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ABSTRACT: In this paper, we study the AdS-Rindler reconstruction. The CFT operators
naively given by the holographic dictionary for the AdS-Rindler reconstruction contain
tachyonic modes, which are inconsistent with the causality and unitarity of the CFT.
Therefore, the subregion duality and the entanglement wedge reconstruction do not hold.
We also find that the tachyonic modes in the AdS-Rindler patch lead to arbitrary high-
energy or trans-Planckian modes in the global AdS. It means that the mode expansion of
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past and future horizons.
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1 Introduction and summary

It is important to study how the bulk gravitational theory emerges from the CFT in the
AdS/CFT correspondence in order to understand what is the spacetime in the quantum
gravity. An explicit realization of this for the bulk fields is called the bulk reconstruction
and has been studied, for example, in [1-5], in particular for the free bulk theory limit.

A basic question of the bulk reconstruction is what is the reconstructable bulk fields from
CFT operators supported only in a subregion of the boundary spacetime. The subregion
duality [6-12] claims that the bulk fields supported in a subregion of the bulk spacetime,
called the entanglement wedge, can be reconstructed from CFT operators on the boundary
subregion, but the bulk fields outside it cannot be reconstructed. Here the boundary
subregion for the CF'T operators corresponds to a boundary limit of the bulk subregion.
This reconstruction is called the entanglement wedge reconstruction and assumed to be
correct in many studies although it is claimed to be incorrect in [13, 14]. In particular,
for the Rindler patch of the AdS spacetime, the explicit bulk reconstruction formula was
given in [3] for the free bulk theory limit. In this AdS-Rindler reconstruction, the boundary
limit of the free scalar field on bulk AdS-Rindler is naively identified to the CFT primary
operator by the BDHM formula [15].

In this paper, we study the AdS-Rindler reconstruction and find that the naive identi-
fication by the BDHM formula is inconsistent. Indeed, the CFT operators naively given
by the BDHM formula for the AdS-Rindler reconstruction contain tachyonic modes, which
are inconsistent with the causality and unitarity of the CFT although these modes are
consistent as the bulk theory.! Here, the important ingredient of this conclusion is that
we consider the large, but finite N CFT. Thus, the Planck length (over the AdS-scale)
is arbitrary small, but finite. This means that this inconsistency comes from the truly

Tt is also argued in [16] that a difficulty in the bulk reconstruction arising from tachyonic modes in black
hole backgrounds (where the modes are called evanescent modes). In [17], it is also discussed that such
tachyonic modes are related to the ill-definedness of the smearing functions in the bulk reconstruction.



non-perturbative effects of the quantum gravity. The free bulk theory, which corresponds to
the generalized free CFT, should be modified above the Planck energy because such a state
becomes a black hole and the free spectrum around the fixed background is no longer valid.

In the bulk point of view, there seem to be no problems to consider the mode expansion
in the AdS-Rindler patch. However, we show that the tachyonic modes in the AdS-Rindler
patch correspond to arbitrary high energy modes of the global AdS, for example, the trans-
Planckian modes. This means that the mode expansion of the Rindler patch is sensitive to
the UV completion of the theory which is the quantum gravity in our case. In other words,
the low energy modes of the AdS-Rindler patch do not correspond to the low energy modes
of the global AdS.

Therefore the subregion duality does not hold and the AdS-Rindler reconstruction
is incomplete. It is an important question which part of bulk local fields cannot be
reconstructed from the CFT operators in the Rindler patch. In the AdS-Rindler patch there
are null geodesics never reaching the asymptotic boundary. This type of null geodesics
starts from the past AdS-Rindler horizon and ends on the future one. We show that the
non-reconstructable tachyonic modes are related to these horizon-horizon geodesics.

Instead of using the AdS-Rindler coordinates, we can study which part of the bulk
local operators are able to be reconstructed by CFT operators in a subregion from the
global AdS (and the corresponding CFT on the cylinder) viewpoint. Indeed, in [13, 14]
using the bulk reconstruction developed in [5, 18, 19], such studies had been done. The
results obtained in this paper are perfectly consistent with the studies in [13, 14].

We believe that the results in this paper are substantial ingredients for the understanding
of spacetime in the AdS/CFT and the quantum gravity. We emphasize that the low energy
description of the bulk theory with the AdS-Rindler quantization should be modified in the
AdS/CFT. This is interesting because it is often believed that the low energy description
is valid even in the Rindler coordinate with the horizon because there is no curvature
singularity. We expect that such a violation is an essential property of (black hole) horizon
because it is due to the behavior of fields near the horizon, which is universal to general
black hole horizons not restricted to the Rindler one. This violation might be related to
the brick wall [20, 21], the fuzzball [22, 23] or the firewall [24] proposals for the black hole
horizon where the equivalence principle is supposed to be violated although there is no
curvature singularity.

We will set the AdS radius £aqs = 1 throughout the paper.

2 Review of AdS-Rindler

In this section, we will review the Rindler patch in the AdS spacetime and the free scalar
fields on it. Some references on the Rindler patch in the AdS/CFT are [25-28].

2.1 Coordinates

We summarize the coordinates of AdS;41 used in this paper. Using the embedding coordi-
nates into R>9, AdSy,; is described as

—(X‘1>2— (X0)2+(X1>2+---+(Xd)2:—1. (2.1)



Figure 1. AdS-Rindler patch in the global AdS space.

The global coordinates (7, p, 2) are obtained by parameterizing the embedding coordi-

nates as
1 . .
X t= COS T, XY = sin 7, X' =tanpi*(Q), (2.2)
cosp cosp
where (2 represents coordinates of (d — 1)-dimensional sphere S9!, and #/(Q) (i = 1,...,d)

are the embedding of the sphere into R? as 3_,(2%)? = 1. The coordinates 7 and p run in
the range —oo < 7 < o0 and 0 < p < 7/2. In the coordinates, the metric takes

ds®> = 5
cos?p

(—d72 + dp? + sin?p dQZ_l) . (2.3)
For later convenience, we take the spherical coordinates €2 as
1 Q) =cosh, () =snbP(Q) (j=2,...,d) with 0<O<7m,  (2.4)

where Q represents coordinates of (d — 2)-dimensional sphere, and 9/(Q) (j = 2,...,d) are
the embedding of the sphere into R%~! as > ()2 =1.2

We divide AdS;+1 as in figure 1. A time slice (7 = 0) is divided into two subregions
R and L. We call the domain of dependence of R (and L) the right (left) AdS-Rindler
wedge. The coordinates of the right AdS-Rindler wedge (tg,&, x,S2) are given by the

parameterization
X1 =/1+¢&coshy, X0 = ¢sinhtp, X! = ¢coshtp,
XTI =/1+&sinhx 9/ (Q) (G =2,....d),
with —oo < tp < 00,0 < € <00, 0 < x < 00.? In these coordinates, the metric becomes

ds? = —€2dt%, + S (1+¢)am_,, (2.6)
1+ &2
2For d = 2, we take the range of 0 is —7 < 0 < 7 and $(Q) = 1.
3For d =2, —0o < x < o0.

(2.5)




where dH 371 = dx? + sinh? XdQ?l—Q is the metric of (d — 1)-dimensional hyperbolic space
H?!. The AdS-Rindler horizon is at £ = 0, and the geometry (2.6) is called the topological
black hole [29, 30]. More precisely, if we introduce U = X? — X! = —¢e7 "% and V =
X0+ X1 = ¢gelr, the future horizon is parameterized by V with & — 0,¢z — oo, and the
past one is parameterized by U with £ — 0,tgr — —o00. The asymptotic boundary (£ — o)
of this wedge is Ry, x H% ! which can be mapped by a conformal transformation to the
Minkowski-Rindler wedge [26, 30].%
Similarly, the coordinates of the left AdS-Rindler wedge (t1,&, x, 2) are obtained by

X '=\/1+&coshy, X°=—¢sinhty,, X'= —¢coshty,

X = 1+ &sinhy# (@) (G=2.....d),

where —oo < t;, < oo. Formally, the left wedge L can be obtained from R by t;, =tp — i7.

2.7)

On the right AdS-Rindler wedge, we can express the global coordinates (7, p,6,€2) in
terms of the AdS-Rindler coordinates (tg,&, x, §2) as

Esinhtp 1

tan7T = ——————, cosp = ,
V1+ &% cosh x \/(1 + €2) cosh? y 4 €2sinh? tg (2.8)
V1+ & sinhy

tanf = ————=.

&coshitp

The asymptotic boundary of the AdS-Rindler patch is a spacetime subregion in the cylinder
R, x S9! which is the asymptotic boundary of the global patch as

sinhtp tan 0 — sinh x (2.9)
’ coshtp’ '

This is a diamond-shaped subregion restricted to 0 < |7 + 60| < 7/2. In particular, the
asymptotic boundary at tg = 0 is a hemisphere (0 < # < 7/2),° in the time-slice S¢~! at
7 = 0. We represent this spacelike subregion in the time-slice 7 = 0 by A, and the spacetime
diamond subregion by D(A). Correspondingly, we also represent the bulk time slice tg = 0
in the AdS-Rindler patch by a which is a subregion in the global patch time slice 7 = 0,
and does the region covered by the AdS-Rindler patch by D(a).

The diamond subregion D(A) in the cylinder is conformal to Ry, x H?™! via (2.9) as

—dr?+dQ3_) = ¢ (—dth + dH] ), (2.10)

where we have defined the conformal factor e®, which will often appear below, as
1 1

P = = , (2.11)
\/ cosh? y + sinh? t» V/cosh u cosh v
where u = tg — x, v = tg + x. Note that from (2.8) we have
lim (§ cos p) = €. (2.12)
£—o0

4Extending this conformal map to a coordinate transformation in the bulk, entanglement entropy for the
AdS-Rindler wedge for bulk scalar fields is computed in [31].
For d = 2, the subregion is in the range —w/2 < 0 < /2.



2.2 Free scalar fields in AdS-Rindler patch

Here we summarize the canonical quantization of free scalar field ¢ with mass m in the
(d 4+ 1)-dimensional AdS-Rindler patch.

The equations of motion, (O — m?)¢ = 0, take the following form in the right AdS-
Rindler patch:

L o 1 2 1 2 2|
~ gl =0 (v=g(1+¢2) o) o Vh - e=0 (2.13)
with /=g = &(1 + 52)%. The positive frequency modes are given by
Vo \p = eiithr&w,)\<€)Y)\,u(X7 Q) (214)

Here, w is a positive continuous parameter. Y) ,(,2) are the harmonic functions® on H4 1,
which satisfy

d—2

A2 4 ()2] Yau(x, Q). (2.15)

&% A(&) are chosen so that they do not blow up at the boundary £ = oo, and are given by

- Ny iw gy_iw_A (z’w—z’)\+u—|-1 iw+idtr+1 1 >
= ) 1 F . 1‘7
ww,k(g) F(V—I—l)g ( +f) 272 oI 5 , 5 Ut ’1+£2 ’
(2.16)

d / d? d d?
= — 2 —_— = —_ = = 2 —_—
A 2+ m—|—4, vi=A 5 m+4. (2.17)

Note that the right-hand side of (2.16) is real if we take the normalization constant N, x
real (it is invariant under the flip w — —w). Near & = 0, 1, 1(€) behave as

where

[ (—iw)&™ I (iw)& ™
T (fiw+i2)\+u+1> T (fiwfié\Jrqul) + T <iw7i)\2+u+1) T (iw+i)\2+1/+l> )

(2.18)

QZw,)\(g) ~ Nw,)\ [

We fix the real constant N, » in (2.16) so that we have
(VA5 Uw',AQy')R = §(w — o\ — )\')5,“/, (2.19)

where (, )g is the Klein-Gordon inner product in the AdS-Rindler patch defined as

0o 2%
(O mn =i [ de av LT 7

Hd—1 13

(@101 02 — (01 07)P2) - (2.20)

5We normalize Ya ,,(x, Q) such that

/ dVY)\,H(X,Q) Y;/,M/(X,Q) :5()\7)\,)6%“/,
Hd-1



This normalization means

o (14£2)% - - 1
[T a9 = 50— ) (2.21)
and also
| 020 fup©dun@) = — it - ©). (2.22)
0 (1+e)%

Evaluating (2.22) at £ ~ £ ~ 0 using (2.18), the normalization constant is fixed as

v Ia (iwfi)\;rwrl) |IT (iw+i/\2+l/+1> | 02

oA VaATw|D(iw)] ‘ '
Note that 1, 1(€) in (2.18) behaves as a plain wave with 2 = In ¢ near the horizon z ~ —oo
and the dominant contributions of the integration of ¢ in (2.21) come from the region

near r ~ —0o.
For later use, we will evaluate N,  for w > 1 and |[A\| > 1. Using the formula
IT(iy)| = (m)% and |T'(x + 1y)| — \/27ryx_%e_”|y|/2 for y — oo with x fixed where

2_32\5 7 _ ) ..
x,y are real, we find N, \ — (%) ? e (WA RAI=20l) §y the limit w, |A| = co. Here,
we introduce the normalization constant

w2—>\2>% f 2 2

or w” >\
CFT _ ( 4 =
NwA =

0 for w? < \2

(2.24)

which naturally appears in large N CFTs on Minkowski space as we will see below. Then,

we find
NCET for w? > \2
Ny — ’ Y (2.25)
’ 2 2 ™
(%) ? e 3 (A=) for w? < \?
in the limit w, |A| — oo.
We can expand the field ¢ in the right wedge as
Qb(tR,g, X Q) = /dLL)/d)\Z (aw,)\,uvw,A,M + CLL’)\,!LU:)7>\,/,L) : (226)
n
Then, ay, » , satisfies
[l ] = 80— A= X (2.27)

The important point is that the AdS-Rindler energy w can take any positive value
2 < A2, and we will call
them tachyonic modes.” In the next section, we will argue that the tachyonic modes

independently of A, u. Thus, there are modes such that w

"In AdS., there are no tachyonic modes [32].



(w? < A2) cannot exist in the CFT on Ry, x H"! which is the boundary of the AdS-
Rindler patch. We also will see in section 4 that the tachyonic modes mainly constitute
the wave packets propagating from the past horizon to the future one without reaching the
asymptotic boundary.

For free theories without UV cutoff, the scalar ¢(tg,&, x, ) with the AdS-Rindler
quantization (2.26) is the same as that at the same point with the global quantization.
Then, the reduced density matrix for the vacuum state of the global-AdS Hamiltonian is
the thermal state for the AdS-Rindler Hamiltonian. However, this is not true if a UV cutoff
exists as we argue in the next section. In fact, if we consider quantum gravity, the free
field description on the fixed background is just an effective theory below a UV cutoff, e.g.,
the Planck energy. For holographic CFTs with large but finite N which we are interested
in, there must be a UV cutoff in the bulk, and then the transformation between the two
quantization (global and AdS-Rindler) is not valid as we will see.

3 Incompleteness of AdS-Rindler bulk reconstruction

To simplify the discussion, we focus on d = 2. Then, the asymptotic boundary of the
AdS-Rindler patch is (conformal to) RY! with metric ds? = —dt% + dx?. In this case, the
expansion of the bulk scalar in (2.26) takes

ot €)= [ [ A ua© fasae Nl N @)

Here, we assumed that this bulk free scalar ¢(tg, &, x) is valid even in the UV limit, i.e. it
is UV complete. We will show below that the tachyonic modes (w? < A?) cannot exist in
the CFT on R!. To be more precise, the boundary limit of the bulk local operator (3.1)
cannot be the CFT primary field, and thus the BDHM map fails for the AdS-Rindler case.
The (global) HKLL bulk reconstruction [3] is based on the BDHM map [15]. The map
relates the asymptotic form of bulk local operator in the global AdS ¢(r,p,#) to a large N

CFT operator OgFT as
lim cos(p)~2¢(r, p,0) = OSFT(,0), (3.2)

p—m/2

up to a numerical constant. For the AdS-Rindler patch, a naive BDHM map would be
Jim £26(t, € x) = Oaltr. ). (3.3)

In fact, it gives the correct conformal transformation of the generalized free approximation
of OSFT(7,0) for the conformal map (2.10): OSF(7,0) = e=2® O (tr, x). Here OSF(7,0)
is the generalized free approximation of the primary field on the boundary CFT OXFT(T, 0).
This is because ¢(7,p,0) is identified as ¢(tg,§, x) in the right AdS-Rindler wedge and
cos p — % near the boundary as (2.12).

In the free bulk theory approximation, using the expansion (3.1), Oa(tg,x) can be
written as

O t , _/ d / d\ " —ith+i>\x+ T iwt g —IAY . 3.4
(tr ) X \/ﬂrmn[ ae alpc ] (34)



Then, as done in the original HKLL paper [3], the bulk ladder operators a, » can be
expressed by Oa as

aw:/ dtR/ dxv2rl'(v +1) (RN
w)\

(tr, X)- (3.5)

However, Oa (tr, x) has to have modes e~ WErRHIAX o obtain nonzero ay,x- This is impossible
for w? < A2 if Oa(tg, x) is a CFT primary operator on R! because the existence of such
modes implies a tachyonic state, where the mass squared w? — \? is negative, in the CFT
spectrum. We generally exclude tachyonic states because QFTs containing tachyonic states
are problematic. For example, by Lorentz transformations, tachyonic states are mapped to
states with zero energy but a finite momentum (w = 0, A > 0), and they lead to an infinite
degeneracy of the vacuum state. Tachyonic states also contradict with the standard Kéallén—
Lehmann representation of the two-point function in relativistic QF'Ts. Thus, in standard
CFTs on RV, local operators do not have modes e~ ™*rTAX with w? < A\2. Therefore, CFT
on R cannot reconstruct the ladder operators ay,» for the tachyonic modes (w2 < /\2).

Indeed, because the metric on D(A) is conformal to that on R! by the transforma-
tion (2.9), the scalar primary field at a point (¢, x) can be obtained by the conformal
transformation of the primary field OgFT (7,6) on the cylinder as

OgFT,ﬁat(tR’X) — APOCFT (1 g). (3.6)

We know the large N spectrum of the holographic CFT on the Minkowski space R!. The
primary field OXFT’ﬂat(tR, x) for the large N CFT on RY! should be the same as that
obtained by the HKLL reconstruction on the Poincare patch:

NCET

CFT.fl t CFT ,—iwt p-+ik CFTT tr—i\
or " /|dw/ 27rFy—|—1)[ WIRTIAX 4 OFTT piwtr— zx}

(3.7)

where agg\T are also normalized annihilation operators and N} CIT s defined in (2.24). What

is important here is that OgFT Aat 5 (3.7) does not contam tachyonic modes. Thus, we

conclude Oa(tr, x) # OCFT flat (tr, x) and the Hilbert spaces for these two operators are
completely different.
Note that the two point function of the global AdS, (0|7(OKF™(r,0) OKFT(,6'))|0),

CFT, ﬁat(

can be reproduced by O x tr, x) on the corresponding points as

(O (08" (r.0) OS™ (+.01)) o) =
efA(q)(tR, )+‘I’( RX )) tra (pAT (OXFT’ﬂat (tR,X) OgFT’ﬂat (t/R,X/)>) s (3.8)

where |0) is the CFT vacuum on the cylinder, and p4 = tr 5(|0)(0]) is the reduced density
matrix in the CFT Hilbert space on A. This is just the usual relation between the CFT
on the cylinder and that on the Rindler subregion.® The two point function can be also

8If we consider the Poincare AdSs, instead of the global AdSs, the map between the two coordinates for
the CFT is just the two dimensional Minkowski-Rindler map and the corresponding pa is known to be the
thermal density matrix.



approximately reproduced by Oa(tg, x) in the low energy region as

(O[T (OSFT (7,6) OST™ (7,6') ) [0 = AP UR0T2 5 )) b1, (0, T (O (tr,X) O (H:X)))
(3.9)

where p, = trg(|0, bulk) (0, bulk|) is the density matrix in the bulk free scalar Hilbert space
on a, with the vacuum |0, bulk) in the global AdS. This comes from the usual relation
between the bulk scalar on the global AdS and the one on the AdS-Rindler subregion,
OIT(8(r, p,0) 6", 0))]0) = tra(paT(S(t, €, %) H(s €, X)), with the boundary limit
of the points of the operator insertions.? Then, the n-point functions are also reproduced
in the large N limit by the factorization. We also note that the AdS-Rindler HKLL
reconstruction [3] with treating the smearing function as a distribution [33] works well.
However, the “CFT” operators used there are constructed from the bulk local operators
by the naive BDHM map (3.3), i.e. Oa(tg, x), which is different from the CFT operators
OgFT’ﬂat(t R, X)- It is worth emphasizing that the correlation functions of Oa(tg,x) and
OgFT’ﬂat (tr, x) are different although (3.9) holds. Indeed, it is obvious that

(0a|T(OA(tR, X) Oa(try X')N)|0a) # (04| T(OST 1 (1R, x) O (¢, X'))[0.4),
(3.10)

where |0,) is the vacuum of the bulk theory in the region a and |04) is the vacuum of the CFT
in the region A (i.e. the Minkowski vacuum on R!), because the coefficient N, » in (3.4) is
different from NSE\T in (3.7) and the Hilbert spaces are different even in the low energy. The
equation (3.9) is valid only for the special states p,, pa as the low-energy approximation.
In particular, the bulk correlation function (0,|T(¢(tr, &, x) (R, &', x'))|04) cannot be
reproduced from OEFT’H‘% (tr, x) because of the lack of tachyonic a,, x with w < |A[.

What is wrong with Oa(tr, x)? Because Oa(tg,x) is obtained by the conformal
transformation from OEF(T, #) which is the generalized free approximation of OXFT (1,0), it

= OgFT’ﬂat(t R, X) in the low energy, and indeed it

seems natural to assume that Oa(tg, X)
has been assumed, in particular to consider the subregion duality, the entanglement wedge
reconstruction and the error correction code in the holographic theory. The reason why
it is violated is that the generalized free theory is the large N limit approximation and
such a spectrum is only the low energy approximation and not realized for the high energy
states. This is clear for states with the Planck energy which correspond to black holes. This
means that the CFT operator OS¥T(7,0) obtained from the bulk local operators in the
global AdS by the BDHM map is not correct for the high energy modes. In particular, the
(high momentum) tachyonic modes in Oa(tg, x) are composed by such nonexistent high
energy modes of the global AdS or the CFT on the cylinder, and then they are absent in
the CFT in D(A).

In general, we claim that the low energy states and operators in the Rindler patch
depend on the UV completion of the theory, which implies that the quantum gravity effects

9We assumed the expected completeness of the modes of the (UV complete) bulk free field in the left
and right Rindler wedges.



are important for them if the theory includes the gravity. In order to see this, let us
first consider the free scalar field with mass m in d + 1-dimensional Minkowski spacetime
ds?> = —dt* +daz? +dy'dy; wherei =1,2,--- ,d—1, instead of the scalar fields in AdS because
these two models are very similar for the aspects discussed here. (A difference is that the
“tachyonic” modes are not special for the Minkowski case.) The usual right Rindler patch
is given by tg = tanh~!(t/z), ¢ = In/22 — t2. We denote the ladder operators associated
with the global modes e~V k2 kiRt tmPttkatkiy') aq ayr, where k is the momentum in
z-direction and those with the right Rindler modes eil—wirtkiy') [ Kiw(VEkik! +m?2() as ay g, -
The Bogoliubov transformation ay, x, = Ek,k;( o ks ! T, T B ki ke, k,a}; k’) is known (see
e.g. [34]) to be

Qo sk ke, =

I1; Ok — ki) (m_k> o)
S R (1 —e )\ VRREmE )

and B, g,k 1 = € "0 g,k k- For large |k|, we can approximate

ot ~ [[;0(ki — k) 1 gio(— In([k]) Hin(y/kekiTm? /2)) (3.12)
whih K (1= e ) (k| %

S§(ki—k}) -
for k > 0 and oy i p ~ 1;[(12)|le iw(In([k)—In(V/kik'+m?/2)) for L < 0. Let us
i T e—2mw 3

consider the “norm” of a, j,. &7 in the global vacuum [0):

—2nH T
tI‘R( 4 Rawkzwk)

2
trg (e—27Hr) = (0] Za:}’kﬁk;k;akvk;‘ Zaz,ki;zz,k;al%,ff; 0) = E :\%,ki;k,kgl )
koK .k, e k!

(3.13)

where Hg and trg are the Hamiltonian and the trace of the right Rindler wedge. More

precisely, we smear k; directions (and w direction later) of a,,, for example by the

(ki— ki)(ki—fﬂ)a

Gaussian factor, as [ dk;e” 2 22 Then coefficients become non-singular as

(k” RO (K —k;)
_ — L (K =k (ki—ks 1 iw(In(|k|)—In(\/k k' +m?2 /2
Aok = [ dkie i sk ™ \/2 2w L giwn(lk)—In(y/KR T Fm?/2)),
! g 7r —e~ Ikl
We can see that, for large [k[, 32 [k i/ |* behaves as Zk |,1€| which is divergent.'® This

implies that the Rindler mode a1, cannot be constructed if we neglect the global modes
with arbitrary high momentum and energy. Thus, if the free scalar theory is a low energy
effective theory, (even the low energy sector of) the spectrum of the theory on the Rindler
wedge depends on the UV completion of the theory. In particular, if the theory couples

10T his divergence is regularlzed by the smearing: [ dkie” air (KR (ki =)= B2 (o) au,k;- Then, the

In |k
“pnorm” behaves like Zk —e ~ gz (n kD)

~ R where the smearing of the energy is very small 1/R <« 1 where
R may be regarded as an IR regularization. (Here, we neglect the 1/(1 — e™2™) factor by taking a large @.)
The dominant contributions are from In [k| ~ R. Note that if we take 1/R > 1, the contributions from the
high momentum and energy modes are negligible. For the localized wave packets, we need to take 1/R > 1.

This implies that we can neglect such modes for the (smeared) local operators apart from the horizon.
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to a gravity, it depends on quantum effects of the gravity, which are specified by the dual
CFT for the AdS/CFT case.

The property that the low energy Rindler modes contain arbitrary high energy modes
is reminiscent of the brick wall proposal [20, 21], where a divergence in the large N limit
arises from the near-horizon behaviors of fields. We expect that this is the essential nature
of (black hole) horizons. In order to see this, first let us define the lightcone coordinates:
t=t—x,0=t+xand u=tr — (,v =t + (, in which the Rindler horizon are |u| — oo
or [v| — oco. The relations between these are

u=—e " v =e", (3.14)
which implies that du = e “du, 69 = edv where du, for example, means small variation of
u. Thus, near the Rindler horizon (for example, u > 1) a lightcone momentum (~ 1/du)
in the Rindler patch corresponds to a large lightcone momentum (~ 1/d4) in the global
coordinates with the ratio e* > 1. This explains why the low energy Rindler modes contain
arbitrary high energy modes intuitively. Furthermore, this is expected to be a universal
property of horizons and actually a similar problem happens for the AdS-Rindler horizon
as we will see.

Let us return to the AdS/CFT case and consider the Bogoliubov transformation between
the global AdS modes a%l,%bal and the AdS-Rindler modes a,, ». We will see that AdS-Rindler
modes contain infinitely high momentum global AdS modes as the above Minkowski case.
Intuitively, the problem comes from behaviors of fields near the AdS-Rindler horizon as
similar to the Minkowski-Rindler case.

The bulk local operator ¢(r, p,0) can be expanded by the modes in the global AdS

a%l,%bal as

d)(Ta P 9) — Z (avgll':?)@bal T eiwane—imH + aglobale—iwnmﬂ-eimG) bulk(p) (315)

nm nm
n,m

where n is a non-negative integer, m is an integer,
Wnm = 2n + |m| + A, (3.16)

and Y2k (p) are modes in p-direction whose explicit form is not used here.!! Here, we
will use the following relation between the O (tg,x) and OS¥T (7, 0) which should give the
correct Bogoliubov coefficients:

I'(v+1) /OO /OO jwt g—iA
P e dt dye“ RO (g, 3.17
A \/%Nw,/\ . R . X A(tr:x) ( )
I'v+1) /°° /OO wtp—idx  AD
S S dt dyetr=iMX A (trxX) OCFT (7 g) 3.18
BNy o r[dx e A (1,0) (3.18)

where OSFT(7,0) can be expanded [13, 14] as

OSFT (7, 0) = Z $CET (aE;LITc;Lbal f giwnm™ o —imt 4 a%ﬁbalefiwnmreim0> ’ (3.19)

n,m

"1t is given by ¥Rk (p) = o sinl™ (p) cos® (p) pimlha-t (cos(2p)), where Ny, is the numerical constant

given in [35] and PImA=1 g the Jacobi polynomial.
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with

nm al(A)2T(n+ 1)T(n+ |m| + 1) ’
Then, the coefficient of ag°P! in the expansion of a, y, (3.18), is
L+ Dt /°° /°° ot iAo im0 : —A/2
— dt dy et R=IINXZwnmTHImO (6123 4 ginh? ¢ , 3.21
V2rN s oo ™ ( X R) (3.21)

where 7 = tan~! Scigs%, 6 = tan~! % Let us concentrate on high momentum and
X coshtp

energy modes, i.e. w > 1,|\| > 1. Then, the integrals in (3.21) almost vanish because of

the phase cancellation except the region in which the phase is almost a constant. Using the

coordinates u = tp — x,v = tg + x instead of tg, x, the region of stationary phase is given

by the conditions!'?

0 = Oy(wtr — AX — WpmT +mb) = % (w—i—)\—
(3.22)

0= 0y(wtr — AX — WnmT + mb) = L (w—)\—w”m_m> )

2 cosh v

For w? — A2 > 0, the conditions (3.22) almost always have solutions at appropriate
points {u,v} for any (large) n,m. In particular, for n? > w? + A2, m? > w? + A2 the
corresponding points are |u| > 1 and |v| > 1 except the case that n — |m| is small. For
the generic case, the stationary points are given by el“l ~ % and el’l ~ wnm= . For

the exceptional case, the corresponding points are |v| > 1 as el’l ~ with finite u

Wnm —m
w—A
for m < 0 or |u| > 1 as el*l ~ % with finite v for m > 0. (These points are near the

Rindler horizon.)
Let us evaluate (3.21) using the stationary phase approximation. We can see from (3.22)
that the second derivatives of the phase wtr — A\x — wpmT™ + mél is %((wnm + m)%&f +

(Wnm — m)%&ﬂ) which is approximated to §((w 4+ A) tanh u(du)? + (w — A) tanh v(5v)?)
near the stationary points. They do not depend on wy,, m in the limit |m| — co. We can
also see that Y¥SFT ~ \/n(n + |m])A_1 for n,|m| > 1 and 9SET ~ |m\A_1 for [m| > 1.
Finally, the factor (coshu coshv)~2/2 behaves like e 2 (ul+l]) gor lul, [v] > 1, ezl for
lu| > 1, or e~ 21l for |v| > 1. Therefore, the (m,n)-dependence of the coefficient (3.21) is
evaluated as 1/(n(n + |m|))*/? for large n, |m| and 1/|m|'/? for large |m|. Note that both
of 32, 1/(n(n +|ml)) and 3=, 1/|m| are divergent.

It is also important to note that the phase factor which depends on both |m| and w, A
is approximately iwtr — iAx = i((w + N)u + (w — A\)v) /2 ~i((w + A) In(wpm +m) + (W —
A) In(wpm —m))/2 for |ul,|v| > 1. This is also similar to the Minkowski case. Thus, the
mode a8loPa! with an arbitrary large Wy, |m| contributes to a \ as we have seen for the
Minkowski-Rindler case.

For w? — A% < 0 (tachyonic), the condition in (3.22), 0 = w — A — (Wpm — m)/ cosh v,
cannot be solved even approximately because wp,;, — m > 0 where we take A > 0 for

2The derivative of the other factor in (3.21) is & In((cosh u coshv) ~2/?) = —(A/2)(tanh u du + tanh v §v)
in which tanh w, tanh v are not large.
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simplicity. Thus, coefficients (3.21) are exponentially suppressed by |A| — w for any n,m
which may be consistent with the fact that N,  is exponentially small as (2.25). In this
case, the largest contributions for A > 0 are from

0=w+ X — (wpm +m)/ coshu,
(3.23)
0 = —(wnm —m)/ coshv.

Thus, the mode a%lﬁlbal with an arbitrary large wpm, |m| contributes to a,, x because these
are same as the above by formally substituting w — A = 0. Note that for this tachyonic mode,
these large wpm, |m| modes are the dominant contributions. For these tachyonic modes, as
we have seen, there are no saddle points for the integration for the overlap between the
global and Rindler modes. Thus, the high energy global modes contribute dominantly. This
indicates that the tachyonic modes are composed by these modes which do not exist in the
low energy effective theory. This matches with the fact that the tachyonic modes do not
exist in the CFT.

Reconstructable operators. The bulk local field ¢(7, p, ) is equivalent to ¢(tg, &, x)
in the right AdS-Rindler wedge if we assume ¢(7, p, ) is valid for the UV limit. More
precisely, as the bulk free theory without a UV cutoff, we have the formal operator
equality, (7, p,0) = ¢(tr, &, x) ® 15 in the right AdS-Rindler patch, where 15 is the identity
operator on the left AdS-Rindler patch. We can extract ¢(tg,&, x) by a projection as
d(tr, &, x) = Pa(d(7, p,0)) where Py(O) = trz(0)/ tra(1z).13

However, as explained, the bulk operator ¢(tr,&, x) = Pq(o(7, p,0)) cannot be recon-
structed from CFT on A. The reconstructable part of the bulk local field in the right
Rindler wedge might be

¢part(tR7§7X) - PA((b(T? P 9))7 (324)

where P4(O) = tr;(0)/tr7(1), which also remove the identity operator in the Hilbert
space on A like P, in above. This satisfies the following BDHM like relation,

Jim €367 (g, € x) = Pa (208 (7,0)) = OLF ™™ (ta, x) (3.25)

because OXFT(T, 0) is a CFT operator supported on the region A on which P 4 acts trivially.
Here we assume that the mode expansion of P 4(¢(tg, &, x)) with the modes P 4(a,, ») can be
used although it is not fully justified. Then, we find the following BDHM like relation also,

Jim €367 (g, &%) = Pa ( Jlim €56 (tr, €, x)) =P (Oa (tr,x))- (3.26)
NCFT
Equating these two relations, we find P(ay, ) = ﬁagg? by noticing that the both

of aSb;\T and a,, ) have the same energy w and momentum A conjugate to tg, x-'* Then,

13We can instead ¢(tr, €, x) = (0z|6(T, p,0)|0a) because ¢(T, p,0) is linear in the creation and annihila-
tion operators.
M Note also that P A(aw,n) approximately identified with aSiT for non-tachyonic high momentum and

energy modes because of (2.25).

~13 -



we find

1 NCFT

part (¢ €, :/ [ do——
PP (R, €, 2) » w\/ﬁNM

@;w A(f) [ CFT —iwt pFiAx _|_aCFTT iwtp— z/\X:|
(3.27)

where the tachyonic modes are absent. This bulk operator ¢P** can be reconstructed from
the CFT. The expression is

(bpart( £,2) / d)‘/)\l /OO dt’y /‘X’ d% ()

> [efiw(tthR)+i)\(xfx) + eiw(tR*th)*’i/\(X*X/)} OgFT,ﬂat(t/R7X/) (328)

where

1.
9 ) 9 7V+71+€2

(3.29)

iw iw A w—iA+v+1 iw+id+v+1 1
furl€) = €21+ % zzFl( : )

We then define the smearing function as

K(tézaxl;tR,é-vX) ::/ d)\ dw [6—iw(tﬁ—t}t)+i)\(x_x/) i eiw(tR—t/ )—iA(x—x’ } f A(g)
—00 [Al
(3.30)

This smearing function makes sense unlike the smearing function in [3] where the integral
contains the region A\? > w? and diverges. To overcome the divergence, an analytic
continuation to complex y is proposed in [3]. It is also proposed in [33] to treat the smearing
function as a distribution. We do not need these treatments because we do not have the
problematic region A\? > w? in our integral (3.30). Thus, we can interchange the order of
integration over (\,w) and (t, x') in (3.28), and obtain

i) = [ B [T I e i e 008 ) (B3
oo 2T J_oo 2m

It is important to note that ¢P**(tg, &, 2) is not a bulk local operator because it does

not contain a part of bulk modes. Hence, we cannot reconstruct bulk local operators from

the CFT on RY!'. The missing modes are tachyonic modes. As we will see in section 4,

these modes give the main contribution of the wave packets propagating from the past

horizon to the future one without reaching the AdS boundary. It means that the CFT on

the subregion D(A) in the cylinder cannot reconstruct these wave packets. Of course, if we

use CF'T operators on the entire cylinder, we can construct bulk operators, and thus can
describe such wave packets from the CFT.

The incompleteness also means that the CFT reduced density matrix on the subregion

A of the entire time-slice of the cylinder is not dual to the bulk reduced density matrix on

the time-slice a of the AdS-Rindler patch, ngT # pPUk even in the low energy region. In

order to obtain the correspondence, we need to regard operators generated by (3.31) as the
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bulk operators. It is not precise, but if we trace-out the tachyonic modes in the bulk theory
on the Rindler wedge, the density matrices becomes similar as

ngT ~ T 22 p}gulk7 (3.32)
because w, |[A| > 1 the modes can be approximately identified. In this sense, a weak
version [13, 14] of the subregion duality holds: any low-energy operators supported only on
the boundary subregion D(A) can be described by low-energy bulk ones on D(a), although
the inverse is not possible.

The identification rule is schematically summarized as follows. First, the low energy
Hilbert space HEFT of the large N CFT on the cylinder can be identified with the bulk
one HP"¥ on the global AdS as HFT = #Puk. Those Hilbert spaces can be formally
decomposed into the tensor products of the subregions as HCFT = HSFT ® H%FT and
HPulk = gybulk @ gybulk - Then our claim is HG'T # HEWk. Nevertheless, HGFT ¢ HPulk
holds, and we may obtain a subregion identification HG"" = Pa(HEUK) by reducing the
bulk space HPUK by the projection P4 or tracing-out the tachyonic modes.

Higher dimensions. We can also show that the tachyonic modes (w? < A?) are absent in
CFT on higher-dimensional space Ry, x HY!. It is clear for high frequency modes w, A > 1
because we can ignore the curvature of H*~! for these modes, and modes w? — \? < 0 are
tachyonic in RM4~1,

For general frequencies, we use the fact that the spacetime Ry, X H% ! is conformally
flat. CF'Ts on the conformally flat spacetime can be described by the CF'Ts on Minkowski
spacetime because of the traceless property of the energy momentum tensor which couples to
the Weyl factor of the metric variation. For the free CFT case, we can see it explicitly. The
d’Alembert operator [lg1,a-1 in the Minkowski spacetime is mapped, up to the conformal
factor, to

DRtRXHd*1 — &cont R, (3.33)

where the last term is the conformally curvature coupling term with

d—2

EESTE (3.34)

gconf =

and R is the Ricci scalar for Ry, x HY"! given by R = —(d — 1)(d — 2). The modes
e “WrY, (X, Q) are eigenmodes of the operator (3.33) as

[DRtRXHd—l - fconfR} eiithY)\,,u(X7 Q) = (WQ - )‘2) eithRY)\,M(Xv Q) (335)

Thus, modes with w? — A2 < 0 are tachyonic, and should be absent in CFT on Ry R X HA T
Therefore, the holographic CFT cannot reconstruct the tachyonic modes.

Global AdS to Poincare AdS. Instead of the Rindler patch of the global AdS, we
can consider the Poincare patch of the global AdS and consider corresponding CFT. This
CFT corresponding to the Poincare patch should be CFT on Minkowski space because
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the metric on the boundary is conformally Minkowski space. For the Poincare patch, it
is well known that there are no tachyonic modes in the bulk free theory in the Poincare
patch. The BDHM map on the patch gives the CFT operator OgFT(t, x) of (3.7) in the
Minkowski space. Thus, the situation is different from the Rindler patch. We can also see
that the bulk modes in the Poincare patch do not depend on very high momentum modes
in the global AdS, as we will see below.
The Poincare patch for AdSs in the global AdSs3 is defined by
sin T sin @ sin p cos p

t= —, T = — z = —, (3.36)
cos T + cos@sinp cosT + cosfsin p cos T + cosfsinp

where —oo < t,z,< oo and 0 < z < co. On the boundary z — 0, they become

sin sin 0
p=——7 =7 (3.37)
cosT + cos 6 cosT + cosf
Using the lightcone coordinates u =t —z,v =t+x and & =7 — 6,0 = 7 + 0, the relations

can be written as

(3.38)

whichQimplies that du j 1+%du and dv = lJr%dv. The metric on the boundary is given
the mode e*~"% in the Poincare patch by aﬁ y- Then, as (3.21) for the Rindler case, the

; lobal ; : P
coefficient of af2”* in the expansion of a, , is

dudv. We denote the annihilation operator associated with

28T (v + Dyont [ Wt iAT—iwnmTHimE 2 2\) ~2/2
/N /_Oodt/_oodace ((1+?) (1407) 7. (3.39)

The phase cancellation occurs at

2 2

Thus, qualitatively the Poincare case is very similar to the Rindler case. However, the
important differences are that there are no tachyonic modes w? < A? in the Poincare patch
and the phase factor which depends on both |m| and w, A is approximately iwt —i\x = i((w +
Mu~+ (w—A)v)/2 ~ i(y/ (W + A) (Wnm + m) + V(W = X) (Wpm — m))/(2/2) for |ul,|v] > 1.
This implies that the smearing of w by an IR regularization R gives a cut-off of the high

momentum modes as |m| < R, n < R.

4 Null geodesics in the AdS-Rindler patch

In this section, we see that in the AdS-Rindler patch there are null geodesics never reaching
the asymptotic boundary. This type of null geodesics starts from the past AdS-Rindler
horizon and ends on the future one. The existence of null geodesics never reaching the
asymptotic boundary is a characteristic difference from the global AdS where all null
geodesics reaching the asymptotic boundary. We will show that the non-reconstructable
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modes w? < A? in (2.26) are related to the horizon-horizon geodesics, and also modes
w? > A\? are to geodesics reaching the asymptotic boundary. Thus, the existence of the
horizon-horizon geodesics is a reason why the AdS-Rindler reconstruction is incomplete
unlike the global case. The relation between the null geodesics and the bulk reconstruction
is also discussed in [36].

Let us find the null geodesics in the AdS-Rindler patch, where the coordinates are
(tr,&, x, ) as summarized in subsection 2.1. For simplicity, we consider only geodesics
with constant €2. Then, when we solve the geodesic equation, we can effectively regard that
the geodesic moves in a three-dimensional space as (tr(s),£(s), x(s)) where s is an affine
parameter of the geodesic, and also can regard that 0, is a Killing vector. Thus, along the
geodesic, we have the following two conserved quantities w, A corresponding to two Killing
vectors Oy, 0y as

dt ~ d
- 20lR 2) 24X
= _— = 1 —_ 4.1
=% A=(1+8) = (4.1)
We set the ratio of the two quantities as
A
b= —. 4.2
2 (42)
The geodesic also has to satisfy the null condition
de\ 2
dtr\? (CT) dx\?
2 R s 2 X
— — 1 — ] =0. 4.3
§<ds)+l+£2+(+§><ds) (43)

Combining these equations, we obtain

(EY —efir(1-1)e]. (4.4

The behavior of the geodesic depends on whether the ratio |b| is greater than 1 or not.

Case (i): |b] > 1. In this case, the range of £ must be in 0 < ¢ < \/b;i—l so that the
right hand side of (4.4) is positive. Thus, any geodesics with |b| > 1 can never reach the

asymptotic boundary & = co. Eq. (4.4) is easily solved as

E(tn) = :
R/ Lcosh(tg —tg)

where tg is an integration constant. This geodesic comes from the past horizon and goes to

(4.5)

the future horizon without reaching the boundary. We also show that x(t¢r) is given by

1. b+ tanh(tg — to)
tg) = -1
X(tr) = xo + 5 log ~tanh(tn — o)’

(4.6)

where x¢ is an integration constant.
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Case (ii): |b| = 1. In this case, the geodesics are given by

tr — to N log cosh(tr — to)

E(tp) = etlin=to) X(tr) = xo + 5

(4.7)

For the upper sign, the geodesic starts from the past horizon and ends on the asymptotic
boundary. Similarly, for the lower sign, it starts from the boundary and ends on the
future horizon.

Case (iii): |b| < 1. In this case, the solution of (4.4) is

1
tr) = . 4.8
Sr) = 7= b2 sinh(tg — to))| (4.8)
Thus, it comes from the horizon at tp = —oco and reaches the boundary at a finite time, or

it starts from the boundary at a time and approaches the horizon at tg = co. We also note
that x(tg) is given by

1 1+ btanh(tg — to)
tr) = 51 '
X(tr) = xo0 + 92 08 1 — btanh(tg — to)

(4.9)

Therefore, in the AdS-Rindler patch, there are null geodesics never reaching the
asymptotic boundary [Case (i)]. We will call these the horizon-horizon geodesics, while the
other geodesics [Case (ii) and (iii)] the boundary-horizon geodesics.

Let us consider scalar waves well localized on null geodesics and see what modes
dominantly contributes to the waves. The mass of scalar, m, is negligible because we use the
geometrical optics approximation supposing that the mode frequencies w, A are sufficiently
larger than the mass and the curvature scale of AdS, w, A > m,ﬁgés =1.

As an example, we consider d = 2 below. Near a point (tg, &, x) = (to, €0, x0) = =5 on
a null geodesics, we introduce the locally flat coordinates as

t = &otr, £= s X =/1+&x (4.10)

In the coordinates, the velocity of the y-direction at the point zf is

So_dv_ V1t &dy b
X dt fo dt /1+§(2)’

where we have used (4.1). The velocity of the é-direction is v¢ = £4/1 + (1 — b2)€2.
Let us determine the dominant mode for wave-packet localized to this geodesic. It is

(4.11)

enough to use the locally flat coordinates because we supposed that the mode frequencies
are sufficiently large so that geometrical optics approximation is valid. We can use plain
waves in the locally flat coordinates for the mode expansion at least near zf,. The dominant
modes propagating along the geodesic should have the velocities v¢, v, and are given by

o @(E=Te€—xX) (4.12)
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near 2. In particular, it has the component

o i@(T=0xX) — p—iwbo(tr—bx) (4.13)

Comparing it to the mode expansion (3.1) with label w, A, we conclude that the wave
well-localized to the null geodesic with the parameter b consists of modes satisfying \/w = b.
Thus, the sign w? — A2 corresponds to that of 1 — |b|. The tachyonic modes w? < \? are
the dominant contributions to the horizon-horizon geodesics. Therefore, the CFT on the
asymptotic boundary of the AdS-Rindler patch cannot describe the bulk wave packets
localized to these geodesics.

5 View from the global AdS

We have seen that the wave packets localized to the boundary-horizon geodesics consist
mainly of modes w? > A2, and those localized to the horizon-horizon geodesics do mainly of
modes w? < A\2. Combining the discussion in section 3, we conclude that the CFT on the
subregion D(A) can describe the bulk wave packets localized to boundary-horizon geodesics
but cannot do those localized to horizon-horizon geodesics.

Instead of using the AdS-Rindler coordinate, we can study which part of the bulk local
operators are able to be reconstructed by CFT operators in the subregion D(A) from the
global AdS (and the corresponding CFT on the cylinder) viewpoint. Indeed, in [13, 14]
such studies have been done and the above conclusion was already obtained. Below, we will
shortly review this view from the global AdS.

First, it is easy to see that the bulk local operator cannot be reconstructed from the
CFT operators supported on a subregion D(A), where A is a subspace of the whole space
S4=1 " except A = S9!, This implies that the subregion duality is not correct as follows.
Let us consider the bulk local operator at p = 0, which is the center of the AdS on ¢t =0
slice and a boundary subregion D(A) whose causal wedge contains this center. Then, the
bulk local operator at the center are rotational symmetric, where we can smear the operator
keeping the rotational symmetry.'> This rotational symmetry is identified as the rotational
symmetry of the CFT, and the CFT operator which reconstructs the bulk operator should
be rotational symmetric. It means that the operator is homogeneous in the whole space
S4=1On the other hand, it is obvious that the CFT operators supported on a subregion
D(A) cannot be rotational symmetric and homogeneous. Thus, in order to reconstruct the
bulk local operator at the center, we need the CFT operators on whole S41. We note here
that the center is not a special point of AdS because an arbitrary point can be moved to the
center by an AdS isometry. Thus, the reconstruction of any bulk local operators requires
the CFT operators on whole S4~1,16

5The low energy subspace of the states is invariant under the rotation because the rotation commutes
with the Hamiltonian. Thus, the bulk local operator, which is a low energy operator, can be taken
rotation invariant.

16Tf we take the boundary limit of the bulk local operator, it becomes the CFT primary operator at
the point.
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Next, we will consider which part of the bulk local operator can be reconstructed from
a boundary subregion. In order to do, it is useful to consider which bulk well-localized
wave packets can be reconstructed from CFT operators supported on a subregion D(A).
In [13, 14] using the bulk reconstruction developed in [5, 18, 19], a CFT description of bulk
well-localized wave packets was given. For the holographic CFT on the cylinder R, x S%1,
let us consider states well localized to a very small subregion B in S¢! at a time 7 = 7.
For example, B is a ball region around = Qj as |2 — Q| < ep. Such states are written
(in the Schrodinger picture) as

6m.70) = [ A2 La(DOA®)]0) (1)

where |0) is the vacuum state for the Hamiltonian H associated with time 7, and fg(€2) is
a smearing function so that only the subregion B is relevant for the integration in (5.1),
e.g., the Gaussian distribution centered at a point Q = Qg € B.!7 The time-evolved state
of |¢p, 10) is given by

b, ) = / 410 f5(Q)e HE-) 0, (2) [0) | (5.2)

It was shown in [13, 14] that the above CFT state |¢p,7) for a very small subregion B,'®
represents a state well localized to a wave packet moving in the radial direction (p-direction)
in the bulk. In particular, supposing —7/2 < 79 < 0 and the center of B is at 2 = ),
the bulk wave packet almost-localized to a radial-directed null geodesic starting from the
boundary point = Qg at 7 = 79 and passing the point (p = 7/2 4+ 79, = Qq) at 7 = 0.*°
Similarly, we can also reconstruct bulk wave packets along other-directed null geodesics
starting from a boundary (almost) local region (see [13, 14] for details).

What is important here is that bulk (almost) local states along a bulk null geodesics
can be represented by (almost) local states on a small region B in CFT, if the geodesics
starting from the boundary region B. This leads to that, we can reconstruct the bulk wave
packets along null geodesics from CFT states which have the support on a subregion C' at
7 = 0 if the null geodesics reach D(C'), which is the domain of dependence of C. Conversely,
we cannot reconstruct the bulk wave packets from the CFT states on C' if the null geodesics
do not reach D(C) because the state which is given at the small region B is not within C'
at 7 = 0. This is consistent with the fact that we cannot reconstruct the horizon-horizon
geodesics in the AdS-Rindler patch D(a) from the CFT on the associated subregion D(A)
because the horizon-horizon geodesics do not reach D(A).

17To avoid the divergence coming from the local state, we also need the smearing for the time direction,
such that the length scale of it should be much smaller than eg. We also assume that the support of the
smearing function (or the width of the Gaussian) is larger than the length scale of the UV cutoff, which will
be the Planck scale, so that high energy states do not appear in (5.1).

18 B is small but should be larger than the length scale of the UV cutoff as noted in footnote 17.

9Here, what we really construct is a sum of the bulk wave packets moving in the radial direction with all
energies below the UV cut-off and the averaging over Qo in S?~! approximately gives the bulk local state
at p=1=0for o = —7/2, i.e. [d'Q e HTHT/2 0\ () 0) ~ ¢(p = 0) |0) up to a numerical constant.
Thus, we can regard (5.1) as a component of a decomposition of the bulk local state.
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