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1 Introduction

AdS/CFT correspondence gives a UV complete description of the quantum gravity in the
d + 1-dimensional asymptotically AdS spacetime in terms of the large ¢ conformal field
theories defined on its d-dimensional boundary [1]. From the perspective of the AdS/CFT,
the notion of the bulk spacetime is emergent from the Hilbert space of the dual CFT in the
large ¢ limit. It is still not well understood how CFTs can describe classical spacetimes.
Though various attempts have been made to probe the bulk geometry from CFT side, the
most direct approach to this is to consider a CFT dual of a local field in the bulk which is
most fundamental element of the low energy effective theory of quantum gravity.

Especially in the last few years, motivated by firewall arguments [2-4], it has been
actively debated whether CFTs can contain operators dual to the local fields in the AdS
black hole spacetime particularly behind the horizon.

There is a well known method to reconstruct bulk local operators so called Hamilton-
Kabat-Lifschytz-Lowe(HKLL) construction [5-8]. They construct bulk local operators as



CF'T operators smeared over boundary regions which are set by the bulk positions. How-
ever, one has to solve the bulk equation of motion to give an expression for the bulk local
operator, thus it is not satisfactory for understanding the emergence of the bulk spacetime.
Furthermore, its expression diverges when one attempts to construct a bulk local operator
in the black hole (or Rindler) spacetime. To avoid its divergence, they smeared CFT oper-
ator along the complexified spatial directions, but this is not a convenient prescription in
ordinary quantum field theories.

Their prescription of reconstructing black hole interiors basically requires the use of
smearing functions with support on both of the left and the right boundaries in the Kruskal
diagram.! Physically meaningful description of the fully Kruskal extended spacetime can
be obtained by two copies of the CFTs [12], thus it is not clear whether the Hilbert space
of a single CFT can describe black hole interior.

An important proposal for reconstructing the bulk local operators inside the horizons
of single-sided black holes was made by Papadodimas and Raju [13-15]. Their proposal is
free from divergences since they work in the momentum space instead of expressing bulk
local fields as integrals of primary operators in the position space. They gave a recipe
to reconstruct bulk local fields inside the black hole horizons on generic thermal states in
CF'T whose techniques have a connection with Tomita-Takesaki theory of operator algebra.
Their construction implies the state-dependent map between the Hilbert space of CFT and
AdS whose physical validity is controversial and has been argued in [16, 17, 40] for instance.

In this paper, we present another method to reconstruct the bulk local operator ¢, (r, %)
(or equivalently states excited by ¢ (r,Z) which we call bulk local states) in the three
dimensional BTZ black hole background. This is an application of the construction method
in the pure AdS spacetime which is proposed recently in [18, 19] (see also [20, 21]).%:3

A key feature of our method is to construct the bulk local states via the map between
points in the bulk (7, %) and those on the Euclidean boundary as we will explain it later.
This map is obtained from the geodesics which connect between boundary points and
bulk ones.* We do not need to solve bulk equations of motion for representing bulk local
fields; one can obtain their expressions just by summing up CFT operators inserted at
the boundary points which correspond to the bulk positions (r, Z) through the map. Our
method enables to systematically reconstruct bulk local states from various CFT states
dual to black hole spacetimes. Especially it allows us to probe the black hole interiors.

This paper is organized as follows. In section 2, we discuss the construction of bulk
local states in the pure AdS spacetime using the global conformal symmetry. First we
review the construction in the global coordinate and introduce the map between the bulk

IThere are some attempts to apply it for the single-sided black holes formed by null-shell collapse, for
example see [7, 9].

2There is also a slightly different proposal [22] which uses the full Virasoro symmetry to construct bulk
local states. They discussed the gravitational dressing of the bulk local states using their construction [23].

3These arguments mainly focus on the leading order of the 1/c expansions of CFTs. For the 1/c
corrections of bulk locals states, see [23, 24].

4The same map appears in the context of emergent hyperbolic space from an optimization of Euclidean
path-integral [25, 26], which was recently conjectured to be a new explanation of AdS/CFT. Our results in
this paper support this conjecture.



(r, &) and boundary (29, Zp) we explained above. Finally, we give a local expression around
(20, 2Z0) for the bulk local states at (r,Z) using the map. In 2.3, we consider to construct
the bulk local operators on the thermofield double state which is dual to the Rindler
coordinate. We apply the same method to the bulk local states in the Rindler coordinate
by using the map between the bulk and the boundary coordinates in the Rindler spacetime.
In the section 3, we attempt to apply our strategy to the black hole states. In 3.1, we first
consider the eternal black holes dual to the thermofield double states which are entangled
states of two copies of the CFT. The construction of bulk local states in these black holes
provides us a CF'T perspective of the black hole singularity. In 3.2, we apply our method
to the single-sided black holes dual to the CFT boundary states which is made by Zo
identifications of the double-sided black holes. Finally in 3.3, we analyze the bulk local
operators on the single-sided black holes created by heavy primary operators Op in CFT.
To evaluate two point functions, we approximate the correlator by the vacuum conformal
block in the channel OOy — 0,0, in the semiclassical limit [27-29]. Our prescription
is valid as far as this semi-classical approximation holds. Differently from the double-sided
black holes, we find a implication of “phase transition” where our semi-classical prescription
will break down if one attempts to move bulk local operators deep in the bulk direction.
In appendix A, we present the details on the algebraic aspects of bulk local states. In
particular we construct the bulk local state in Poincare AdS and show that it agrees with
the HKLL prescription. In appendix B, we give a comparison with the mode expansion
expression of the bulk local operator.

We believe that our prescription presents a useful tool for probing the interior struc-
tures of single-sided black holes which have not been fully analyzed yet. While they depend
on the details of CFTs, the map we used for constructing bulk local states directly connects
the physics in the bulk interior and physics on the boundary. This enables us to analyze
several aspects of the black hole interior purely from the CFT calculations.

2 Bulk local states on the pure AdS

A bulk local operator égFT(w) on a background geometry g,, is an operator in the CFT
which is dual to a local field ¢, (x) on the geometry g,, of the AdS spacetime. In this
paper, we assume that the local operator is a scalar and write bulk coordinates as = (r, Z)
where 7 is the radial coordinate and ¥ = (z*),—0,... 4—1 parameterizes boundary directions.

We mainly focus on the leading order of 1/¢ expansion in the large ¢ CFTs where fields
in AdS become free fields. Bulk local operators should obey the free scalar field equations
of motions on the background geometry g,

(O, +m2)oSFT () = 0. (2.1)

uv

A bulk local state which we mainly discuss in this paper is a state excited by égFT(w)
from a CFT state |¥,,, ) which is dual to a geometry: g,, of AdS. In this section, we
focus on the pure AdS spacetime. Especially in subsection 2.1, we will work on the global
coordinate which is dual to the vacuum state in the CFT defined on the boundary of the
global AdS: |Wgioha1) = [0)crr. In the global coordinate, a bulk local state is expressed as



|Pa(T)) global = $CFT (1£)|0)cpr where @ denotes a bulk position on the global coordinate.
In subsection 2.3, we will work on the Rindler coordinate which is dual to the thermofield
double state: |Wgindler) = |¥TrFp). The bulk local state in the Rindler coordinate is
expressed as |¢a () Rindler = ¢SFT ()| ¥rpp) where @ denotes a bulk position on the
Rindler coordinate. In the section 3 we work on the black hole states |Upg) where the bulk
local states are defined as |¢q () = ¢SFT ()| Upy).

In the dictionary of AdS/CFT, a local scalar field with mass m, in AdS corresponds
to a spin-less primary field in CFT with conformal dimension A, when the local field in
AdS approaches the boundary,

ba(T) & Of(Z)  m2R? = An(Ay — d), (2.2)
where « denotes the label of the primaries. This correspondence implies that we can
reconstruct bulk local fields from the corresponding primary fields in the CFT. There is a
well-known method to reconstruct bulk local fields, so called “HKLL” construction, which
expresses bulk local fields as smeared primary operators [5—7|. In this paper, we use another
method proposed in [18, 19] (see also [20-22]) instead of using HKLL method. It makes use
of the correspondence of the symmetry of AdS and CFT; isometry of AdS and conformal
symmetry. We review this construction method briefly.

First consider scalar fields at the center of the AdS ¢o(0) = e P, (x)e’P®. The
generators of the conformal symmetry are organized as (D, M, P,, K,). By using the
correspondence with the AdS isometry, we can find a subgroup of the symmetry which
keeps the center of the AdS invariant. We can easily see that it is generated by M, and
P, + K, [18, 19]. Thus the dual of a scalar field in AdS: #SFT(0) should satisfy

(M, 06" (0)] = [P+ Kpu 667 (0)] = 0. (2:3)

«

In the following subsections, we will see explicit forms of the solutions of (2.3) which satisfy
the correspondence (2.2).

2.1 Global AdS

First we review the construction of the bulk local states in the global coordinate [18, 19].
For simplicity we focus on AdS3/CFTy while we can also do the same argument in higher
dimensions. We write the coordinate of global AdSs as = (p, &) where Z = (¢, 1) is the
boundary coordinate of global AdS3.The metric of the global coordinate can be written as

ds® = R*(— cosh? pdt* 4 dp® 4 sinh? pd¢?)
0<p<oo, 0< ¢ <2m, —00 < t < 00. (2.4)

The global AdS3 spacetime has an isometry SO(2,2) = SL(2, R) x SL(2,R) which is gener-
ated by (L_1, Lo, L1) and (L_1, Lo, L1). These are explicitly given by the following Killing



vectors:

L(] = 26+
-+ [cosh2p 1 i,
L — +ixt & . o_ iy
£ e | sinh 2p T sinh2p T3 P
Lo =i0_
_ .~ [cosh2p 1 i, ]
Ly =i o — dr F =0 2.5
e | sinh 2p sinh2p © T3 Pl (25)
where zt = t + ¢. We wick-rotate the boundary coordinate z* = —i7 + ¢ and introduce

the coordinate (z,Z) on the Euclidean plane defined on boundary of global AdS3 as
=€ =Tt Z=¢" = (2.6)

Coordinate (z, z) cuts the Euclidean plane as R x S and states in the CFT are defined by
the path-integral from the origin to the unit circle which corresponds to a time slice 7 = 0.
Especially in AdS/CFT, the vacuum state |0)cpp defined by the path-integral along the
Euclidean time 7 without any operator insertions corresponds to the global AdS spacetime
with no excitations. From (2.5), we can confirm that AdSs isometry is dual to the global
part of the 2d conformal symmetry whose generators are written as

d - dz —
Ly = ]{ 9E D), Ln = 7{ 9Z sntlp() (2.7)
c 21 c 211
where C is a unit circle and the global part corresponds to n = —1,0, 1.

Now we consider a bulk local state |¢o (2)) = ¢STT(2)|0)cpr which is dual to a global
AdS spacetime locally excited by a local field in AdS: ¢, (x). In the following sections, we
often write ¢SFT|0)cpr just as dq|0) unless it causes any confusion. First we work on the
center of AdS: @ = (p, ¢,t) = 0. The conditions for the bulk local operators (2.3) can be
rewritten with generators (L_1, Lo, L1) and (L_1, Lo, L1) as

(Lo — Lo)|¢a) = (L1 + Lg1)|¢a) = 0. (2.8)

The solutions for these equations can be constructed from primary states |O,) = O4(0)]0)
dual to the bulk local operators ¢, and its descendants. They are explicitly written as
Ishibashi states with respect to SL(2,R) algebra with (—1)* twist.

6n) = kZ_O<—1>’“ME§AjA)L’ilL’ilroa>. (2.9

2.2 SL(2,R) transformations to different bulk points

Bulk local states at different bulk points are related by the SL(2,R) transformations
g(p,¢,t). From the correspondence between Killing vectors in AdS (2.5) and the con-
formal symmetry generators in CFT (2.7), we can obtain the expression for a bulk local
state at a bulk point (p, ¢, 1):

. H . 7 Ly—L_1+L;—-L_
[Galp, ,1)) = elbotLolteillo—Lode—p=—=5 g, ) (2.10)



This consists of states in a conformal family of O, thus it is an eigenstate of the conformal
Casimir L2 = L3—(L1L_1+L_1L1)/2+ (L — L) with the eigenvalue A, (A, —2) = m2 R2.
The Casimir operator acts on the bulk local states (2.10) as the d’Alembertian operator
in the global AdS coordinate, thus we can confirm that they satisfy free field equations of
motions in the global AdS (2.1). One can also see that two point functions of the bulk
local states become bulk-to-bulk propagators in the global coordinate [18§]

1 e—(Aa—l)D

(balp; &, t)alp’, ¢, 1) = N T Ve TR ZsmnD (2.11)

where o = cosh D is an AdS-invariant function which is given by
o(zx|z’) = cosh pcosh p’ cos At — sinh psinh p’ cos Ag. (2.12)

The expression (2.10) is determined by the symmetry and it seems that large ¢ plays no
role in the construction. However, it is necessary for reproducing the Fock space like
structure of the Hilbert space of AdS. In the large ¢ limit, local operators in CFT behave
as generalized free fields whose correlators factorize and this reproduces the property of
correlators of free local fields in AdS spacetime.

Map between the boundary and the bulk points

In the rest of this subsection, we will see how the SL(2,R) transformation g(p, ¢,t) acts on
the bulk local state |¢,) in more detail

L_14+L1-L_4

g(p, é,t) = 6i(L0+Z0)t6i(L0—E0)¢€—PWf_ (2.13)

We first argue about the translation in the spatial directions of the bulk coordinates (p, ¢);
. - Ly—L_1+Li-L_;
g(p,¢) = el(LO*LO)‘z’e_p( 2 ) and its action on a primary operator O, inserted

at the origin of the Euclidean plane (z,z). Under the conformal transformation g(p, ¢),
the origin will move to a point zy on the Euclidean boundary:

zp = tanh gew, Zyp = tanh ge_i¢. (2.14)

On the bulk side, g(p, ¢) moves a bulk point from the origin of AdS to the point (p, ¢). Thus
the primary operator inserted at (zp, Zp) creates an excitation around (p, ¢,t = 0). In this
way, we can construct the map between the boundary points where primary operators are
inserted and the bulk points around which the dual bulk excitations exist. This map can
be obtained from the geodesics as we can confirm in the viewpoint of SL(2,R) symmetry;
the bulk position p is obtained as an intersection of the timeslice 7 = 0 and a geodesic
which connects the boundary points (¢, 79) and (¢, —79), see figure 1. That is to say, the
primary operator inserted at (zo, Zp) creates the bulk excitation at ¢ = 0 centered around
the geodesic which ends at (zg, Zp).” More generally,under the conformal transformation

5We expect that our prescription may have a connection with the correspondence between OPE blocks
and bulk local operators smeared along the geodesic which is proposed recently in [10] while the explicit
check of its connection remains to be done.
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Figure 1. The bulk position p can be obtained as an intersection of the timeslice 7 = 0 and a
geodesic which connects the boundary points (¢, 79) and (¢, —7o).

g(p, ¢, 1), the origin will move to a boundary point zp;
zp = tanh gei(t+¢), Zo = tanh gei(t_‘ﬁ). (2.15)

We would also like to mention that this map was also naturally obtained in the emergent
AdS space from an optimization of Euclidean path-integral as discussed in [25, 26]. The
original path-integral for —oo < 7 < 0 to produce the ground state of the CF'T, which is a
half of the boundary cylinder gets optimized into a round disk. This disk is the hyperbolic
space which is identified the bulk time slice 7 = 0. Under this correspondence a boundary
point is mapped into a boundary point just as in figure 1.

For descendant states, we need additional information about how the energy momen-
tum tensor transforms under g(p,®,t). The conformal transformation generates the fol-
lowing coordinate transformation

r_ _ zttanhf g o
F= 1= 1+ztanh§e ’ 7=1E)=

z+ tanh Lilt—0)

_— 2.1
1+ztanhp (2.16)

Then under the global conformal transformation g(p, ¢,t), the energy momentum tensor

AN
(%) T
00,607 gt = F1) = (22 ) 145000 (2.17)

transforms as

g(p¢ b, t)T(Z)g(pv ®, t)_l = f*T(Z)

By using these expressions for the energy momentum tensor, we define new Virasoro (or
SL(2,R)) generators around (zo, Zp) as follows

L20(z) = 74 02 01 p7(2)0(z0)

2mi
Lp0G0) = § S TE06) (2.13)



From the argument we discussed above, we know how the primary states and descen-
dant states transform under the conformal transformation g(p, ¢,t). They are expressed
as operators inserted at the boundary points (2o, Z9) which correspond to the bulk points
(p, ¢,t) through the map (2.15). From the arguments above, we can see that the bulk local
states is obtained by summing up a primary operator and its “descendants” inserted at
the boundary point (zg, Z):5

= A) 2 T Z >
[9a(p, &,1) Z m(L_Ol)k(L_Ol)kOa(ZmZo)|0)
k=0
2o = tanh 56“”‘”, Zo = tanh gei(tﬂb). (2.19)

Summary of the construction of bulk local states

Here we summarize our method of constructing bulk local states. This method relies on
the map between the bulk points and the boundary points. This map can be calculated by
the geodesics which connect the bulk points and boundary points. We insert the primary
operator O, dual to ¢, at the boundary point zg which creates the bulk excitation centered
around the bulk point corresponding to zp via the map:

Oul20)10). (2.20)

We define the Virasoro generators L7, L?° around (zo, Zp) as

L20(z) = 74 02 11 17 (2)0(20)

2mi
L300 = § 5o TE0G), (221)

where f(z), f(Z) are conformal transformations corresponding to g(p, ¢, t)

z+ tanh

zZ+ tanhf Lilt—)
1+ ztanhp

ci(t+o) S F
7=1E)= 1+ Ztanh p

d = f(z) = , (2.22)
In order to localize the bulk excitation and obtain the expression for the bulk local state, we

dress the primary operator with the “localizing operator” K*=3%" k(—l)k%@fl)k(iﬂ)k

60l 00) = (D g D E ER a0 20 (223)
k=0

We can reconstruct bulk local states with this method even in the Rindler coordinate and
BTZ black hole spacetimes as we will see below.

SHere we omit the normalization constant (%—Zz/)h‘* |z0 (—i)h“ ‘20 which comes from the conformal trans-
formation of the primary operator.



2.3 Rindler-AdS

In this section, we consider the Rindler coordinate which is useful for understanding BTZ
black hole spacetime. Rindler coordinate consists of four wedges: right/left/future and
past wedge. The relations with the global coordinate are:

cosh pcost = cosh p, cosh ¢, = cosh p; cosh ¢; = cos py cosh ¢y = cos p;, cosh ¢,

cosh psint = sinh p, sinh ¢, = sinh p; sinh ¢; = sin py coshty = —sin p;, cosh ¢,

sinh psin ¢ = cosh p, sinh ¢, = — cosh p; sinh ¢; = cos p sinh ¢y = cos p,, sinh ¢,

sinh p cos ¢ = sinh p, cosht, = —sinh p; cosh?; = sin pysinht; = sin ppsinht,,  (2.24)
where we write coordinates of the right, left, future and past wedge as (py, ¢r, tr.), (p1, d1,t1),
(pf, @, ty) and (pp, Pp, tp) respectively and 7 = R cosh p, = Rcosh py = Rcos py = Rcos p,.
The metric of the right wedge is written as

2

ds* = —(r* — R*)dt2 + R dr® + r’de;

— R*(—sinh? p,dt? + dp? + cosh? p,de?)

r> R (pr > 0), —00 <t < 00, —00 < ¢y < 0. (2.25)
The left wedge is related to the right wedge by the analytic continuation t; = —t, + i,
¢ = —¢,." The metric of the future wedge is written as

R2
ds* = (R* = r*)dt} — pr—zdr® + ¢}

= R?(sin? pfdt?c — dpfc + cos? pfdgbfc)
r <R (py >0), —00 < tf < 00, —00 < ¢pf < 0. (2.26)
One can enter from the right wedge to the future wedge by the analytic continuation

tr =1t + L / 2.
The SL(2,R) generators can be expressed as differential operators in the right/left

wedge:
Lyt = -0
L;l1 = —@eix+ [27;2 - R228+ - 2R2 50— F Tar} )
2r re—R r*—R
Ly'=-0_
o = _\/732;7]%26ix [27,7;2__;;2 - szRQ - r&} ’ (2.27)

while SL(2,R) symmetry is not globally defined in each wedge due to the existence of the
horizon. In (2.27), we defined a light-cone coordinate in the Rindler spacetime

ot = ¢ £t (2.28)

"Here we define the left coordinate (¢1,t:) with —1 flip to take the total Hamiltonian as Hiota1 = H;+ Hyr.
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Figure 2. Rindler coordinate and Euclidean plane defined on its boundary.

Notice that we defined a light-cone coordinate in the global-AdS as & =t +¢. We will see
below that the combinations of L' make generators of globally defined SL(2, R) symmetry
which act on both left and right wedge.

We introduce an Euclidean coordinate on the boundary of the Rindler-AdS (see fig-
ure 2):
C — 6$+ — 6¢T_i7r — _6_¢l+i7—l’ EZ ex_ — €¢)r+i7—r — _6_¢l_i7l’ (229)
where 7,; is the Euclidean time defined as 7,; = it,;. The generators Lil and L] are if
combined, become globally defined conformal generators in the CFT:

LR = /]R ACCTHT(C) = ( /R e | d<> HT()

_ / A6, T(6,) — (=1)" / die T ()

—00 —00

= L:l - (_l)nLl—n
TR — o+l F — -~ > n+1rng -
Ln_/Rdcc (0 (/&du/dc)c (0

_ / a6, T(6,) — (=1)" / A" T (1)

—00 —00

(2.30)

That is to say, though the existence of the horizon destroys the SL(2,R) symmetry of each
wedge in Rindler spacetime, it will be recovered if one take linear combinations of the
generators which act on both wedges. Through the coordinate transformation between the
global and Rindler:

ortt, dEt A—iz 1+iz A+i¢ 0 1-iC
tanh —tan [ =) e ¢ = __ _ _ i
o < 2 M2 =i ST T fT e T e
(2.31)

~10 -



we can find the relations between L and L,, defined in the global coordinate

Ly = —z’L?;LZ, Liy = —iL + L{%;LZ

EO_Z.L{E“;LQ Eﬂ—z‘i(ffiw;m,

Lﬁ:i#, LilziLoi#,

LE = —ileLl, LB, = —ilo+ L1_2L1 (2.32)

Thermofield double description

In the Rindler coordinate, states in CFT are defined by the Euclidean path-integrals over
—00 < ¢p < 00,—7 < 7 < 0. The Hilbert space of the CFT defined on Im({) = 0 is
naturally decomposed as the direct product of the Hilbert space of the left CFT: H; and
the right CFT: H,

Herr = Hp @ Hy. (2.33)

The “vacuum” state defined by the Euclidean path integral without any operator insertions
is expressed as a thermofield double state.

[Urep) = Y e PPRIE) @ |E),, (2.34)
E

where |E);, represent energy eigenstates of each CFT and S = 27 is the period of the
Euclidean Rindler time. Thermofield double state is dual to the Rindler spacetime without
any excitations. Notice that it has a SL(2,R) symmetry:

Li[Urpp) = L[ Wrrp) = 0 & (Ly, — (=1)"LL,)[Wrrp) = (L}, — (=1)"LL,,)|[¥rrp) = 0,
forn=-1,0,1.

Construction of the bulk local states from the TFD states

We move on to the construction of a bulk local state in the black hole dual to the thermofield
double state. It is defined as |¢pa(®))Rindler = 0S¥ T ()| ¥rrp) where ¢SFT (x) is a CFT
operator dual to a free scalar field ¢,(x) in the Rindler-AdS coordinate. We mainly focus
on the reconstruction of the right wedge while the same argument is possible in the left
wedge of the Rindler coordinate. The strategy is the same as the global coordinate as we
will explain below.

First let us consider the map between the bulk points and the boundary point. From
the relation between the global and the Rindler coordinate (2.31), we can see that the
boundary point (z, z) = 0 corresponds to ({,() = (i, —i) < (¢, ) = (0, —7/2) on the Eu-
clidean boundary of the Rindler coordinate (see figure 3). Since the origin of the Euclidean
plane (z, Z) corresponds to the center of the AdS, the boundary point (¢, ) = (0, —7/2)
corresponds to (pr, ¢r,t;) = (0,0,0) in the Rindler coordinate. Thus the excitation around

- 11 -



T=-7/2

Figure 3. We can construct the map between bulk points and boundary points. This map can be
obtained by the geodesics just the same as the global coordinate.

the center of the AdS spacetime can be written as a state created by Euclidean path integral
over —m < 7 < 0 with a primary operator inserted at (¢,,7.) = (0, —7/2)

0(0)|0) ~ e /40, (0,0 FH/AN " |E) & |E)y = 0r(0, —7/2)|[V1rp),
E

where we write a primary operator in the right CFT as O,. Thus we can construct a bulk
local state at the ecenter of AdS as

|9(0)) Rindler = Z(-MML’C \LF 0.0, =7 /2)|¥rED). (2.35)
k=0

By construction, it satisfies the condition for the local scalar operator in AdS (2.3)

(Lo — Lo)|¢(0))Rindier = (L1 + L#1)|¢(0))Rindler = 0
& (L — L§)6(0)) Rinater = (LE; + LE1)|6(0)) Rindter = 0. (2.36)

SL(2,R) transformation to different bulk points

We can write the SL(2,R) generators which move the bulk point from the center of the
AdS to other points (p,, ¢y, t,) as
_ B R_;R ,fR_fR
Q(Pr, (bh tr) = G(L(I){_LOR)tre(LOR—i_L(I){)(bTe_pT%

Z,L1+L_1+L1+E_1t Z,L1+L_1—E17f‘_1 Ly—L_q1+L1—L_4
2 T

e 2 re=pr 2 . (2.37)

=€

We first consider the bulk point (p,,0,0). It corresponds to the boundary point zy (see
figure 3):

; 2
2 = €700 — tan (TTO;W/> = tanh % (2.38)

Thus we can see that the bulk excitation around (p, ¢,,t,) is dual to the CFT state

O(20,20)|0) ~ Or(¢r,7)|¥TFD),
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where we introduce a parameter v = ¢, — i7, o which parametrizes a complex time in the
boundary coordinate of the Rindler-AdS and zg, Zy are defined as

tanh 2" + i tanh 25t _ tanh £ —itanh ¢l
0 = . brttr 20 = 3 bty " (239)
1 —itanh % tanh #r5-r 1+ itanh %” tanh £r=r

In general, the conformal transformations generated by (2.37) are expressed as

(1 + i tanh £ tanh ¢T+t> 2+ tanh 2 + itanh 2t

4= Jale) = : brtt - Grtty
(tanh & —itanh %) z 41 —itanh £ tanh ==
R (1—itanhp2—rtanh%>Z+tanh%—itanh%
) _
7z = fz(2) = - PR (2.40)
(tanh £ + itanh T) Z+ 1+ itanh £ tanh &r=r

We define the Virasoro generators transformed by the conformal transformation fg, f_,,,(z)
around the boundary point (zg, Zp) < (¢r,7) as

LZO(2p) :7{ dzz”“f;T(z)(’)(zo),

20

L0, (20) = 7{ 4z P T(2)0(20). (2.41)

The map (2.39) and the Virasoro generators defined around (zp, Zp) (2.41) enable us to
write the bulk local states at (p,, ¢,,t,) in the right Rindler coordinate:

606t inter = D~V i 7 (LM O (o) ). (242)
k=0

The construction in the left wedge can be done in the same way as the right wedge.

Inside the horizon

Next we consider the future wedge which corresponds to the inside the horizon of the
Rindler coordinate. The generators of the SL(2,R) isometry can be obtained through the
analytic continuation of the generators in the right (or left) wedge. We can find the SL(2, R)
transformation which moves a point in the future wedge can be expressed as

L4l —LR-LE)

9(pgs by ts) = e8I USG5 ¢os ?

,L1+L,1+E1+E,1t ,L1+L,17E17Z/,1
1 3 e

=e fe' 2 ¢1 gi(Lo+Lolpy (2.43)
From the expression above, we can see that the generator of the p; direction is equivalent
to the Hamiltonian Hg in the global coordinate. A primary operator inserted at the
origin of the (z, z) coordinate is invariant under the time evolution by H¢. Similarly the
generator of the py direction does not move the point where the primary operator inserted;
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(¢r,7) = (0, —7/2). More generally, we can see that the bulk excitation around (py, ¢y, t5)
is dual to the CFT state

O(20)(0) = Or(¢f,7)|¥TFD)- (2.44)

where v = ty+im/2. Though boundary points where the primary operators are inserted are
independent of the bulk coordinate p, Virasoro generators defined through the conformal
transformation (2.43) depend non-trivially on ps. The conformal transformations generated
by (2.43) are expressed as

;o _ 2+ zet . ¢r+tf

2= fz(2) = T 2o = i tanh 5

o i Fo+zes _ ¢ —ty

z = fw(Z) = W’ 20 = —1 tanh T . (245)

We define Virasoro generators conformally transformed by fg, fz around (20,20) © (¢f,7)

LEO(20) :7{ dzz”“f;T(z)O(zo),

20

[20(x) = ]{ 4z T (2)0(5). (2.46)

From the map (2.45) and the Virasoro generators defined in (2.46), we can construct bulk
local states at (pf, ¢y, t¢) in the future Rindler wedge as follows:

601201t hniter = (VP i (LM O o ) Wenen). (247
k=0

where v =ty 4 im/2.

We constructed bulk local states both outside and inside the horizon in the Rindler
coordinate. By construction, the bulk local states satisfy the equations of motion in the
Rindler coordinate

(ORindier + 17)|6(2)) Rindler = 0. (2.48)

We will see that the bulk local states we defined above exactly give the two point functions
in the Rindler coordinate.

Correlators

Now let us consider correlators of the bulk local states such as

(Trrp|o(p, &, t)p(p', ¢, )| ¥rrD). (2.49)

First we consider the correlation between the bulk local operators in the right wedge. We
can see that the expressions of the SL(2, R) generators in the right Rindler wedge (2.37) are
the same as those of the global AdS coordinate (2.13) with a replacement of the generators;
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L, — Lf, L, — I_Lff and of the coordinates; ¢ — —it,., t = —i¢,. Moreover, the bulk local
states ¢(p', ¢/, t')|Wrpp) satisfy the “localizing” condition with respect to (L2, L) (2.36).
Thus calculations of the correlators (2.49) can be reduced to calculations of the correlators
for the twisted Ishibashi states with insertions of the SL(2,R) generators in the global
coordinate

g(p, o, t) = ei(L0+E0)tei(L0—E0)¢6_P4L1_Lfl-ng_Lil , (2.50)
with a replacement of parameters ¢ — —it,., t — —i¢,. That is to say, we can calculate
the correlators in the Rindler coordinate as

(Urp|d(p, ¢, )d(p', ¢, t) | WreD) = (dlg~ " (pr, —ity, —icr)g (o), —ity, —id),)|d), (2.51)

where g(p,, —it,, —i¢,) means g(p = p,, » = —it,,t = —i¢,) and |¢) is a twisted Ishibashi
state (2.9). From the arguments above, we can check that two point functions of the
bulk local states constructed from the thermofield double state reproduce the two point
functions in the Rindler coordinate [11]

(rpp|d(p, &, )6(0', &, ¢) [ WD) = G (p, .80/, 8/, 1), (2.52)
where
GRindler (o 4./ & ¢') = T 1(0_: e s (2.53)
o is an AdS-invariant function given by
o(zx,|z]) = cosh p, cosh p!. cosh A¢ — sinh p, sinh p. cosh At
= %[TT’ cosh Ag — /12 — R2\/7"2 — R2 cosh At], (2.54)

where A¢p = ¢ — ¢, At =t —t'. By the similar arguments, correlation functions between
the bulk points in other wedges of the Rindler coordinate are written as (2.52) and (2.53)
with AdS-invariant functions which is given by

a(mr\m}) = cosh py cos p'f cosh A¢ — sinh py sin p'y sinh At

= %[TT’/ cosh A¢ — \/r2 — R2y/R2 — r2sinh At]

J(xf\w}) = COS pf COS p’f cosh A¢ + sin py sin p’f cosh At

1
= ﬁ[rr’ cosh A¢ + v/ R2 — r2y/R2 — 12 cosh At]

o(x|x]) = cosh p; cosh p]. cosh A¢ + sinh p; sinh p/. cosh At

1
= ﬁ[”/ cosh A, + /12 — R2\/r2 — R?sinh At], (2.55)

and so on.
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We can also understand the equivalence between correlation functions for the bulk local
operators on the thermofield double states and those on the vacuum states (2.51) from the
Euclidean path-integral picture. The bulk local states themselves are defined through the
FEuclidean path-integrals with operator insertions along different time directions, 7, and 7.
However once we consider their correlators, they are both expressed as the Euclidean-path
integrals over the two-dimensional sphere S? with insertions of operators. Thus we find
that the equivalence (2.51) holds for the correlators from the perspective of the Euclidean
path-integral.

Notice that since higher point functions on the thermofield state in the large ¢ CFT's will
factorize into two point functions in the leading order of the 1/c expansion, our construction
is sufficient for the calculations of arbitrary higher point functions up to 1/c corrections.

3 Bulk local states in the BTZ black holes

In this section, we consider the bulk local state in the BTZ black holes. SL(2,R) is no
longer a globally defined symmetry in the black hole spacetimes. Our construction is based
on the symmetry, thus one might think it is difficult to construct bulk local states in the
black holes. However, it is well known that the three dimensional black holes are locally
equivalent to the pure AdSs spacetime and we can embed the black hole spacetimes into
the Rindler coordinate of the pure AdS spacetime. Though the global structures of the
black hole spacetimes and the pure AdS are different, we can define the bulk local states
in the Rindler coordinate locally around a boundary point (zg, Zp) as we saw in the above
section, the same method can be applied even for the black holes.
The metric of the BTZ black hole is written as

ds* = —(r* — R*)dt* + R dr? + r?d¢?

= R?*(—sinh? pdt* 4 dp* + cosh? pd¢?)
—00 < t < 00, L <¢<7L (3.1)

where the Euclidean time 7 of BTZ black hole is periodic under 7 ~ 7 + 27 in order to
make the Euclidean metric at » = R smooth. For the BTZ black hole, the spacial direction
is also periodic ¢ ~ ¢ + 2w L while for the Rindler-AdS it is non-compact —oo < ¢, <
oo. L is proportional to the black hole temperature. The periodicities in the ¢ and 7
directions reflect the fact that the Euclidean boundary of the three dimensional black hole
is topologically equivalent to a torus, while that of the Rindler spacetime is equivalent to
a two dimensional sphere.

3.1 Thermofield double states

First we consider the bulk local state in the BTZ black holes dual to the thermofield double
states [12]. A thermofield double state is expressed as an entangled state between two non
interacting CFTs: CFT; and CFTa:

[Urrp) o Y e PERIE) ® |E),, (3.2)
E

~16 —



identify

Rindler BTZ
Figure 4. Euclidean boundaries of the Rindler-AdS and the BTZ black hole. BTZ black holes are

locally equivalent with the Rindler-AdS coordinate and they can be constructed by identifying the
spatial coordinate ¢ in the Rindler coordinate as —nL < ¢ < wL.

where [ is a period of the Euclidean time which is 8 = 27 in our coordinate system. Two
CFTs are defined on a cylinder: —7L < ¢ < wL,—00 < t < oo while in the Rindler
coordinate, CFTs are defined on a plane: —oco < ¢, < 00, —00 < t < co. A thermofield
double state is defined by the Euclidean path-integral over the half torus while the Rindler
spacetime is over the half sphere (see figure 4). A subregion —7L < ¢ < wL in the Rindler
boundary is equivalent to the boundary of the BTZ black holes. Thus the BTZ black hole
spacetime and Rindler coordinate of the pure AdS spacetime is locally equivalent. This fact
enables us to construct the bulk local states in the similar way as the Rindler coordinate.

For the construction of the bulk local states in the Rindler coordinate, we used the
map between the boundary points (¢,v) and the bulk points (p, ¢,t) (2.40) and (2.45).
We assume that we can use the same map even for the BTZ black holes. We will see
that calculations of the two point functions of the bulk local states in the BTZ which we
will define below show that this assumption is indeed valid in the semi-classical limit. We
introduce (z, z) coordinate locally around a point (¢, ) on the torus as

tanh <¢2:|:t> = tan <¢I ;t tl)

z = eT/erl, zZ= eTlfw/, (3.3)

where 7/ is the Euclidean time defined as 7/ = it’. Even though the map (3.3) is not defined
globally since the sphere and the torus are topologically inequivalent, it is sufficient for
our purpose of constructing bulk local states since the bulk local states in the Rindler-
AdS (2.42) and (2.47) are locally expressed around (¢,7) < (20, 2Z0). We define Virasoro
generators around the point (¢,7) < (20, Zo) similarly to the Rindler coordinate

L3 O(20) :% dzz"! <88i>2T(2/)0(20)7

20

I20(z) = f dzz ! <‘;Z_'>2 T(z)O(%), (3.4)

z0 <

where we can evaluate %—ZZ/ and %—EZ_/ through (2.40) for outside the horizon and (2.45) for
inside the horizon. Based on the map (2.40) and (2.45) and the definitions of the Virasoro
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Figure 5. The bulk local state in BTZ black hole is defined as a CFT primary operator dressed by
the localizing operator K® which is inserted at the point (¢,7) on a half torus. Two point functions
of the bulk local states are calculated on the torus. It can be expressed as a sum of correlators of
mirror images. Each contribution comes from the direct path (red dashed line) or an incontractible
winding path which goes around the circle along the ¢ direction (green dashed line).

generators (3.4), we propose the expressions for the bulk local states in the BTZ black
holes dual to the thermofield double states as follows

|¢o¢ (pv ¢> t))BTZ

>V ) EV E) O ). (35)
k=0

Since this definition of the bulk local states is given locally around the point (¢,~), it is
well defined on the torus.

Correlators

We calculate two point functions of the bulk local states defined on the thermofield double
state dual to a BTZ black hole (3.5). The calculations are similar to the Rindler-AdS but
we should take into account for an identification ¢ ~ ¢ + 2w for BTZ black holes. In
the semi-classical limit: ¢ — 0o, local operators in the large ¢ CF'Ts behave as free fields
which are called generalized free fields. For such fields, we expect that the correlation
function on a torus can be calculated by the method of mirror images especially in the
high temperature limit (see figure 5). Each correlator of mirror images is same as a two
point function in the Rindler coordinate, thus we have

(TrEplo(p, ¢, )00, &', t") [ WrrD) = Z gRindler (b4 omm, t; o', ¢ + 2mn,t'). (3.6)

m,n

GRindler i) the sum comes from the direct path or an incontractible winding path which
goes around the circle along the ¢ direction. This is the result expected from the bulk
calculations [11, 30, 31].

Black hole singularity

We make a comment on the behavior of correlators when the bulk local states approach the
center of the black hole: » — 0 < py — 7/2. In the Rindler construction, we saw that the
generator of the py direction is the same as the Hamiltonian in the global coordinate. If

~ 18 —



Tk

Figure 6. Single-sided black holes can be obtained by the Z, identifications of two sided black holes.
They are dual to the boundary states evolved by 8/4 in the Euclidean time. 8 is a temperature of
the black hole.

AN

|1B)

we evolve the bulk local state in the global time by tgopa = /2, it becomes the Ishibashi
state with no twist: |J,),

lm |Ga(ppdpts)) = lim e atbatbitote2mitiitLo=Ti=La)én/2 Lo+ Lolos | )
pf%TF/2 pf~>7'('/2

= emiLH Lot Lt Lont/2) gy (3.7)

which is invariant under the rotation of ¢. This implies that correlation functions in a
BTZ black hole will be divergent if a bulk local operator approaches py = /2 since mirror
images give the same contributions to the correlator. Actually, we can see that the AdS-
invariant distance o(xs|x) (2.55) becomes independent of ¢ in the p, — /2 limit. This
is the black hole singularity from the boundary CFT perspective.

3.2 Single-sided black holes dual to the boundary states

We consider the bulk local states in the single-sided black holes obtained by the Z, identi-
fications of two sided black holes (see figure 6). This is dual to the boundary state evolved
by #/4 in the Euclidean time® and is interpreted as a holographic dual of a quantum
quench [32]

[Wgw) = P14 B), (3.8)

We expect that the same construction as the thermofield double state is valid for this type
of the single-sided black holes. We define bulk local states in the black holes dual to (3.8) as

6006, g = S =L (12 (E2 RO, ) W), (39)

|
ar Kk + A)

where the map between the boundary and bulk points and the definition of the Virasoro
generators are the same as those in the case of the thermofield double state. When we

8The different Z, identification gives the so called geon geometry which is dual to the cross-cap states.
The arguments for the bulk local states in the geon geometry are the same as the black holes dual to the
boundary state.
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evaluate two point functions of the bulk local states, we also need to take a sum over
mirror images introduced by the existence of the boundary |B) in addition to the sum over
the images from the identification of ¢. Away from the boundary, two point functions are
evaluated as

(Unnl@(p, &, )(p', &' )W) = Y G (p, ¢+ 2mm, t: 0, ¢/ + 27, ), (3.10)

m,n

since mirror images to GR"r introduced by the existence of the boundary give the same
contributions to the correlators. Again we obtained the same results expected from the
semi-classical calculations in the black hole backgrounds.

3.3 Bulk local states from the heavy primary states

Finally, we attempt to construct the bulk local states in the geometry dual to a heavy
primary state

|UsH) = On(0)]0), (3.11)

whose conformal dimension is Ay = O(c). Especially we are interested in the case Ay =
h + h > ¢/12. We focus on the spin-less primary states h = h for simplicity.

For light excited states in the large ¢ CFTs such like Or, - - - O, |0), the correlators
factorize into two point functions at the leading order of 1/¢ expansion. Thus we expect
that we can apply the same definition of the bulk local states to the states O, - - - Or, |0)
as the vacuum state. This is related to the fact that the gravitational back reactions of the
light fields Oy, is O(Ar,/c) and as far as Ay, < ¢ and considering low point functions;
n < ¢, we can neglect the modification of the background geometry from pure AdS and the
arguments in the vacuum state is applicable. However, if Ay = O(c), we cannot neglect
the modifications of the geometry. The background |¥pr) has the energy expectation value
of order c,

(7)) = o ox (3.12)

where Z is the complex plane coordinate defined as Z = ¢+ and (7, ¢) is a coordinate on
the cylinder defined on the Euclidean boundary of AdS. This implies the dual geometry is
modified to a BTZ black hole whose temperature is 5 = 27 /|ag|, |og| = \/24hg/c — 1 [33]:

2 2 2y 742 2 742
dS = —( — T0>dt + T2 — '[“8 +r d¢
—00 < t < 00, —T< ¢ <, (3.13)

where r9 = 27/ and the Euclidean time 7 is periodic 7 ~ 7 + 4. Thus we expect that
the construction of bulk local states for the vacuum state is not applicable for the heavy

In this section, we set the AdS radius R to be unity for simplicity. The metric (3.13) is equivalent
to (3.1) under the rescaling r — ror, ¢ — 2w¢/B,t — 2mt/.

—90 —



»
>

T+ig ; )

s
K On(0) \ Tqb_o

Figure 7. We move to the uniformizing coordinate w by the conformal transformation where the
effect of the insertions of the heavy operators Op is replaced by the background geometry. The
Euclidean plane (2, Z) is mapped to the gray region in the w coordinate; ¢, and ¢, + 472/3 are
same point in the z coordinate. It expresses the monodromy around the black hole singularity.

A J

primary states whose dimensions are order c. In this section, we discuss how we should
construct the bulk local states for such states.

Before considering bulk local states, we review the behavior of the correlation functions
of light operators on the heavy primary states |¥pp). In order to calculate the correlators
on heavy primary states, it is useful to move to the uniformizing coordinate w [29] where
the expectation value of the energy momentum tensor becomes

(T(w))wgy = 0. (3.14)
This coordinate can be obtained by the conformal transformation

w = F w = Z°H, (3.15)

where ag = /1 — @. Non-tensor behavior of the CFT energy momentum tensor under
conformal transformations

~\ 2
T(w) = (ii) T(2() + 5 (2,0} (3.16)

enables us to move to a coordinate system which satisfies (3.14) by the conformal
map (3.15). This coordinate system w = e 7 @) 1ooks like the Rindler coordinate
¢ = e? ' with a rescalling ¢, = 21¢/3, 7, = 2w7/3. Notice that different points (¢, 7,)
and (¢, + 472/B,7,) in the w coordinate are the same point in the original coordinate Z
(see figure 7). This expresses the monodromy around the black hole singularity.

Let us consider the four point function of the form (OyO,(2)On (2" )Ox) where z and
z' are points in the Euclidean coordinate z. The transformation (3.15) doesn’t add any
branch cuts to the four point functions at the leading order of 1/c expansion and the
results are single-valued in the w coordinate [27-29]. Especially we consider the region
where the vacuum conformal block in the s-channel OOy — 0,0, dominates the four
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Figure 8. We can use the same way to construct the bulk local states from the heavy primary
states as far as these background states look “thermal”. Thermality of the correlators are brought
by the vacuum conformal block approximation of the correlators.

point function in a holographic CFT. For such cases, we can compute the correlator as

(OH00a0H) =Y (OH0rPE000) ~ (OgOuPi0a0.)
@
= (O501)w(0aO4)w + O(1/c)

= (0404)w + O(1/c), (3.17)
where Py is a projector onto the irreducible representation of the Virasoro algebra with

primary O and we normalize (OyOp), to unity. In the second line, we used the fact
I
—mi

that (3.14) guarantees that the Virasoro descendant states in Po such as /\/1
ms ks

LM 10) can be neglected at the leading order of 1/c because the norm Ny, , scales like
O(c ) when m; > 1. We can see from the above expressions that the two point functions
for the heavy primary state |¥py) are reduced to two point functions for the vacuum
state evaluated in the w coordinate. This manifests the thermality of the black holes;
we can calculate correlators on |WUpp) as if they are placed on a thermal background (or
equivalently on a torus) as long as we only consider the leading order of 1/c¢ expansion [29]
(see figure 8).

On the thermal background, we know how to construct bulk local states which repro-
duce the results expected from the semi-classical calculations in the gravity side as we saw
in the previous section: the construction on the thermofield double state. Thus we propose

the expression of the bulk local states on heavy primary states |Upp) as follows:

bl 6.010) = 31 g gy (50 ) Oulo O (319

The map between the boundary points and the bulk points and the definition of the Vira-
soro generators L%, L=, are the same as the Rindler construction (2.40)—(2.41) and (2.45)—
(2.46) with the identification ¢, = qS, T = T where (z,z) coordinate is defined locally
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around the point (¢,~y) where the primary operator is inserted as

tanh (g(qﬁ + t)) = tan <¢, :; t/>

z ="t z=¢ " (3.19)

where we defined 7/ = it’. As we saw, as far as the thermal background approximation,
i.e, the approximation of the heavy-heavy-light-light correlators to its vacuum conformal
block is valid, two point functions of the bulk local states defined above will reproduce the
same result as the bulk local states constructed from the thermofield double states;

<OH‘¢(,07 o, t)¢(p/> d)/7 t/)|OH> ~ <¢(,0, o, t)¢(p/> d)/7 t/)>w + 0(1/0)
— Z gRindler (b 4 2mm, t; o, ¢ + 21, ') + O(1/c).

m,n

In the second line the summation of mirror images is introduced since in the w coordinate
we have an identification ¢ ~ ¢ + 27 originated from the period of the spatial coordinate
on the cylinder.

Discussions

In this discussion section,'” let us consider the following bulk-boundary correlator

(O ldalp, $,0)04(0,0)|Ox). (3.20)

for simplicity. This correlator can be calculated from the heavy-heavy-light-light correlator
such as

(01110 (6, 7)04(0,0)|O). (3.21)

and correlators for descendants of O,. The boundary position 7 corresponds to the bulk
position p via the relation tan (7 — 5/4) = tanh §.

In our semi-classical calculations above, we assumed that the vacuum conformal block
in the s-channel OOy — 0,0, with the identity sector intermediating dominates the
heavy-heavy-light-light correlator. In the case where two light operators are close to each
other, we expect that this assumption is indeed valid. This corresponds to the case where
the bulk local operator is inserted near the boundary. If we move to the bulk interior, we
should place the primary operator at 7 < 0 and the distance between the light operators
gets longer and the light and the heavy operator get closer. We expect that there is a
phase transition somewhere during moving to the bulk interior, whe re the semiclassical
approximation breaks down, for which the t-channel OgO, — OygO, computations may
be more useful. There is a possibility that it prevents us from constructing bulk local
states which behave as if they are in “the second region” connected via a wormhole while

10 After we complete this paper we got aware of the very interesting paper [34] on the net where a break
down of semiclassical approximation and its connection to the absence of the other boundary of a BTZ
black hole have been analyzed, which has a partial overlap with this discussion part of our paper.
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we can construct them in the case of the thermofield double state. This phase transition
will be also very important to know the spacetime structure near the horizon and black hole
interior while we need to analyze the saddle points of the Lorentzian correlators. In order
to know the point where the transition occurs exactly, we need more details of the CFT.

4 Conclusions

In this paper we studied the CFT duals of locally excited states in bulk spacetimes (we
simply call them bulk local states) in various setups of AdS/CFT correspondence. By em-
ploying the conformal symmetry, we gave a systematical construction of the locally excited
states in the Poincare AdS (appendix A), AdS Rindler (subsection 2.3), two sided BTZ
black hole (subsection 3.1) and single-sided black hole dual to a pure state (subsection 3.2
and 3.3). Though we focused on a two dimensional CFT dual to a three dimensional bulk
space, part of our results (i.e. Poincare AdS and AdS Rindler) can be generalized to those
in higher dimensions straightforwardly.

Our constructions are mainly divided into two procedures. The first step is to find a
map between the boundary coordinate where a holographic CF'T lives and those of the bulk
AdS. This is obtained by considering geodesics which connect between boundary points
and bulk points as we confirmed from the viewpoint of SL(2,R) conformal symmetry.
Accordingly, to find a CFT dual of a locally excited state at a bulk point, we start with
its dual primary operator in the CF'T at the boundary point by applying the mentioned
map to the bulk point. The second step is to dress the primary operator by acting global
Virasoro operators in an appropriate way. These complete our construction.

Our construction method is background independent since we can use the same ex-
pressions both for the Rindler-AdS and BTZ black holes. The similar arguments have
been discussed in the context of the HKLL construction of bulk local operators in the
three dimensional AdS spacetime [7]. As we saw in subsection 3.3, our construction is also
independent of the CFT states as far as their dual geometries look thermal.

We expect that our bulk local state construction is useful to understand interior struc-
tures of black holes in AdS/CFT. Indeed in this paper we probed the interior of single-sided
black hole created by a heavy primary operator by using our bulk local states. We find an
implication that the large central charge approximation breaks down if we try to move from
one boundary to the other due to the phase transition between s-channel and ¢-channel.
This is consistent with the expectation that it is a single-sided black hole as it is dual to
a pure state. It will be a very interesting future problem to examine this phase transition
quantitatively.
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A Representation of SL(2,R)

A.1 Embedding formalism of AdS

AdS; is defined as the hyperboloid —X& — X7 + X2 + X2 = —1,!! which is embedded in a
space with metric ds? = —dX3 — dX? + dX3 + dX3. The global coordinate of AdS can be
embedded as follows

X9 = coshpcost
X1 = coshpsint
X? = sinh psin ¢
X3 =sinhpcos . (A.1)

The metric in the global coordinate is written as
ds* = — cosh? pdt* + dp? + sinh? pd¢?. (A.2)
We introduce the coordinate in the Euclidean boundary as
z=e T z=¢ "%, (A.3)

The Poincare coordinate is embedded as follows

1
XO — @(1+$2_‘_y2 —t,2)
=t
Y
x2=2
Y
1
X3 = 2—(1 —a? —y? ). (A4)
Yy

The metric of the Poincare coordinate is written as

_dtIQ d 2 d 2
_ +y§/ rar (A.5)

ds®

We introduce the coordinate in the Euclidean boundary of the Poincare coordinate as

&=1"+ix, E=1" —ix. (A.6)

171n this section we set R = 1 for simplicity.
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The right/left Rindler coordinates are embedded as follows

X% = rcosh ¢, = —r cosh ¢,

X! = /r2 — 1sinht, = \/r2 — 1sinht,

X? = rsinh ¢, = —rsinh ¢,
X3 = \/ﬁcosht,« = —\/mcoshtl. (A.7)
The metric in each wedge is written as
ds* = —(r? — 1)dt* + Terl + r?d¢?
= —sinh? pdt? + dp? + cosh? pd¢?
r>1(p>0), —00 < t < o0, —00 < P < o0 (A.8)

where we set r = sinh p. The left wedge and the right wedge are related by the analytic
continuation t; = —t, + im, ¢; = —¢,.. We introduce the coordinate in the Euclidean
boundary of the Rindler coordinate as

¢ = e i, ¢ = efrtim, (A.9)
In the boundary limit, these coordinates are related as follows:
(r +£t)/2 = tan(¢ = t)/2 = tanh(¢p, £+ t,.)/2. (A.10)

A.2 SL(2,R) symmetry

The isometry of AdSs spacetime SO(2,2) is realized as the rotations and boosts in the
ambient space R*? [35, 36]. The generators of the SO(2, 2) consist of the rotation generators

Loy = X0, — X0, (A.11)
in the ab = 01, 23 planes, and the boost generators
Jap = X0 + X0, (A.12)

in the ab = 02,03, 12, 13 planes.
The SL(2,R);, generators are the linear combinations

Jo=(Lo1 — L23)/2,  J1=(Jo2+J13)/2,  Jo=(J12 — Jo3)/2 (A.13)
and the SL(2,R)pr generators are expressed as
Jo = (Lo1 + La23)/2, J1 = (=Joz + J13)/2, Jo = —(Ji2+ Jo3)/2.  (A.14)
They satisfy the commutation relations

[Jo, J2] = J, [Jo, J1] = —Ja, [J1, J2] = Jo (A.15)

and similarly for the J.
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A.3 Bulk local operators

We want to rconsider a scalar field q@a in AdS dual to the spinless primary operator O,
whose conformal dimension A, = hg + ha = 2hg is related to the mass of the scalar field
as A, =1+ /m2R?+ 1. Consider the bulk scalar fields at the center of the AdS; X, =
(X9 X1 X2 X3) = (1,0,0,0) which corresponds to the bulk point (p, #,t) = (0,0,0) in the
global coordinate, (y,x,t") = (1,0,0) in the Poincare coordinate and (p, ¢.,t,) = (0,0,0)
in the Rindler coordinate. They should be invariant under the rotation/boosts around the
point X, thus they satisfy

[L23, ¢ (X0)] = [T12, ¢a(Xo)] = [J13, da(X0)] = 0. (A.16)
We will see explicit forms of the bulk local operators in the following sections.

A.4 Representation in the elliptic basis

First we consider the representation in the basis diagonalizing Jy which is a compact
direction of SL(2,R):

Lo=iJy, Ly =i(J; i),
Lo=1iJo,  Li1=i(J1 xiks). (A.17)

They satisfy the following commutation relations
[Lo, L+1] = FL41, [Ly1,L_1] = 2Ly. (A.18)

Notice that the Ly is a Hermitian operator and L4 are adjoint operators.

This basis is natural for the (radial) quantization in the global coordinate since it
diagonalizes the Hamiltonian in the global coordinate. The elliptic basis can be written by
the Killing vectors in the global AdS as follows

L[) - z@+
-+ [cosh2p 1 i, ]
L — +igt | COS . a_ 78
T Gnh2p Yt sinhzpt T 27
Lo =i0-
_ - 4ip— |cosh2p 1 i
Ly =ie®™® _ - O+ F 20 A19
e | sinh 2p sinh2p T3 ?] ( )

where % =t + .
The boundary limit of these basis becomes

L,=-2""9,  L,=-2""0, (A.20)

for n = 0,£1 where z = et = et zZ = e77 are coordinates in the Euclidean plane
defined on the boundary of global AdS. This coordinate system cuts the complex plane
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as S x R, and states in the global coordinate can be obtained by the Euclidean path-
integrals from the origin to the unit circle. The SL(2,R) generators are defined as Laurent
coefficients of the energy-momentum tensor

L, = f ﬁz“HT(z), L, = j'{ ﬁz”“f(z) (A.21)
C C

2T 21

where C is a unit circle. Time inversion involves the inversion |z| <> 1/|z| thus
L, =Ly (A.22)
A primary state with respect to the elliptic basis satisfies

L1‘0a> = E1’0a> =0,

Lo|O,) = h|O,), Lo|Oy) = h|Oy). (A.23)

This state can be obtained by inserting a primary operator at the origin of the Euclidean
coordinate (z, z) = (0,0) which is 7 = —oco in the global coordinate

|Oa) = Ou(z =2 =0)|0). (A.24)

Bulk local states in the elliptic basis

We can write bulk local operators (A.16) explicitly in this elliptic basis. For simplicity we
consider the bulk local states defined as states locally excited by the bulk local operator
instead of the bulk local operators themselves

|¢a> = (&a(XO)|0>7 (A'25)

where |0) is the SL(2,R) invariant vacuum which corresponds to the pure (empty) AdS
spacetime. The conditions for the bulk local operators can be written in the elliptic basis as

(Lo — Lo)|¢a) = (L+1 + Lz1)|¢a) = 0. (A.26)

We can construct solutions for these equations as twisted Ishibashi states with respect to
the elliptic basis of SL(2,R) algebra

= I'(A) k k(F Ak
o) = ——————(=1)"(L-1)"(L- o) A2
o0 =3 fir g 2y D B0 (A.27)
where |O,) is the state obtained by inserting the primary operator at 7 = —oo in the global
coordinate or equivalently 7/ = —1 in the Poincare coordinate.
104) = On(T = —0)|0) = e HP O, (x = ' = 0)]0). (A.28)

In the AdS/CFT, this state is dual to a massive particle which is situated at the center
of global AdSs. It is equivalent to a massive particle moving in the Poincare AdSs. This
indeed perfectly agrees with the realization of locally excited state by a massive particle
which is used to calculate the entanglement entropy under the local quenches [38, 39].
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The bulk local states at different bulk points are related by the SL(2,R) transforma-
tions as follows:

Pa(@)) = g()|¢a)- (A.29)

where g(x) is expressed as

global;  g(p,é,1) = ittt ton

(s | L_q+L_ _ _ _
’L‘(Lo_i_%)m#» Z(L0+ 12 1)3} Li—L_q1+Li—-L_4

Poincare; g(y,xz,t)=e 2 Y 2 . (A.30)

A.5 Representation in the hyperbolic basis (I)
Next we consider the representation in the basis diagonalizing Jo which is a non-compact

direction of SL(2,R):

Ly=—Jo, Ly =il FJ),
Ly = s, Lty =i 7 Do) (A.31)

The representation in the basis diagonalizing the non-compact directions make the spec-
trum continuous. From (A.15), they satisfy the following commutation relations

[Lgv L]:T:I] = :FLI:T:M [L}j-lv L’il] = 2Lg (A32)

Notice that the Lg is a anti-Hermitian operator and Lil are Hermitian operators. Anti-
Hermitian operators in continuous spectrum can have real eigenvalues. The explicit relation
between the elliptic basis and the hyperbolic basis is

Lh:Ll_L—l [:h:le—L—1
0 9 ) 0 9
L+ L_ - _  Li+L_
L}ilquLo—f—%, Lty =%Lo+ : !
-1t L -1
L= -1 —-1 o= ——1 ——1
0 9 3 0 2 y
Lh+ LM _ _,  Lh+ LM
Ly = j:Lg + 1#1, Ly = :ELg + % (A33)
These two bases are related by the non-unitary transformation Uy :
Ui Ln(U;) ™" = Ln
U;?I_/Z(Uﬁ)_l _ I_/n Uﬁ _ e%[L?—&-L}ll—FE?—l—ffil]
U Ln(U2) ™ = Ly,
UML, (UMt =L" Ul = illtlatlitla] (A.34)
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Poincare coordinate and hyperbolic representation

In the Poincare coordinate, basis for SL(2,R) diagonalizing the dilation operator cor-
responds the hyperbolic basis and one diagonalizing the Hamiltonian corresponds the
parabolic basis as we will see. The hyperbolic basis can be written by the Killing vec-
tors in the Poincare AdS as follows

Lt= —%ay —2to,
L =io,
L = —izTyd, —i(x")%04 — iy*0-
Lh = %yay — 2o
L' =io_
L = —iz"yd, —i(z7)?0- — iy®0;. (A.35)
where 2 =t/ + x and 0+ = (9y & 9,)/2. The boundary limit of these basis become

Ly ==&, Lh=-8""o; (A.36)

for n = 0,41 where ¢ = 7 + iz, = 7 — ix is the coordinates in the Euclidean boundary
of the Poincare coordinate. This coordinate system cuts the complex plane as R x R, and
the states in the Poincare coordinate can be obtained by the Euclidean path integral from

T = —oo to 7 = 0. The SL(2,R) generators are defined as Laurent coefficients of the
energy-momentum tensor
100 d£ B 100 dé B o
Lh= ¢t Lh :/ = T(E). A.37
= [ amenme, o= [ e (A37)

Time inversion involves the complex conjugation ¢ < —¢ thus
h
oo =1rh,. (A.38)

Notice that the Lg + Eg corresponds the dilatation operator in the Euclidean plane and
the Hamiltonian in the Poincare coordinate in the hyperbolic basis can be written as

HP =" + 1M, (A.39)

which is not diagonalized in this hyperbolic basis. The parabolic basis which diagonalizes
Jo — Ji can diagonalize the Poincare Hamiltonian. Thus one particle states in the Poincare
coordinate |w, k) = asz|0> p transform according to the parabolic representation rather
than the hyperbolic representation.

The relationship between the elliptic basis and hyperbolic basis can be obtained by
the coordinate transformation between the global coordinate and the Poincare coordinate

_L+¢ [ - LHE

(xxt)/2=tan(p+t)/2 = 2= f(¢) = s z=f(§) = —. (A.40)

— 30 —



2 o n+1
Lh = ?{dz/z’”+1f*T(z/) = y{dz(z —; 1 <z n i) T(z)
_ - z4+1)% (z—1\""
L' = ?{dz’z’““f*T(z’) = fdz@z ) (;L 1> T(z) (A.41)

which reproduce the relation (A.33). A primary state with respect to the hyperbolic basis
satisfies the following equations

L}11|Oa> = E’NOO) =0,
L8‘0a> = h‘OO), Eg|oa> = E|Oa> (A‘42)

This state can be obtained by inserting a primary operator at the origin of the Euclidean
boundary (z,t") = (0,0) of the Poincare coordinate

0%) = Oalz =1 =0)]0), (A.43)

which is a locally exited state in the Poincare coordinate. These can be obtained from
the primary states with respect to the generators in the elliptic basis by the non-unitary
transformation U”

04) = UL|Oa). (A.44)

Bulk local states in the hyperbolic basis

We can write bulk local operators (A.16) explicitly in this basis. The conditions for the
bulk local states can be written in this basis as

(Ly — L§) | ¢a) = (Llty + L )|da) = 0. (A.45)

This is just the same condition as that in the elliptic basis. Actually the bulk local states
are invariant under the conformal transformation between the elliptic basis and hyperbolic
basis

U£‘¢a> - |¢a>' (A'46)

The bulk local states can be expressed as twisted Ishibashi states with respect to the
hyperbolic basis of SL(2,R) algebra.

60) = Y- i s (- D DM 0u( = 00 (A47)
k=0

where O, (Z = 0)|0) is the state obtained by inserting a primary operator at & = (x,t') =
(¢,t) = (0,0) in the Poincare/global coordinate.

The bulk local states at different bulk points are related by the SL(2,R) transforma-
tions

|Pa(@)) = g(2)[¢a) (A.48)
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where g(x) is given by

Lh Lh, Lh-h h,th
global; g(p, o, 1) = et it _e_pLO;LO
Poincare; g9(y,x,t) = ei(Lfl+L}il)tei(L}i1_EEl)xng+Lg . (A.49)

Expressed in this basis, we can easily see the bulk local states satisfy the extrapolate
dictionary of AdS/CFT;
lim e”[¢a(p, 7)) = iig(l)y_A\%(y,f» = 0a(7)[0) . (A.50)

p—00

We can easily compute two point functions in the Poincare coordinate as follows. The
boundary two point functions are expressed as

1

(©(,000)) = =g

(A51)

where the branch cut at = < |t| respects the boundary causality.

(6l 2.000)) = 3 A“k,maka’w HO()
k=0

[e.9]

0 k'F TKT(A) (a2 — 2)A+E

y
= , A.52
(2 + 22— 2)A ( )

This result is just the same as the bulk-to-boundary propagator in the Poincare coor-
dinate and again branch cut at /a2 4+ y? < |t| guarantees the causality in the bulk;
[6(y, Z), O(Z')] # 0 when (y,Z) and (0,2) are time-like separated.

Equivalence with the HKLL construction in the Poincare coordinate

In the Poincare coordinate, the bulk local states at (y,z,t) can be written as follows.

6a(y..1)) = kZO<—1>’fyA+2’fwf,iﬁ)A)<Lh1>’“<ih1>k0a<x,t>|o>. (A53)

The CFT representations of the bulk local fields can also obtained as smeared boundary
primary operators which is known as HKLL construction [5-7]. They are schematically
expressed as

HHELL () = /dt'dm’d_lK(a:;x’,t')(’)a(a:',t’), (A.54)

for an appropriate choice of the kernel K (x;2’,t).
In the Poincare coordinate, they can be written as follows [7]

Go (Y, @, t) = / da'dt’ <H> Oulz +ix',t+1). (A.55)
T ’2+t’2<y Yy
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We can check the equivalence of the two expressions (A.53) and (A.55) by expanding in
Taylor series of a primary operator in the HKLL expression;

GHKLL(y o ) — % e L i <y2g;yfzta)A—?;ﬂ;m(x/ﬂm(z’)”afaﬁoa(ﬁ,x)
_ ]iyA+2k]m6iaan(x+,x) . (A.56)

Since 9¥0F = —(L")*(L"|)*, we can conclude
da My, 2, 1)0)crr = [da(y, 7, 1)) (A.57)

A.6 Representation in the hyperbolic basis (II)

We comment on the basis which diagonalizes a non-compact direction .J;.

LE = -, LY = —(Jo £ o),
Ly = Ju, Ly =JoF Ja. (A.58)

From (A.15), they satisfy the following commutation relations
[L(])%v Lﬁl] = :FLilv [Lflv L}—%l] = 2Lé%' (A'59)

Notice that L are anti-Hermitian operators.

The explicit relation with the elliptic basis is expressed as follows:

L+ L = L+ L4
L(I)% =1 9 ) Lé% =1 2
Li—L_ _ _ L1 —L_
Ly =ilo+ =, Ly = —ilo+ =,
L{ + L%, = L{ + LT,
Lo— 42t 071 Io—gt T 71
0 ( 5 ; 0=1 5
Lt —LE _ . LR LE
Ly =—ilf+ % Li =iLE+ % (A.60)
These two bases are related by the following non-unitary transformation
U Ln(US) ™! = Ly
UELAUR = I, UR = Fmbachilo
ULy (Ug) ' = Ly,
URLE(Ug) ' =Ly, UF = e TEILE-LIHLE), (A.61)
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Rindler coordinate

In the Rindler coordinate, SL(2,R) generators can be written as

Lgl — —8+
ol _ _\/Weﬂ+ 22 -R?, R
+1 = 2 2 _R2°OT T 2_R2 - FTror
Ly =-o_
—_ P”—-R2 _ [2rP—R? R?
LY, = B a— R o_ — o R28+ Fro.|. (A.62)

As we saw in subsection 2.3, L! and LI are if combined, become globally defined
SL(2,R) generators in the Euclidean coordinate ¢ = e?r = = ¢~—in+m) & — ebrtine —
e~ ¢+t defined on the boundary of AdS. In particular, it is identical to the basis of
SL(2,R) diagonalizing .J;

Lf= / dccmIT(C) = Ly — (—1)"LL,
R
IR = / JEEHT(E) = I, — (1)L, . (A.63)
R
The conjugates of L, are defined by z — %, thus L are anti-Hermite operators

LB = LR (A.64)

The Rindler Hamiltonian can be written as HRdler — (Lo — L) thus it is diagonalized
in this basis. Again the conditions for the bulk local states can be written in this basis as

(L5 = Li)Iga) = (LEy + LE)|da) = 0. (A.65)

This is just the same condition as in the elliptic basis. Actually the bulk local states are
invariant under the conformal transformation between the elliptic basis and this hyperbolic
basis

Uel%’(ba) - ‘¢a>' (A'GG)

We can express the bulk local states in terms of this basis just the same as we did for L”
in the previous subsection.

B Comparison with mode expansions of bulk local operators

The bulk local operator in the global AdS coordinate an be expanded by the cre-
ation/annihilation operators aL ; as [37]

1 : )
B t,0) =3 1o le” Vi) fup(Mans + €Y (9] 1(r)a g, (B.1)

’U},k’ n7l
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where w = A+2n+|l],Yi(¢) = €' and 2n+|I| = h+h,l = h—h. f, (r) is expressed as

r2 \? A A—l—w—d+2 A+l—w | d 1
fun(r) = <1—|—r2> r 2F1< 5 - ,1—2+A,—702)

d—2 d 1
_ Sil’l(2n+‘l|)7]COSA772Fl <”|l|2’n’12+A’tanQn>

d
= sin/!! necos®noFy (A+n+|l|,—n,1—2+A;COS2n)

r l g—n—A
= (-t [Ul+5)T (5-n— )sm Uy cos®ny Fy <A+n+|l |l|+c2i;sin277>

L(l+2)T(5-4)
F<1IZL§|Z|() (;1) sin?~“ncos S Fy (22d—n 1], 22d+A—|—n,1—|—22d—|l|;sin2n>
(njt(j:j: ;Fg SA) sinl!lncos® ny Fy <A+n+|l,—n7|l|+;i;sin277>

_ (m(;:i ;;EgZ>A)Slnhl|pcoShA+2A+llp F1<A+n+|l n+|l|—|— N+ _Sinth)

where 7 = tann = sinh p and we used the following formula

2F1(CL, bv G Z) = (1 - Z>_b2F1(C —-a ba G Z/(Z - 1))
I'(c)I'(c—a—b)
I'(c—a)l'(c—b)
I'(l(a+b—c)
I'(a)T'(b)

2F1(CL, b, c; Z) =

oF1(a,ba+b+1—c:1—2)

(1—2)""%F(c—a,c—b—a—b+1+c:1—2),
(B.2)

and used the fact that 1/I'(—n) = 0. The normalization factor is evaluated as

Loc(—ln F(H'%)F(%_A) n!FQ(l+%) (A+ d2) —-1/2 )
N Tn+l+HT (@ -n-A)\ T(n+1+HT(A+n+1) ) )

From the extrapolation dictionary of AdS/CFT, we obtain

lim r&¢(r,t,¢) =Y N}O[ei“’t}ﬁ(gb)ah,h + eith,T(@a;ﬁ] = O(t, ). (B.4)

T—00
'LU,k) nvl

Thus the dual primary operator can be expanded by ah 5 as follows

0(,6) = Y wor e Yil@)an s + €1¥] (B)a] 1] (B.5)
n,l
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We move to the Euclidean plane by the conformal transformation z = e™ ¢ z = e7—%¢,
where the primary operators can be expressed as

!
A+n+ll/2 n+|l/2 T2t
o zNo M e (2) e () )
= Z O - _hZ_Eahﬁ+thEa;rlﬁ]. (B.6)
hyh=0 N

Primary state can be regarded as the lowest energy one particle state in AdS

0(0)[0) = af 1|0) (B.7)

whose mass is m? = A(A — 2).
The descendant states are dual to the higher energy one particle states

(P! (P2 0(0)[0) = (0)! () 00)]0) = L ], 10). B.5)

a
h

h
) is calculated as

The wave function for the descendant state |h, h) = a;rl 710

wn,l (Ta t7 ¢) = <¢(7a7 t? ¢) ’h‘a B>

O ~

= (0(r, 1. O) oo (P (P O)

1
= Xo¢ @0

! ety (¢) sinl p cos® pa Fy (A +n+ |, —n,|l| + g; sin? 77) , (B.9)
NAnl 2

where
o 2+ T (A+n -2
Nan = (=1) \/ T(n+l+O)T(A+n+1) (B-10)

One can check that the equivalence of the expression of the bulk local operators (B.1) and
the twisted Ishibashi states [¢) as follows. We can evaluate the function f, ;(r) at the
center of the AdS:
I'(n+1)I(A)
i (r=0)= (1) \S)
fh_h(r ) ( ) F(’I’Z-i-A)
Jnar(r=10) =0. (B.11)
From the expression (B.1), the bulk local state ¢(0,0,0)|0) can be expressed as

60,0010 = S T S0

N T o~
= S iy ay P EO0I0. (B

Thus the expression (B.1) can be reduced to the twisted Ishibashi state.
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We can express creation/annihilation operators as integrals of primary operators:

Add
— O iwt’ —ilg /Y
ty = NO, / e o', ¢). (B.13)

Thus we can express the bulk local operators as integral of primary operators

1 . / . /
o(r,t,9) = / Add’ | Gp e T ) | O 6)
w,l

—/dt’dqﬁ’K(r,t, o;t', O, ¢'). (B.14)
where we defined
N 1 —tw(t—t")+il(p—¢')
K(rt,6:¢,¢) = G5 §e fuoa(r)- (B.15)

This is expression known as the HKLL prescription. We can check the equivalence between
the expression by the HKLL construction and the twisted Ishibashi state more directly [21].
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