators on the RHP can be reduced to some two point functions on
Rl’l

(G (11,%1) G4 (12, %2) Yrup

(6 (F1.%1) Gy (B0 %2) Y
— max . (8.203)
2(1—n) 2

~ (v ~ ~ o~ ~ ~ [~ ~ ~ [~ 1

S (6 (11, 51) G (11, —T1) g (G (2 —T2) G (120 T2) Jrrr)
Here, the two candidates correspond to the connected/disconnected channel contributions,
respectively. g > 0 is a constant which depends on the boundary condition on the mirror.
This allows us to evaluate the entanglement Rényi entropy in a single moving mirror setup

17 This is also called a ‘doubling trick’. One may doubt whether the mirror method or doubling trick can be applied
to the moving mirror setups, since they are not conventional BCFTs. A rigorous formulation for CFT with moving
mirrors and a justification of the mirror method will be given in section 9.
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according to

Sl(4n) — min {Sl(An),con, SE\n),dis} , (8204)
where
(n),con 1 / / hn ¢ / fn
Ot :ffﬂ%ﬂmmmm)wwwwm

X <5-n (;l’il) é—n (EZa 562) >R1,1:|

c 1 (it — 2)* (D) — 1y)? }
=S (1+=)1

M<+ﬁ>%wamwwmww)

+ ) lochon’
n

I
o
-lk‘ o
7N

—

—_

(s = 1%[pwmmg )" (¢ g (v)™
1 (G (11, 1) G (B, —51) D

X (6 (2, —%2) Gu (12, X2) >R1~1)1/2}

Y VPR
c<1+1>log{ (i) — 01)" (i — 12) }+210gg
n

DY) e*p (un)p' (u2)g' (v1)q' (v2)
1 is
= % (1 + ;) log FU + 284y (8.205)

are the candidates for the entanglement entropy computed from the connected/disconnected
channels of the twist operators’ correlation function. The entanglement entropy Sy is given by
the n — 1 limit in these expressions.

The above results are justified when assuming vacuum block dominance in holographic
BCFT [33]. Clearly, computing the contribution from the connected (disconnected) channel
corresponds to evaluating the connected (disconnected) RT surface in the gravity dual.

Double moving mirror setups can be discussed in a similar way by replacing ‘right
half plane’ with ‘strip’, and ‘R!” with ‘cylinder’ in the discussion above. As a result, the
entanglement entropy will be given by (6.165)—(6.167).

8.3. Free Dirac fermion CFT

Let us consider the free Dirac fermion CFT as another concrete example.
For single moving mirror setups, by performing the described mirror method, we can
compute the two point function of twist operators on the RHP as follows'?

<5n (;1,)?1) 5’,, (;2, )NCZ) >RHP = (<6—n (;2, —)EZ) 511 (;1’ _il) 6—” (;1’561) 5-" (;2,)7?2) >R1Y1)1/2
N ( ) (tty — 02)(V1 — U2) >2h"_ (8.206)

(ity — ux)(v1 — 02)(uy — V1) (U2 — V2)

18 See, for example, section 3.1.5 of [120] for the correlation functions of twist operators in free Dirac CFT.

55



Class. Quantum Grav. 38 (2021) 224001 | Akal et al

Since the central charge is ¢ = 1 for the Dirac fermion, we have
1

1 1
sV = — (1 ) 1
A= \U 0 ) O g () g (o) ()

y ((al — i) (B — D)@ty — )ity — ﬁz)ﬂ

(ty — V2)(01 — Up)

1 1
= (1 + n) log F, (8.207)

where € is a UV cutoff corresponding to the lattice distance. The entanglement entropy is given
by the n — 1 limit.!
For double moving mirror setups, if we impose the same boundary condition on the two
boundaries of the strip, then
<&n (Zlaxl) 5n (225 XZ) >strip
= ((64 (12, —%2) Gy (1, —X1) G0 (11, %1) Gn (12, X2) >cylinder)l/2
N <(1)2 cos (£ (i) — ©2)) cos (£(#) — i) )2’”’
2L/ sin (57 (ity — i2)) sin (5701 — D2)) cos (57 (ity — 1)) cos (77 (iy — T2)) )
(8.208)

Here, we map the double mirror setup to a strip with width —L/2 < X < L/2. Accordingly,
the entanglement Rényi entropy in a double moving mirror setup is given by

o 1 1 @L/m*
S = — (1 —) 1 [
A =g\t e*p/(u)p (u2)q' (v1)q' (v2)

y (sin (£t — i) sin (Z(B) — B2)) cos (5@ — 01)) cos (£ (it — ) )21

o

Cos (i(ﬁ] — 'DQ)) Cos (ZL(’lN)] — ﬁg))

(8.209)

and the entanglement entropy follows from taking the limit n — 1 limit.

8.4. Fixed interval in escaping mirror and quantum quenches

Let us here analytically study the entanglement entropy of a fixed interval A = [x;,x,] in a
(single) escaping mirror setup both for holographic CFT and the free Dirac fermion.
As introduced in section 2.3.3, an escaping mirror can be mapped to a RHP via

it = p(u) = —f3 log(1 + e/, (8.210)
5 = q(v) = v. (8.211)

19 See [121] for a computation of entanglement entropy in single moving mirror setups for free Dirac fermion CFT
via an alternative method.
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The mirror trajectory is given by
61/3
i—0=0 < x=—fsinh! (T) =Z(). (8.212)

It is straightforward to find out that
e~ /B
(NPT

P = (8.213)
Now, we can continue with studying the entanglement entropy Sj.

8.4.1. Holographic CFT. For a holographic CFT, plugging the previous relations into (8.205),
we find

2
con_ 1 T4e g 4o m)fp 1 4 e —x2/8
Feon — Py sy B 3 log == (x2 —x1)| , (8.215)
ge 1 14e /8 |y emt=x)/8
= 6_4 ' e——x1)/B ’ o (—x2)/B

x Kz +x1 + B log(1 + e—“—m/ﬁ)) (z + x4 B log(1 + e—“—xﬂ/f‘))} " (8216)

We would like to study some typical limits of this result.
Firstly, at early times, i.e. t < 0 < x; < xp < —f, we obtain

C X2 — X1
St~ —1 , 8.217
A 3 og p ( )
s €. 2x1 ¢, 2x
S9is ¢ log == + = log == + 2Sy. (8.218)

Secondly, the intermediate behavior for times 0 < x; < t < x, and a large interval A turns
out to be given by

c c X7

SO~ —— (¢t — —log —=, 8.21

A 125( x1) + 3 og p ( 9)
. c c t ¢ 2x

s~ — (1 — — log - + — log === + 2Spay- 8.220
A 125( x1) + G log - + g log— + 2Shay ( )

Finally, at late times, i.e. 0 < x; < x < t, we get

con € X —XxX, ¢ 26 . (x2—x1)

SA ~ 6 10g € + 6 lOg (? sinh T) s (8221)
SdiSN ¢ (ZI—X _x)+£10 £+ZS (8222)
A~ —125 1 2 3 g6 bdy- :
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8.4.2. Free Dirac fermion. For the free Dirac fermion, plugging the conformal transformation
above into (8.207), gives

it = p(u) = —B log(1 + e /"), (8.223)
v =gq(v) =, (8.224)
and we get,

1 1+ e —x/B + e (1—x2)/B 1+ e (1—x2)/B 2
& etx)/B T et—x/B {(ﬂ log W) (%2 — xl)}

F:

(t+x1 + B log(1 + e “=*D/F)) (1 + x5 + B log(1 + e U=/F))
(t+ x1 + B log(1 + e~ —2/9)) (1 + x + B! log(1 + e~C—1)/P)

2
. (8.225)
]

Some typical limits are discussed below.
Let us begin by noting that the initial behavior of the entanglement entropy can be read out
by studying the case, where r < 0 < x; < xp < —t. In this limit, we get
1o (= x1)? - 4xx

Sp~ —log——F———. 8.226
A 6 0g (x +X2)2'62 ( )

Note that, in a static mirror setup, the entanglement entropy reads

goaie _ Ljoq (2= X)7 4xiny

8.227
6 (x1 + X2)2 €2 { )

The initial behavior of the entanglement entropy in the moving mirror setup coincides with
that in the static mirror setup.

Let us now consider the intermediate behavior for a large interval A when 0 < x; < 1 < x,.
We find

1
Fro— ™00 1. Quxy), (8.228)
€
and hence
1 1 r 1 2x>
Sy~ —(t— — log - + = log —=. 8.229
A 12ﬂ( 961)4-60{;64-602;6 ( )

Note that there is both a linear time evolution and a logarithmic time evolution in this
intermediate limit.
Finally, at late times, i.e. 0 < x; < x, < ¢, we find

1 . 2
F < St—XD/B | J=x2)/B [5 (e*(tfxz)/ﬁ _ e*(tfxl)/ﬁ) (xy — xl)}
2 B 2
- % S — x1)? - (2 sinh W) , (8.230)
and therefore,
1 X2 — X1 1 Zﬂ . ()Cz—xl)
Sp=-1 — 1 — sinh——= ] . 8.231
4= g 108 +60g<65m 28 ( )
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Here, we would like to note that the latter can be written as
1
Sa = 5( EE at vacuum + EE at temperature 1/(275) ). (8.232)

This is because only the chiral sector is heated up by the radiation caused by the moving mirror.

8.4.3. Comparison with quantum quenches. Comparing the behavior of the entanglement
entropy in holographic CFT and that for the free fermion, a common feature is that the
intermediate behavior for 0 < x; < ¢t < x; and a large interval behaves like

mc 1 c t

t
logg+...:——t+flogg+-~~. (8.233)

Sp= 4o
AT 6 218 ' 6

126 6
Here, 1/(27f3) is the effective temperature in the escaping mirror setup, as we have seen in the
previous subsection. Let us compare this with another class of dynamics that is called quantum
quench.
First of all, a linear time evolution is a typical feature of a global quench setup [117, 122].
In general, a global quench leads to some dynamics for which one first prepares an initial state,
which is the ground state of a gapped Hamiltonian, and then lets it evolve under a gapless
Hamiltonian. In CFT, a global quench can be simulated as

|(1)) = Ne ™e=oH|B), (8.234)

where H is the CFT Hamiltonian, |B) is a boundary state [123], « is a cutoff, and A is a
normalization factor. For a fixed interval A = [x;, x2], and 0 < x| < t < x5, one has

Spy=—t4- =4 ——f4.-., (8.235)
[0} 104

Here, 1/(4«) is known as the effective temperature in the global quench setup.

Comparing (8.233) and (8.235), we can see that the radiation emitted from an escaping
mirror and that in a global quench setup is similar. It is also straightforward to understand the
factor 4 in the following way. After a global quench, left moving radiation and right moving
radiation is emitted from all the spatial points and moves at the speed of light. Therefore, there
are four origins for the entanglement generation. One is the radiation generated in A with the
left moving mode being outside and the right moving mode being inside. The other three are
given by swapping ‘left’ and ‘right’, and/or changing ‘in A’ to ‘outside of A’ in the previous
description. On the other hand, in the escaping mirror setup, there is only one origin for the
entanglement generation. The radiation is always generated outside of A (next to the mirror),
and only the right moving mode goes into A.

Second, a logarithmic time evolution proportional to log(z/¢) is known as a typical feature in
a local joining quench setup [124, 125]. A local joining quench is achieved by preparing first
two ground states on two semi-infinite intervals, and then joining them together, i.e. letting
them evolve under a CFT Hamiltonian on an infinite line. This setup can be expressed as

[h() = Ne e H(10)L @ |0)r), (8.236)

where « is again a cutoff. For a fixed interval A = [x1, x3], and 0 < x; < t < x;, we have
c

6

Cc

1
Sy = log—+---. (8.237)
6 €

t
log — +
«
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In holographic CFT, these two terms can be understood as a shock wave effect and a joining
effect, respectively [107, 126]. Here, the shock wave effect means that the joining dynamics
causes a shock wave which stretches the RT surface in the bulk gravity, and the joining effect
means that the bulk gradually becomes connected and produces more entanglement between
the left side and the right side. In more general language, the log(7/«) comes from a shock
produced by a local excitation, while the log(#/€) occurs, because A can be entangled with
more region after joining the two sides together.

Comparing (8.233) and (8.237), we can see that the second terms have the same form.
Therefore, the second term of (8.233) should be understood as a sort of ‘joining effect’. This
is indeed the case, since the moving mirror enlarges the system and produces more region for
A to be entangled with.

Having these observations in mind, an escaping mirror can be qualitatively regarded as a
sequence of local joining quenches, i.e. joining infinitesimal intervals to a semi-infinite inter-
val successively. This will push the boundary farther and farther. This sequence collectively
generates a global quench-like radiation which gives the linear ¢ term, while the log(z/¢) term
can be understood as a joining effect.

It is an interesting future direction to study the relation between moving mirrors and
quantum quenches in more detail.

9. Radiative BCFT
In this section, we formally define our CFT as a particular generalization of (Euclidean) BCFT.

9.1. Generalization of BCFT

A normal BCFT can be specified by the position of the boundary, which can be described by
a solution of the following equation,?’

G() =7 (9.238)

where with the reality condition z = z*, the real part of its solution is linearly dependent on the
imaginary part. In other words, the profile of the BCFT is encoded in the function G(z). For
example, a CFT on a upper half plane (UHP) is specified by G(z) = z, whose solution leads to
the boundary on a real axis.

In any CFT, we have a stress tensor field 7(z), therefore we also have to determine the
boundary condition on 7'(z). We usually assume that there is no energy and momentum flux on
the boundary, which leads to the boundary condition

T(x) —T® =0, onG(z) ="z (9.239)

This condition breaks a part of conformal symmetry. Nevertheless, we can make use of the
conformal ward identity by using the ‘mirror method’. This is a brief summary of a systematic
approach to a normal BCFT [123].

Let us focus on our case. In our setup, we have the ‘radiative boundary’, which means that
the right-moving radiation and left-moving radiation do not cancel with each other and conse-
quently break the condition (9.239). Alternatively, we have non-trivial stress tensors associated

20 The solution to this equation can be expressed by
x = Z(1).
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to the radiation, which we will denote as

T(z) = f—ZR@,
_ . (9.240)
1G) = ;5RG).

in particular, which do not need to satisfy the condition R(z) = R(Z). In this case, we cannot rely
on the mirror method. Therefore, we have to introduce a new approach to calculate a correlator.
One may also wonder if one can construct a consistent BCFT with any R(z), R(Z). We answer
these questions in the following subsections.

9.2. Calculation method

In practical calculations in a CFT, we usually treat holomorphic and anti-holomorphic con-
formal maps independently. Even though these generators do not map R? to R?, this map is
still a well-defined map on C2. For example, if we are interested in CFT in Minkowski space,
we consider the Wick rotation of a CFT in Euclidean space. This Wick rotation leads to inde-
pendent parameters z and Z beyond the reality Z = z*. Even though the CFT looses the reality
condition, as we have seen in many studies, this Lorentzian CFT works well.

Here, we also treat holomorphic and anti-holomorphic parts independently in a similar way,
in order to accomplish calculations of radiative BCFT correlators. Let us consider conformal
maps w = f(z) and w = g(z), where g is not necessarily equal to /™. Under this map, the stress
tensor is transformed as

d 2
T(z) = (%) T'(w) + f—z{f,z}, (9.241)

where {f,z} is the Schwarzian derivative. If we consider particular conformal maps f and g,
which satisfy

{f.z} = R(),
{8.2} =R,

then the profile of the radiative BCFT can be re-expressed as

(9.242)

e Position of boundary

Gof '(w)=g "(w), (9.243)
e Boundary condition on T

T'(w) — T'(w) = 0. (9.244)

In particular, we have T'(w) = T'(w) = 0. The boundary condition (9.244) is just the same
as (9.239), which means that we can utilize the mirror method for this CFT analytically con-
tinued from the radiative BCFT. Note that the condition (9.242) does not uniquely determine
f and g, because we have an ambiguity attributed to Mobius transformations.

When we evaluate a BCFT correlator, we usually map our CFT to a CFT on an UHP for
convenience. Here, we also parallel this approach. This transformation can be realized by a
real map h(w) and A*(w). To avoid cumbersome expressions, we will redefine the function f
by a combination of f and /4 (and g by g and /&"). That is, we redefine f and g such that

Go f '(w) =g "(w), (9.245)
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which has the solution w = w. If we assume that G is an analytic function, then we can
conclude

Gofl=g"l (9.246)

Above, we show this condition by an explicit calculation. We can also explain it in simpler
words. What we did in the above derivation is:

e Consider a conformal map preserving the ‘degeneracy’ of the solution of (9.238),
e Map it into the usual BCFT framework by the conformal map.

9.3. Possible radiation

Let us answer the following question: ‘which R and R are allowed from the consistency condi-
tion of BCFT?’. For this, we would like to introduce the chain rule of the Schwarzian derivative,

{fogzt={f.2@} (di—f)f +{g.2}. (9.247)
By this chain rule, we can show

R = R@) (ﬁ?) L {G.z, (9.248)
where we have used (9.242) and

{f.a ={&3} (dif))z +{G.z}. (9.249)

That is, only R(Z) can be freely chosen, and R(z) is uniquely fixed by R(Z). If the condition
(9.248) is not satisfied, then G(z) = z (with the reality condition Z = z*) has no solution, so it
does not make sense.

In this article, we mainly focus on the chiral radiation R(z) = 0. This assumption allows us
to simplify the expression of the chiral radiation as

R@) = {G,z}. (9.250)

9.4. Correlation function

Now, since we have a general calculation method for the radiative BCFT, we can evaluate
correlators. We first map a correlator in the radiative BCFT into the usual BCFT by using the
prescription above,

d _1 . hi d _1 D; hi
<H0i(ZiaZi)>rad—< f (w)) ( g (w)) <H0i(wi,ﬂ7i)>UHP

dw; dw;
%i (9251
: <H0i(wia W;)) UHP-

/~
o
o~
s
N—
/~
o
o~
ang
N—
=
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This result means that we can decompose the contribution from the boundary into two
parts, i.e. shape of the boundary and polarization of radiation. For example, if we consider
entanglement entropy in the radiative BCFT, the general expression can be written as

1 _ c dG(2)
Sy = ,1151111 — log (<H0n(wz,wz)>UHP> BT log ( & )

c df(z) df(z)
+Elog< s ) (9.252)

The first part is just the universal contribution. The second part represents the dependence
on the shape of the boundary, and the third part represents the dependence on the polarization
of the radiation.

9.5. Boundary state

We can interpret our state as ‘descendants’ of Cardy states. Let us consider the most simple
case. Our generalized boundary is obtained by a chiral conformal map, which means that the
corresponding boundary state can be expressed by, for example,

e |B), (9.253)

where € is an infinitesimal positive number and |B) is the Cardy state. We can show that
this state has non-zero energy flux in the following way. The Cardy state is composed of the
Ishibashi states,

1) =D _|isN) ® UjN), (9.254)
N

where |j; N) is a state in the Verma module j labeled by N, and U is an antiunitary operator.
For a general state | j;a) ® U|j; b), we can show

(jsal @ U(j; bl(Ly — L-w)Li|j)) = {js al[Lu, Le]| j; b) # 0. (9.255)

It means that states like (9.253) have non-zero flux.
What we have evaluated just reads like

0|0(z,7) . . .e"|B). (9.256)

This type of correlators can be evaluated by the Ward identity. This is the mechanism for
generalizing a boundary with vanishing flux to a radiative boundary, and the reason why we
have used the ward identity in our calculation.

It might be possible to think of attaching Virasoro generators on boundary states as the
‘boundary graviton excitation’ in the 2D-gravity dual to the 1D boundary. This interpretation
would provide a new understanding of the connection to the welding setup [13].

10. Summary and discussion

In this paper, we have extended our previous studies presented in [87] in several new directions.
Starting with a review of moving mirrors in two dimensional CFTs, we have extensively dis-
cussed how the problem can be tackled by using the technology of conformal transformations.
This has been done for the case of various mirror profiles which capture essential features of
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black hole physics. Particularly, we have considered three different scenarios, which we have
named escaping mirror, kink mirror, and double escaping mirror, see figure 1. Specifically, the
double escaping mirror has appeared as a novel setup which was not discussed in our previous
analysis in [87].

One of our main goals in the present work was to make the connection between the physics
of moving mirrors and black hole radiation more evident. For doing so, we have first read-
dressed certain examples for which the Bogoliubov coefficients can be computed in an explicit
way. The fact, that those do perfectly match with the one obtained in well studied gravitational
backgrounds, can indeed be considered as further support for interpreting field theories in the
presence of moving mirrors as gravitational setups.

In order to strengthen these claims, we have particularly made use of the AdS/BCFT con-
struction. By focusing first on the single moving mirror case, we have been able to compute
the entanglement entropy holographically for various scenarios which mimic essential features
of Hawking radiation. In particular, we have shown that our setups can indeed be understood
as a CFT coupled to two dimensional gravity. This understanding has found major support by
relations to brane-world holography and, especially, by an interesting reformulation in terms of
Liouville theory. In addition, this novel understanding has allowed us to argue that our moving
mirror models are closely related to previously studied two dimensional gravitational setups
which have led to the island picture.

By employing our holographic construction of the moving mirror CFT, we have in detail
studied the double escaping mirror. From the point of view of brane-world holography, this
setup precisely corresponds to the situation, where two dynamically gravitating end-of-the-
world branes are individually radiating into an enclosed spacetime region. Specifically, we have
calculated the holographic entanglement entropy for a finite subregion situated between the two
gravitational sectors, and uncovered an interesting new phase transition between differently
extending minimal surfaces determining the entropy.

In addition, we have also discussed properties of the produced energy flux in our moving
mirror setups and examined the connection to energy conditions. More specifically, for setups
which give rise to a unitary entropy curve, we have seen that while the QNEC is always sat-
urated, the NEC turns out to be temporarily violated as a consequence of nontrivial quantum
effects.

In order to verify our holographic constructions and the related entanglement entropy cal-
culations, we have also given a detailed conformal field theoretic analysis in the corresponding
moving mirror setups. In addition to these confirmations, we have discussed how a usual CFT
with a moving mirror may be regarded as a BCFT. In particular, we have clarified how the
usual conformal boundary condition would need to be generalized in form of a new moving
mirror boundary condition.

We would like to note that the simplicity of our holographic moving mirror models would
allow to compute many interesting quantities without much difficulty for various gravitating
systems. For instance, as we have explicitly done in the present work, this simplification turned
out be extremely helpful in dealing with the situation, where two gravitational systems are
considered. By employing the double escaping mirror, we have been able to treat this problem
analytically, without the necessity of handling complicated technicalities such as the conformal
welding problem as well as the appearance of replica wormholes. The former is known to be
difficult to solve in general. Recently, a setup of two entangled gravitating systems has also
been studied in [60].

One interesting aspect, that we want to particularly highlight, is the proposed connection
between two dimensional (quantum) gravity and moving mirrors. Starting with the earlier work
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by Davies and Fulling, quantum field theories in the presence of moving mirrors have gener-
ally been accepted as being tractable toy models mimicking certain features of black hole
radiation. Since then, there have been worked out a lot of interesting results in the literature
along this direction. However, here, we have pushed this picture even further. Namely, we
have argued and provided evidence that such field theoretic constructions may indeed be inter-
preted as proper gravitational setups describing the physics of evaporating black holes from
the perspective of a far distant observer. Nevertheless, there is still one big issue, which has
not been taken into account in moving mirror models. This is the black hole singularity. It will
be a very intriguing future problem to treat the effect of black hole singularity in a moving
mirror setup.

Let us finally note that the moving mirror constructions, as we have introduced here, may
also provide a simple framework for exploring intriguing aspects of non-equilibrium processes,
which are of high interest in condensed matter physics.

All in all, there are many interesting questions along these lines to which we would like to
come back in future work.
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Appendix A. More on gravity dual of conformal map

In section 5.1, the Banados map (5.114) is introduced as a gravity dual of a conformal
map. A shortage of this map is that it requires the metric in the (U, V,n) coordinates to
be Poincaré AdSs;. On the other hand, we sometimes need to map a setup to another one
which is not necessarily Poincaré AdS;. For example, in section 6, we map a double moving
mirror setup to a strip, whose gravity dual can be global AdS; when the confined configu-
ration is picked. To this end, we would like to slightly extend the Banados map (5.114) in
the present section.
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Let us consider three CFT coordinate choices (ug,vg), (u1,v1) and (u»,v,), which are
connected to each other via

uy = f(uy), vo = g(v1), (A.257)
uy = p(un), v = q(v2). (A.258)

The gravity dual of the CFT in terms of (u;, v;) can be parameterized by (u;, v;, z;), where the
coordinates (u;, v;) are identified with the bulk coordinates at z; = 0.

If the metric of the gravity dual of the CFT expressed in the (ug, vo) coordinates is Poincaré,
i.e.

ng - du() d’U()

ds* = 5
20

, (A.259)

then the gravity dual in the (u, vy, z;) coordinates is described by the metric

ds® = dZ—Z; + Ty (u)(duy ) + Ty (01)(dvy)* — (% +z%T+,1<u1)T,1<v1)> durdvy, (A.260)
where

Ty () = W, T 1(vy) = 3(g”)24;,22g’g”” (A.261)
and the bulk coordinates are related by

wo = flu) + m

v = g()) + % (A262)

4z, (f'g))*?
20 = 4f/g/ _ Z%f//g//'
By definition, the bulk coordinate transformation (A.262) coincides with the boundary CFT’s

conformal map (A.257) atz; = 0.
Similarly, the gravity dual in the (i, v,, z2) coordinates is given by

dz? 1
A = 2 o T a(ua)(dua)® + T a(02)(don)? (Zz + z%n,z(uz)T,z(vz)) durdvy, (A263)
2 2

where

3((fop)" ) =2(fop)(fop)”

Ty o(u) = o p) , (A.264)
3 oa) 2 _ 220 ag)(eoqg)
T 5(02) = ((goq) )4(g o(j)’ZQ) (g°q) . (A.265)
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and the bulk coordinates are related by

253((f o p))(goq)
4(fopl(goq) —z(fop)(goq)”
225((g 2 ¢))*(f o p)’
4(fopy(goq) —z(fop)(goq)
_ 42((f o p) (g0 q))?
4(fop)goq) —B(fop)(goq)

up = (f o p)uz) +

vo = (g0 q)(v2) + (A.266)

20

Combining these two maps, we can get a map between (u;,v1,2;1) and (12, v2, 22). Although
the exact map is complicated, it is essential that

ur = p() + 0(z3),

v = q(v2) + O(B), (A.267)

2 =2/ + 0@D).

This asymptotic behavior plays a crucial role when computing the holographic entanglement
entropy, since it tells us how the UV cutoff should be deformed under the conformal transfor-
mation. This is, however, almost trivial on the CFT side. This just tells how Weyl factors are
counted under a conformal transformation.

When T, = T_ | = —7n>/4L?, f and g can be chosen to be
fluy) = ei™, gluy) = e 1L, (A.268)
Accordingly,
3(p//)2 _ 2p/p/// ,R_ZI/Z 3(q//)2 _ 2q/q/// 7T2q/2
Tealw) = == 00 = s Toa) = =y = s (A269)

When the setup expressed in terms of (1, v;) is a (Lorentzian) strip, this choice of f and g
means transforming it to a Euclidean strip and then mapping it to a half plane.

A.1. Banados map at leading order

In many situations, the asymptotic behavior at the asymptotic boundary of AdS spacetime is
sufficient to evaluate physical quantities such as holographic entanglement entropy. To this
end, it is sufficient to apply the original Banados map (5.114) to the leading order of the bulk
direction.

Let us again take global AdS; as an example. Here, we use the metric

dTZ d 2 1 — ﬁ
- ¢ L dx?, (A.270)

67



Class. Quantum Grav. 38 (2021) 224001 | Akal et al

351
3.0

250

20f e

:_/ 2
| | | | | Lot I | | | Lot
-10 -5 5 10 15 20 -10 -5 5 10 15 20
Sa Sa
20F 20F
1.8+ 1.8+
1.6+ 1.6
141+ 1.4
A/ "
L | I | Lot I | | | ot
-10 -5 5 10 15 20 -10 -5 5 10 15 20

Figure 35. Entanglement entropy (regularized by c¢) under time evolution in the (sin-
gle) escaping mirror setup for holographic CFT (upper half) and free fermion (lower
half). The left column corresponds a fixed interval A = [0.1, 10]. The right column cor-
responds a comoving interval A = [Z(#) + 0.1, Z(¢) + 10]. In the plots for holographic
CFT, the blue curve and the orange curve show the connected entanglement entropy and
the disconnected entanglement entropy (where the boundary entropy is set to Spay = 0
for simplicity), respectively. We have set 5 =1, ¢ = 0.1.

which is related to the metric (6.152) via ¢ = 1/R. The asymptotic behavior at ¢ ~ 0 is
Poincaré AdS;, so we can perform the Banados map (5.114) at leading order of (. Writing
U=T—-XandV =T — X, and applying the coordinate transformation (5.114), we find that
the metric behaves in the boundary limit z — 0 as

dz 1
ds? ~ Ziz Ty (w)(dw)? + T (B)(dv)? — (Z—z n z2T+(u)T(v)> dudv
? ) 7 / /12 2
+ qudz — 4—L2(qdv —pdu)”+ O

dy? 2 w2
~ yiz + (n(u) - mp“) & + (T(u) - qu) (@)(dv)*

_ <y12 n y2T+(u)T—(U)> dudv + O®),
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Figure 36. Entanglement entropy (regularized by ¢) under time evolution in the (single)
kink mirror setup for holographic CFT (upper half) and free fermion (lower half). The
left column corresponds a fixed interval A = [0.1, 40]. The right column corresponds
a comoving interval A = [Z() 4 0.1, Z(¢) 4 40]. In the plots for holographic CFT, the
blue curve and the orange curve show the connected entanglement entropy and the dis-
connected entanglement entropy (where the boundary entropy is set to Spqy = O for
simplicity), respectively. We have set 5 = 1, uy = 20, ¢ = 0.1.

where we have introduced the coordinate transformation

2
™ 4.3
= — cee A271
y=zt mpay + ( )
Although this coordinate transformation is not exact, it allows us to read out the asymptotic
behavior including the holographic energy stress tensor. Here, the holographic energy stress
tensor 7' is given by

2

R ™
Ty (u)=Ty(u)— mp/z,

. (A.272)

. m
T (w)=T (u)— quz,

where T is given by the previous one introduced in (5.116). This agrees with the CFT result
(6.150) and the result (A.269) obtained from the exact map.
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Figure 37. Entanglement entropy in a double escaping mirror setup for holographic CFT
(the second row) and free fermion (the third row). The left column shows the case, where
two edges of A comove with the mirror trajectory. The middle column shows the case,
where two edges of A comove with the mirror trajectory. The right column shows the
case, where one edge of A is fixed and the other one comoves. Wehave set § = 1, L = 20,
e=0.1.

Appendix B. More on entanglement entropy

In this appendix, we present more results for entanglement entropy in both holographic CFT
and free Dirac fermion in different setups.

B.1. Escaping mirror

Plugging the following conformal transformation into (8.205) and (8.207),
i = p(u) = —f log(1 + ¢ /%, (B.273)
v=gq(v) =0, (B.274)

S4 can be computed in the holographic CFT and for the free Dirac fermion, respectively, see
figure 35.
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B.2. Kink mirror

For the (single) kink mirror, plugging the following conformal transformation into (8.205) and
(8.207),

it = p(u) = —B log(1 + e %) + B log(1 + e /), (B.275)
v=q) =, (B.276)

S4 can be computed in holographic CFT and free Dirac fermion CFT, respectively. Refer to
figure 36. The behavior can be qualitatively explained by the quasi-particle picture depicted
in figure 23. Comoving intervals experience a Doppler effect and hence the two peaks have
different widths.

B.3. Double escaping mirror

Plugging the following conformal transformation into (6.165)—(6.167) and (8.209),

pu) = —f log(1 + /%), (B.277)
7 = g(v) = —f log(1 + ¢/, (B.278)

=
I

S4 can be computed in holographic CFT (for the confined configuration) and free Dirac
fermion, respectively. Refer to figure 37. A part of figure 37 has already been shown in
figure 31.
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