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ABSTRACT: We study overlaps between two regularized boundary states in conformal field
theories. Regularized boundary states are dual to end of the world branes in an AdS black
hole via the AdS/BCFT. Thus they can be regarded as microstates of a single sided black
hole. Owing to the open-closed duality, such an overlap between two different regularized

O(hi’;in)) (min)

boundary states is exponentially suppressed as (1q|tp) ~ e~ , where h_, " is the

lowest energy of open strings which connect two different boundaries a and b. Our gravity
dual analysis leads to h((;;ﬁn) = ¢/24 for a pure AdS3 gravity. This shows that a holographic
boundary state is a random vector among all left-right symmetric states, whose number
is given by a square root of the number of all black hole microstates. We also perform a
similar computation in higher dimensions, and find that hg;in) depends on the tensions of
the branes. In our analysis of holographic boundary states, the off diagonal elements of
the inner products can be computed directly from on-shell gravity actions, as opposed to

earlier calculations of inner products of microstates in two dimensional gravity.
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1 Introduction

A conformal field theory (CFT) which is dual to classical gravity on an anti de-Sitter
space (AdS) via the AdS/CFT [1], is expected to be strongly interacting and to have large
degrees of freedom. Such CFTs, called holographic CFTs, have been considered to describe
quantum systems with maximal quantum chaos [2]. Conformal bootstrap studies predict
the special feature that a holographic CFT has a large spectrum gap and that its low
energy spectrum is sparse [3-5]. Intuitively, such a large spectrum gap is believed to be
produced due to strong interactions in the holographic CFT. This large spectrum gap is
necessary to explain the black hole entropy expected from the AdS/CFT via a modular
transformation. For example, if we assume a pure gravity theory on AdSs, the spectrum
gap of the conformal dimension A = h + h is expected to be Agap = 75- Moreover, a basic
property of quantum chaos so called eigenstate thermalization hypothesis (ETH) [6] has
been derived from further studies of conformal bootstrap relations [7-9] (see also [10, 12]
for earlier related works).

In this paper, we study an analogous spectrum property in holographic BCFTs and its
physical implications. A boundary conformal field theory (BCFT) is defined as a CFT on



a manifold with boundaries where a part of conformal symmetry is preserved [13, 14]. The
gravity duals of BCFTs (AdS/BCFT) can be obtained by inserting a class of end of the
world branes in AdS backgrounds, which satisfy Neumann boundary conditions dual to the
boundary conformal invariance [15-18]. End of the world branes play a crucial role in recent
progress in understanding quantum aspects of black holes. Indeed, a class of microstates of
a single sided AdS black hole with the fixed mass M can be constructed by the insertions
of the end of the world branes to an eternal two sided black hole with the same mass
M, [19-21]. Such a dictionary between black hole microstates and regularized boundary
states plays key role in deriving the Page curve from the bulk perspective, therefore a reso-
lution of black hole information paradox in the light of Island formula [22-27]. We also refer
to [28, 29] for studies utilizing such branes to compute the entropy of Hawking radiation
of higher dimensional black holes. End of the world branes also play a crucial role to find
holographic duals of moving mirrors [30, 31], which mimic black hole evaporation processes.

Motivated by this, we will investigate a chaotic property of holographic boundary states
(or so called Cardy states [13]), namely the inner products of two (regularized) boundary
states. We will see that the off diagonal elements of them are exponentially suppressed in
holographic BCF'Ts:

<¢a|¢b> = 5ab + O(e_SBS/Q)a (11)

where [1,) denotes the regularized boundary states, labeled by a. The quantity Spg
estimates the entropy of microstates spanned by the boundary states. This behavior is
directly related to the large spectrum gap in the open string between the two different
boundaries a and b.

This paper is organized as follows. In section two, we give a very brief review of BCFT
and boundary states and examine the inner products of boundary states. We will also
present examples of inner products in a few solvable CFTs. In section three, starting with
a short review of AdS/BCFT, we will study the relation between the inner products and
open string spectra in two dimensional holographic CFTs, using a gravity dual. In section
four, we extend the holographic analysis in section three to higher dimensional holographic
CFTs. In section five, we will discuss our results, in particular by comparing them with
the recent interpretation of a gravitational background as an ensemble of microstates. In
appendix A, we give an argument which shows the absence of traversable wormholes in a
class of Lorentzian AdS/BCFT setups.

2 BCFT and inner products of boundary states

A boundary conformal field theory (BCFT) is a CFT on a manifold with boundaries with
a suitable boundary condition described below [14]. An Euclidean d dimensional CFT
preserves a conformal symmetry SO(d 4+ 1,1). We choose a boundary condition which
preserves a subgroup SO(d,1) for a BCFT. In two dimensions d = 2, full conformal
symmetry is enhanced to by a pair of infinite dimensional Virasoro algebras. In the presence
of a conformal boundary, the chiral half of them is preserved as the symmetry of the system.
A boundary state [13] is a useful description of a BCFT in terms of a quantum state. In
this section, we start with a brief review of boundary states and study their inner products.



Although we focus on boundary states in two dimensional CFTs below, we can generalize
their basic definition to higher dimensional CFTs in an obvious way.

2.1 Boundary states

A boundary state is a quantum state created by making a hole. Consider a two dimensional
CFT on a cylinder as depicted in the left picture in figure 1. We describe this cylinder
by the coordinate (7,x), imposing the periodicity  ~ z 4+ 27. The Hamiltonian in the
Euclidean time 7 direction is denoted by H. (closed string Hamiltonian) and is written as

C

H.=Ly+ Lo — —
c o+ Lo 19’

(2.1)
in terms of the Virasoro generators and the central charge c.

Adding a boundary along 7 = 0 is described by placing a boundary state (or Cardy
state) |Bg), where a labels different boundary conditions. A Cardy state [13] is a linear
combination of Ishibashi states |Ij) [32], where k labels all primary states in the CFT as

|Ba) = Y cilln). (2.2)
k

The Ishibashi state |Ix) is a state constructed from a linear combination of descendant
states on top of the primary state labeled by k£ and has maximal quantum entanglement
between the left-moving and right-moving sectors. Ishibashi states are orthogonal to each
other. The amplitude of the Euclidean time evolution by 3/2 between two such states is
computed as

_B
2

(Iele™ 37 1) = 80 xu(e™ 7). (2.3)

Xk is the character for the primary k.

2.2 Open-closed duality and overlaps

On the other hand, the Cardy states are not orthogonal to each other but satisfy the
open-closed duality relation as follow (refer to figure 1)

8
(Bale™ 2| By) = 3~ N Ty [e270 ] (2.4)
k
where 5
T

and H, = Lo — 57 is the open string Hamiltonian. In the right hand side, Try[- - -] denotes
we take the trace with respect to the primary k as well as its descendants. Moreover, N ékb)
counts the degeneracy of sectors which belong to the primary k in the open strings between
the boundaries a and b.

Now if we take the limit 5 — 0 (or equally t — o), we find

—omt [ MM _ e
(Bale™ 77| By) = Nmle ™" (v 24), (2.6)
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Figure 1. A sketch of cylinder amplitude from the viewpoint of closed string (left) and open string
(right).

where k,, is the lightest primary among those satisfy N ékg”) # 0, whose conformal dimension

is denoted as h((ln;n).
Since we have hg%in) = 0 when a = b, we can estimate the following ratio in the limit
8 — 0 as
B (min)
B,le 2¢|B g2 tab
(Bale |Bs) :Néﬁ)m)e 4?2y . (2.7)

_B _B
V(Bale 35 B,) - (ByJe 37| By)
Note that here we used the fact Né?g =1.

2.3 Thermal pure states

One of the reasons we are interested in boundary states is that, although they are pure
states, in many respects they are indistinguishable from thermal mixed states under a
suitable coarse-graining. This is in accord with the spirit of eigenstate thermalization
hypothesis (ETH) [6], which claims many properties of typical pure states coincide with
those of corresponding thermal mixed states. Thus, one anticipates that boundary states
in CFT are indeed such typical states, therefore realize the ideas of ETH. To make this
point explicit, now we consider a pure state given by a regularized boundary state

) = Na - e 75| By), (2.8)

where we assume £ is infinitesimally small and we choose the normalization N, such that
<¢a|¢a> =1

This state is often employed as that just after a global quantum quench [33], which is
an analytically tractable model of thermalization in an isolated quantum system. Thus,
a late time limit of the time evolution of |¢),) can be regarded as a thermal pure state.
Indeed, its expectation value of the energy is computed as

Eth — M — ﬂ-QC (29)

(Yaltha) — 36%
which agrees with the energy expectation value of the thermal ensemble with the temper-
ature 1/5. This indeed suggests the regularized boundary states are typical states (2.8)
with the temperature 5.



However, we can immediately see that not all typical states with the fixed energy (2.9)
belong to the class of states (2.8), by counting the number of such regularized boundary
states.The total number of the typical states can be read off from the thermodynamic
entropy,
212c

36

Now, let us also estimate the number of such thermal pure states of the form (2.8), by

#Typical states ~ e, Sy, = (2.10)

counting the number of Cardy states. Since the label k of Ishibashi states coincides with
that of primary states with the constraint that left and right are the same primary. There-
fore, the number of different Cardy states at an effective temperature 1/ is estimated as

2

#Cardy states ~ e85 = e, (2.11)

where Sps = % denotes the entropy naively associated with the Cardy states. Thus
we see that the number of the regularized boundary states are too small to account all
typical states.

It is also useful to note that in the AdS/CFT, this pure state (2.8) is dual to a microstate
of a single sided BTZ black hole at inverse temperature 3 [19], or equally a three dimensional
AdS spacetime with an end of the world-brane where boundary conformal invariance is
preserved [15, 16]. This is indeed a half of the eternal BTZ black hole geometry which is
dual to a thermal CFT.

2.4 Inner products

Now we would like to evaluate the inner products (14|t3) of the pure states constructed
from boundary states. In the high temperature limit 5 — 0, we can estimate their inner
products by using (2.7) as follows:

4r2 ; (min)
7%ha b

(Valthp) == bap + Néﬁ,’”) ‘e (2.12)

In this way, the larger gap in the open string channel leads to a larger exponential sup-
pression of off diagonal elements of inner products.

As we will explain in the next section, for an ideal holographic CFT which is dual to
a pure gravity on AdSs, we expect for a # b

o) = i.

This bound may be regarded as a chiral version of the well-known maximal gap A =
for a CFT dual of a pure gravity on AdSs [4, 34].

If we introduce a overall random phase for the state as |1,) — €2[¢),), we find that

(2.13)

£

12

the inner product takes the following behavior

_5Bs
(Yalthp) = ap + Rap -€” 2, (2.14)
where Spg is the same as (2.11). Also Ry is the random fluctuations such that (R}, Rap) =
1. This ETH like property implies that such states are random states among e BS states
and thus nicely agrees with the estimation (2.11).



This should be compared to the statistical fluctuations of overlaps between two typical
states |¢;) [25],

(dilj) = 6ij + e 5*/* Ry, (2.15)
with the random variable R;; again satisfying (Rijij) = 1. One can easily see the dif-
ference between the two, namely Spg in the overlap between two regularized boundary
states (2.14) is replaced to the thermodynamic entropy St = 25ps in (2.15). This is again
due to the fact that although such regularized boundary states are the frequently used
model of thermal typical states, the number of such states are quite small compared to the
total number of typical states.

2.5 Examples: free scalar and Liouville CFT

There are several boundary states in two dimensional conformal field theories, whose ex-
plicit forms are known. In this section, we first compute the overlaps of such boundary
states in free boson theory and we compare the results with the general formula (2.7) pre-
sented above. For completeness, we also list several known results in Liouville theory, with
caution that the general formula (2.7) cannot be applied directly to this theory due to its
non-unitarity and continuous spectrum. Notice that these integrable boundary states have
different properties than those of holographic boundary states.

2.5.1 Boundary states in free boson theory

Let us first consider the boundary states in free boson theory, whose action is given by
1
I=_— / dz?0,X09:X. (2.16)
27

There are two types of such states. One is the Dirichlet state |Bp ;), which is labeled
by a real parameter x of the localized point, and the other is the Neumann state |By).
The overlap between two Dirichlet boundary states |Bp 4,) |Bp.g,) is estimated as
—msH. 1 —20)2 21 —x0)2
<BD,a:2|€ |BD,w1> — 6_< 147rs2) = e_(127/32), (217)
VABD ey lem™He | Bp o) - (Bp ayle™He [ Bp 1)
where we defined s = % The above exponential suppression agrees with the lowest open

string energy h%n[i)n) = (‘rlg; ?)2

formula (2.7).
The overlap between the Neumann state and a Dirichlet state is,

<BN’6_7TSHC’BD,I1> _ 47T\/§773(i8) (2 18)
V(Byle=™He| By) - (Bp o, e~ Bp 1) a(is)

where the right hand side is given by where 7(7) is the eta function,

between the two boundaries, in accord with the general

[e.9] (e 9]

nr)=q7 [[A—q¢", qa=e"" 6(r)=[[(1 -1 +q"%  (2.19)

n=1 n=1

2
In the § — 0 limit, this ratio (2.18) behaves as e 4%. This behavior agrees with the

general formula (2.7), where the lowest open string energy is given by h%n]\i,n) = % between

the Dirichlet and Neumann boundary.



2.5.2 Boundary states in Liouville theory

Let us discuss a less trivial example, namely boundary states in Liouville theory. On a
curved background its action reads,

1
1= / d2*\/G (g™ 0u6046 + QRO + dmpc®] (2:20)

with Q = b+ %, and R is the Ricci scalar. The central charge of this CFT is ¢ = 1 + 6Q>.
In particular, we are interested in the large ¢ limit b — 0, where ¢ ~ b%.

This theory has two types of boundary states, namely FZZT states [35, 36] and ZZ [37]
states. Since the overlaps between two FZZT states are divergent even in the presence of
the UV regulator, here we only discuss ZZ boundary states. ZZ states are characterized
by two positive integers (m,n), so we denote them |B,, )). The amplitude between two

such states was computed in [37]:

min(m,m’)—1min(n,n’)—1

<B(m7n) ‘eﬂ’iTH(m,n)(m/’n’) ‘B(m’7n/)> = Z Z Xm+m/72k71’n+n/72l71(qv)’ (221)
k=0 =0
where 5 . )
! ~ ~ _ _omiF -4
. = __ = = 2.22
R (222

with the caution that we are using an unusual convention for 7, in order to match the
notation with (2.7). Also, we introduced the degenerate character,

q—i(m/b—‘,-nb)2 _ q—i(m/l)—nb)2
Xmn(q) = 2.23
(@) = (2.23)
For concreteness, let us focus on three simplest states in this class, ie ]B(171)>, \B(Lg)),
and |B(271)>.
The overlap between |B(; 1)) and | B ) is
<B(1,1)|€_WSHC|B(1,2)> X1,2 (2.24)

\/(B(Ll) le=™sHe| By 1)) (B1,2)le™™He| By 9)) \/Xl,l(Xl,l +X1,3)

When we take § — 0 limit and the large ¢ limit b — 0, we find

(Yanlvae) = 1. (2.25)

This means that |B(; 1)) and |B( 9)) are indistinguishable in this limit.
On the other hand the overlap between |B(; 1)) and |By 1)) is

<B(1’1)|e—7rch|B(2,1)> _ X2,1 s — ﬁ (2.26)
VBaple ™ e Buy)(Banle ™ e[ Bay)  \/x11(xi1+ x31)

2w
If we take the semi classical limit b — 0 and the high temperature limit 5 — 0 at the same

time, we get,
2

(Yanlen) ~e o, (2.27)
which interestingly coincides with the expectation in holographic CFTs.



More generally, in the large c limit b — 0, we obtain

Caleg
<w(n1,m1)|w(n2,m2)> =e 65( 1=m2) . (2.28)

Note that here we cannot apply directly the general formula (2.7) to Liouville theory
because Liouville theory is non-unitarity and has continuous spectrum, as opposed to the
usual CFTs which we assumed in the derivation of (2.7). Here we nevertheless mention
these states because they are examples of boundary states whose explicit form are known.

3 Holographic analysis in AdS;/BCFT,

Now we move on to our main target: holographic BCFTs [16, 17, 38]. In this section,
we focus on two dimensional BCFTs with classical gravity duals. As we explained in the
previous section, the presence of a conformal boundary is described by a Cardy state,
labeled by boundary conditions.

3.1 Lightning review of AdS/BCFT

We apply the AdS/BCFT duality [16-18] to study a gravity dual of a holographic CFT on
a two-dimensional cylinder. The action of the gravitational system is given by

I:jW;NAﬂﬁﬁN%QM—&éN4VHK—H. 3.1)

In the above action, @ is the world volume of the end of the world brane in the bulk, which
is anchored to the boundary of the BCFT region at the asymptotic boundary of the bulk
spacetime. Also, in the action K is the trace of the extrinsic curvature of Q, and T denotes
the tension of the brane. When we consider a gravity dual of a cylinder, there are two
candidates of classical gravity solutions depending on whether the end of the world brane
is connected or disconnected, as depicted in figure 2. We call these two a connected and
disconnected solution, respectively.

First we consider a connected solution based on a thermal AdS3. We write the thermal
AdS3 metric as follows

? d2 h
ds? — R? <T+ - +(Z)dx2>, (3.2)

where )
h(z) =1— <Z> . (3.3)

To make the geometry smooth, the coordinate = is compactified as x ~ x + 27zy. We also
compactify the Euclidean time 7 such that 7 ~ 7 4 27zy. A gravity dual of a CFT on a
cylinder is given by the subregion [16, 17]

arcta ATz <z(z) < arcta RT2 (3.4)
Z T 11} T\Z TZ0 — % T 11l . .
0 wo/h(z) —ReT2 ) — V=T 20v/(z) — R2T2




Note that at the AdS boundary z = 0, this leads to 0 < & < 7zp and this interval is identi-
fied with the one where the BCFT is defined. The surface () which is the boundary of the
above region is a connected surface. By evaluating the gravity action on this background,
we can holographically compute the BCFT partition function as follows

TCZff

Zon = €170 . (3.5)

Note that the result is independent from the value of the tension 7', which parameterizes
different boundary conditions.
Next we consider the disconnected solution based on the BTZ black hole solution

dr>  d2? da?
4P R <f(ZT)2 2, f(;zQ N ;) | (3.6)
where )
f)=1— 2% (3.7)

Now, in this solution, the Euclidean time like direction contractible, as opposed to thermal
AdS.
A gravity dual of a CFT on a cylinder is given by the region [16, 17]

Ts T
— zp - arcsinh <Rz> < x(z) < mzp + zp - arcsinh (sz) , (3.8)

ZH\/I—RQTL% ZH /1_R2Tb2

where Tj, ;, is the tensions of each brane. By evaluating the gravity action on this background
and we can again evaluate the BCFT partition function as follows

Zdis = eildisa
_ _Tc=o (a) (b)
Idis - GZH - b(zly - dey? (39)

where S&iy, i = a, b are the boundary entropies [39]

Ségy = garctanh(RTi). (3.10)

3.2 Inner products of holographic boundary states

8
When we consider the overlap (Bg|e™2¢|B,) for an identical boundary condition a, then
both the connected and disconnected solutions are allowed, which are depicted as the left
and right picture in figure 2. The connected solution is favored in the limit 7 — 0. By
B

choosing mzp = 5 and zg = 1 in order to adjust the normalization, we find

2

(Bole=3He|B,) ~ 57 . (3.11)

When we consider (1,|1p) for two different boundary conditions a and b, only the
disconnected solution is allowed (i.e. the right picture in figure 2). Thus we can evaluate
the overlap as follows

cB | gla) (b)
(Bole=3He|By) ~ T2 5bayTShay . (q #£ ). (3.12)
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Figure 2. A sketch of gravity duals of a CFT on a cylinder in the connected phase (left) and
disconnected phase (right) at d = 2.

Thus in the limit 3 — 0 we find that the inner products of the normalized pure state
|1q) (2.8) are given by as follows (when a # b)

~ o BFSEN S
(Yalthp) = € v by, (3.13)

This shows that the lowest dimensional state in the open string between a and b (a # b)
is given by the previous expectation (2.13) i.e. hgngm) = 57, via (2.12), as promised.

4 Higher dimensional generalizations

The holographic approach based on the AdS/BCFT provides predictions also in higher
dimensional BCFTs [17]. Notice that we can define a boundary state |B,) as a state
making a d — 1 dimensional hole in d dimensional space. The inner product (Ba|e_§H | Bp)
can be computed as a partition function on a d dimensional open manifold Ig/5 X 71
where Ig/5 is a length 3/2 interval. As in the previous d = 2 case, there are two different
solutions, depending on whether the end of the world brane is connected or disconnected.

First we consider a connected solution based on a AdS,4; soliton. We write the AdSg;
soliton geometry as follows

dr? + Y 2dy?  d2? h(2)
ds* = R? =L da? 4.1
§ ( 22 + h(z)22 T (4.1)
where
N
h@):1—<>. (4.2)
20

We compactify © ~ x + 4Fﬂzo in order to have a smooth geometry. We also compactify the
Euclidean time 7 ~ 7 + 4FﬂzH and other spacial coordinates y; ~ y; + L;. The boundary
CFT is defined in the bounded region

|z < 2(T). (4.3)

~10 -



The function z(7T) is introduced as
z(T) == &(T) - 20, (4.4)

where £(T") is defined when 7" < 0 as follows [17]:

_TQ/ara/2) RT (| R ”CH/QF 11
TT(/241/d)d(d—1) \"  (d—1)2 d’ 2

1 —=

&(T) 4 d-1)

1 R2T? )
+ .

When T > 0, it is defined by £(T') = 2% — £(—T). Note that the tension takes values in the
range |T| < d;Rl. As we see in the previous section, when we set d = 2 we have {(T) = 5
for any T

We would like to point out that in higher dimensions the behavior of (T') is different
from that in d = 2. For d > 2, {(T) non-trivially depends on 7. We find &(T) is a
monotnically decreasing function of T such that & (—d;Rl) = 00, £(0) = 5 and &(T%) = 0.
Here T, > 0 depends on the dimension. Since we have £ < 0 for T' > T, which looks
unphysical, this implies that there is an upper bound of the tension T' < T for d > 2.

By evaluating the on-shell gravity action, the partition function is obtained as [17]

RN Lz

Zeon = € 246N = . (4.5)

Next we consider the disconnected solution based on the AdS Schwartzshild black hole
solution

(4.6)

o o[ f(2)dr? dz? dz? + Y01 dy?
ds" =R ( 2 +f(z)z2+ 2 )

where

5\

Fz)=1— <) . (4.7)

ZH
We compactify 7 ~ 7+ %ZH in order to have a smooth geometry. We also compactify other
spacial coordinates y; ~ y; + L;, and the boundaries sit at * = £x(7'). For simplicity, we
consider the case where the tension of the surface @ is vanishing 7" = 0. This is enough to
extract the leading behavior in the limit 5 — 0 as was true in d = 2. Then the disconnected
solution is given by the region

2| < 2(T = 0) = gzo. (4.8)

By evaluating the gravity action on this background and we can estimate the partition
function as follows

Zdis = eildis7 (49)
RMITET Li)a(T = 0)
dGNZ}i_I_l '

Tyis = — (4.10)

Now let us evaluate the inner products of boundary states using the above holographic
]
results. For an identical boundary condition a i.e. (B,|e~2%¢|B,), both the connected and

- 11 -



disconnected solutions are allowed as in AdS3. The connected solution is favored in the
limit 8 — 0. We set 22(T") = 2(T)z0 = g and take the periodicity in the 7 and y; direction
to be 2%z = 27 and L; = L, respectively. Then we find from (4.5)

dregli2
(Bale™ 28 | By)eon = e M) 58T (4.11)
Here we defined
R 4.12
Ceff - 167G N ( ’ )

Note that when d = 2, it is related to the central charge by co = 57

When we consider an inner product for two different boundary conditions a and b,
only the disconnected solution is allowed (i.e. the right picture in figure 2). Thus we can

evaluate the overlap for 7' = 0 from (4.9) as follows
(Bale™7He|By) ~ eatiteemBL ™ (g ). (4.13)
Thus in the limit 8 — 0 we find!

_B _
(Bale™2"|By) o o TE LT ((E(Ta) (16T )
ViBale 35 B - (By|e=3 | B,)

: (4.14)

where T, and T}, are the tensions of surfaces @, and Qp dual to the boundary states |B,)
and |By), respectively.

This predicts that the lowest energy among states in the open string between a and b
(a # b) is given by

i _ T [(zfga))d . (zgngb))d] Vis. (4.15)

d—2 .
where Vy_o = (%) is the volume of d — 2 dimensional torus in ¥* direction. We took

the length of z to be m and the periodicity of 7 to be 2nt = % as in the right of figure 1.
Note also that the above energy gap decreasing as the tensions 7, and T} gets larger and
does vanish when T, = Ty = T.

5 Discussions: JT gravity vs AdS;/BCFT,?

In this paper, we studied quantum states in CFTs |¢),), which are defined by regularized
boundary states (Cardy states) for all possible conformal boundary conditions, labeled
by a. This provides a class of microstates for single sided black holes in AdS. Since the
left-right symmetric constraint is imposed for boundary states, the number of microstates
spanned by boundary states, denoted by eSBS| is of the order of the square root of et
ie. Spg ~ % Here e denotes the number of typical states |¢;) in a CFT which are
indistinguishable from the corresponding thermal mixed state. Sy, is also equal to the

entropy of eternal black hole dual to the thermo field double of a holographic CFT.

Here we note that the 7' dependence for the disconnected solution can be negligible when we focus on
the leading behavior of this ratio in the limit 8 — 0.
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Figure 3. Gravity evaluations of the inner products of microstates (¢;|¢;) in AdS, gravity (left)
and those of regularized boundary states (¢, |¢)p) in AdSs gravity (right).

By using the open-closed duality we showed that the inner products (1,|t3) of bound-
ary states for a # b are exponentially small such that its exponent is proportional to the
lowest energy in the open string spectrum between a and b as in (2.12). The holographic
analysis of this inner products for a three dimensional AdS pure gravity shows that this
lowest energy is hg;lin) = g7 in its dual two dimensional holographic CFT. Indeed, this
value corresponds the estimation of inner products: (g 1) ~ e~585/2. A most crucial
fact behind this estimation is that there are two solutions in AdS/BCFT depending on
whether the end of the world brane (EOW brane) is connected or the EOW branes are
disconnected, as depicted as the top and bottom picture in figure 3, respectively. This
result means that the quantum states |¢),) are random vectors in the full space spanned
by the left-right symmetric states. Therefore we expect that this lowest energy h((;;m) =1
is maximum possible values for any two dimensional BCFTs. This implies that such CFTs
correspond to maximally chaotic BCFTs and that holographic BCFTs are the most chaotic
BCFTs. We also generalized the above analysis to higher dimensional BCFTs, by applying
the AdS/BCFT. An important new aspect in higher dimensions is that the lowest energy in
open string turns out to depend on the value of the tension of the EOW branes. Therefore
it is an intriguing future problem to understand the distributions of values of tension for

the EOM branes which are dual to conformal boundary states.

Now we would like to compare our results with the analysis of microstates in two di-
mensional AdS gravity (JT gravity) performed in [25] to explain the physics behind the
island formula in the black hole information loss problem. First of all, when we evaluate
the inner products of microstates (¢;|¢;), they vanish except a = b in the AdSy gravity
as depicted in the left of figure 3. In [25], this is interpreted that the gravity calculation

corresponds to taking a random ensemble average (¢;|¢;) with respect to all possible mi-
crostates 7, j. Even though the gravity analysis cannot directly compute the off diagonal
element of (i;]1);), its square average |(¢;|¢;)|? is argued to be computable in the two
dimensional gravity, by taking wormhole solutions (called replica wormholes) into account,
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Figure 4. Gravity evaluations of the averages of squares of inner products in AdSy gravity (left)
and AdS; gravity (right).

as depicted in the left of figure 4. This leads to the evaluation [(¢4|¢p)|2 ~ e~ and this
S
implies the behavior (¢q|py) ~ 65 + Rije_%h [25], where R;; is a random matrix.

On the other hand, in the three dimensional AdS gravity we studied in this paper, the
situation is a bit different. Since we can have the solution with two disconnected EOW
branes in AdS3 as depicted in the lower right picture of figure 3, the gravity prediction for
the inner product (14]1p) does not vanish even if a # b, as opposed to the AdSs case of [25].
Therefore we obtain the off diagonal value of (,]1y) directly from a gravity calculation.

SBs

This leads to the behavior (14|1y) =~ dap + O(e” "2~ ), which leads to the lowest energy gap

hgnblin) = g3 of open strings. These highlight the main difference between the microstate

analysis in two dimensional JT gravity and that in three dimensional AdS gravity.

It may be plausible to think the ensemble average |(14|1p)|? can be computed by
the gravity partition function for a geometry with four boundaries i.e. two as and two
bs, which depicted in the right of figure 4. The first term is the direct product of the
cylinder solutions. We expect that the random averages are responsible for the second term
which corresponds to wormhole geometries which connect two cylinders. However, when
we consider the construction of Euclidean AdS wormholes which connect two boundaries
given in [40], each boundary has to be a surface with genus higher than one. In particular,
we cannot connect two tori by an on shell AdS wormhole. Similarly, we might expect that
it is not possible to connect two cylinders by an AdS wormhole with appropriate EOW
branes.? This may suggest that in AdS3/BCFT2, we do not need to regard gravity path-
integrals as averaged quantities of holographic CFTs. It would be an intriguing future
problem to explore more on these aspects to understand precisely how gravity can describe
CF'T microstates.

’In the appendix A, we gave an argument that we cannot construct a travesable wormhole in the
Lorentzian AdS/BCFT, by picking up a class of examples.
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A Averaged null energy condition and absence of traversal wormholes
in AdS/BCFT

Here we will show that a construction of traversal wormhole with a locally Poincare
AdS metric is not possible in AdS/BCFT when we impose the averaged energy condi-
tion (ANEC). An analogous statement of the absence of traversable wormholes in the
standard AdS/CFT without end of the world branes was proven in [41, 42]. The ANEC for
quantum field theories on flat spaces was derived in [43] using the AdS/CFT and in [44, 45]
using field theoretic arguments. Recently, a necessary modification of ANEC for spaces
with positive curvatures was proposed in [46] via holography.
In the Poincare AdSg11

5 (A.1)

4 — B2 (—dt2 +d2? +da? + Y87 dyf)

)
we consider two BCFTs on regions confined by x < —a or > a, and ask whether we can
have a static EOW brane that ends at these two boundaries. We write x coordinates of
the brane at < 0 by z(z), in particular we have 2(0) = —a and 2/(2*) = oo where 2z = z*
is the turning point. The null vector which generates null geodesic on the surface @

t z x\ __ _ 1 J’J(Z)
(N, N*, N ) —Rz2< 1, Vi \/1+x'(z)2>' (A.2)

We fixed the normalization of null vector such that we have % = N* for an affine
parameter A, namely it satisfies N#V ,N" = 0.

The averaged null energy can be decomposed into two parts: the one from x = —a to
x = x(24) and the other one z = z(z,) to x = a. The averaged null energy condition tells

~15 —



us that either of them is non-negative, which we can take to be the first one without losing
any generality. Therefore we require

/d)\(K — Kh )N“N”——/z* P G (A.3)

e R )l ey |
However we can show that this integral should be negative by performing a partial inte-
gration:

z* !
_/ gy 2T /(z) i
¢ (1+2'(2)?)
Zx Zx
= [~z - arctan(a)]” +/ dzarctan ' = —gz* +/ dzarctanz’ < 0, (A.4)
0 0
where we employed that the fact we have 2/ = oo at the turning point z = 2, and the

bound |arctanz’| < § for € < z < z,. This clearly shows the wormhole solution in the
geometry (A.1) is not possible.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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