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We present a new method of deriving shapes of entanglement wedges directly from conformal
field theory (CFT) calculations. We point out that a reduced density matrix in holographic
CFTs possesses a sharp wedge structure such that inside the wedge we can distinguish two
local excitations, while outside we cannot. We can determine this wedge, which we call a CFT
wedge, by computing a distinguishability measure. We find that CFT wedges defined by the
fidelity or Bures distance as a distinguishability measure coincide perfectly with shadows of
entanglement wedges in anti-de Sitter (AdS)/CFT. We confirm this agreement between CFT
wedges and entanglement wedges for two-dimensional holographic CFTs where the subsystem
is chosen to be an interval or double intervals, as well as higher-dimensional CFTs with a round
ball subsystem. On the other hand, if we consider a free scalar CFT, we find that there are no
sharp CFT wedges. This shows that sharp entanglement wedges emerge only for holographic
CFTs owing to the large-N factorization. We also generalize our analysis to a time-dependent
example and to a holographic boundary conformal field theory (AdS/BCFT). Finally, we study
other distinguishability measures to define CFT wedges. We observe that some of the measures
lead to CFT wedges which slightly deviate from the entanglement wedges in AdS/CFT, and
we give a heuristic explanation for this. This paper is an extended version of our earlier letter
(arXiv:1908.09939 [hep-th]) and includes various new observations and examples.
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1. Introduction

The anti-de Sitter / conformal field theory (AdS/CFT) correspondence has provided a key framework
for exploring quantum gravity aspects of string theory [1]. The principle of AdS/CFT relates quantum
gravity in an AdS spacetime equivalently to a CFT which lives on the boundary of AdS. The basic rule
of the correspondence is given by the bulk—boundary correspondence [2,3], which says the gravity
partition function is equal to the CFT partition function.
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To better understand the AdS/CFT correspondence, it is useful to decompose it into subregions.
Namely, we would like to understand which subregion in AdS is dual to a given region 4 in a
CFT. The answer to this question has been argued to be the entanglement wedge M, [4-6], the
region surrounded by the subsystem A4 and the extremal surface I' 4 whose area gives the holographic
entanglement entropy [7-12]. Here we consider a static spacetime and assume a restriction on the
canonical time slice. In more general time-dependent spacetimes, the genuine entanglement wedge
is given by the domain of dependence of M.

In this correspondence, called entanglement wedge reconstruction, the bulk reduced density matrix
on the entanglement wedge p}\’/}‘/}k is equivalent to the CFT reduced density matrix p,4. So far, this
subregion—subregion duality has been explained by combining several known facts: the gravity dual
of a bulk local field operator (called the Hamilton—Kabat—Lifschytz—Lowe (HKLL) map [13—15] and
its generalization [16]), the formula of quantum corrections to holographic entanglement entropy
[17,18], and the conjectured connection between AdS/CFT and quantum error-correcting codes [19—
21]. However, since this explanation relies highly on the dual AdS geometry and its dynamics from
the beginning, it is not clear how the entanglement wedge geometry naturally emerges from a CFT
itself.

Recently, a new approach to entanglement wedges was reported briefly in Ref. [22], where purely
CFT analysis reveals the structure of the entanglement wedge for the first time. In the present paper,
which is a full paper accompanying the letter in Ref. [22], we provide not only detailed explanations
but also more evidence for this construction, with various new examples. This includes a precise
derivation of the entanglement wedge from the Bures metric when the subsystem 4 consists of
double intervals. Moreover, we give purely CFT derivations of the entanglement wedges in a time-
dependent setup and in AdS / boundary CFT (BCFT) [23-25]. Though most of our examples are
two-dimensional (2d) CFTs, in a later part of this paper we will analyze higher-dimensional CFTs
and derive the entanglement wedges from CFTs.

In our analysis, it is important to remember that only a special class of CFTs, called holographic
CFTs, can have classical gravity duals which are well approximated by general relativity. A holo-
graphic CFT is characterized by a large central charge ¢ (or a large rank of the gauge group N) and
very strong interactions. The latter property leads to a large spectrum gap [26—28]. Thus, we expect
that the entanglement wedge geometry is available only when we employ holographic CFTs. Indeed,
our new framework will explain how entanglement wedges emerge from holographic CFTs.

Consider a locally excited state in a 2d CFT, created by inserting a primary operator Oy (w, w) on
the vacuum. The index o distinguishes different primaries. As the first example, we focus on a 2d
CFT on a Euclidean complex plane R?. We write the coordinates of this space by (w, w), or equally
(x, 7) such that w = x + it. We choose a subsystem A4 on the x-axis and define the reduced density
matrix on 4, tracing out its complement B:

pa(w, ) = N - Trg[ Oy (w, )|0)(010f G, w)], (1.1

where N, is anormalization factor to secure Tr p4 = 1. This state was first introduced in Refs. [29,30]
to study its entanglement entropy. We refer also to Ref. [31] for calculations of the entanglement
entropy of primary states.

We choose the (chiral and anti-chiral) conformal dimension 4, of the primary operator Oy in the
range

1 < hy L c. (1.2)
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m

(w,w) O(w1) AdS3(Bulk)

Fig. 1. Sketch of an entanglement wedge M, for an interval 4 in AdS;/CFT,, also showing holographic
computations of two-point functions dual to geodesics. The blue (or green) geodesic does (or does not)
intersect with M, at P.

This assumption allows us to neglect its backreaction in the gravity dual and to approximate the
two-point function (O(wy, w1)OT (wp, w2)) by the geodesic length in the gravity dual between the
two points (wy, wy) and (wp, wp) on the boundary n — 0 of the Poincaré AdS;3

ds® = n=2(dn? + dwdw) = 0 2(dn? + dc* + d7?), (1.3)

where we set the AdS radius to one. Thus, by projecting on the bulk time slice T = 0, the state
p4(w, w) is dual to a bulk excitation at a bulk point P, which is defined by the intersection between
the time slice T = 0 and the geodesic. This procedure is sketched in Fig. 1.

In this way, we can probe the bulk point by using the locally excited reduced density matrix in
Eq. (1.1). If the entanglement wedge reconstruction is correct, then we should be able to distinguish
p4(w,w) and ps (W', w') when w # w' if either of their bulk points P and P’ is in the entanglement
wedge. If both of them are outside, we should not be able to distinguish p4(w, w) and p4(w', W).
Remarkably, this argument of distinguishability is based on purely CFT calculations and we can
define a CFT counterpart of the entanglement wedge from this analysis, which we call the CFT
wedge. We can regard CFT wedges as shadows of entanglement wedges when we interpret the
geodesics in Euclidean spaces as light rays. In other words, the entanglement wedge reconstruction
argues that the CFT wedge coincides with the true entanglement wedge. One may think that our
definition of CFT wedges may depend on the choice of the local operator O,. However, assuming
the probe limit in Eq. (1.2), our results for CFT wedges are universal and do not depend on the choice
of the local operator. We only define the notion of CFT wedges in this probe limit. The main part of
this paper is to confirm these expectations in various examples of AdS/CFT.

The paper is organized as follows. In Sect. 2 we give a brief review of the distance (or distinguisha-
bility) measure of quantum states, and introduce the concept of CFT wedges. In Sect. 3 we analyze
the geometry of the CFT wedge from the measure /(p, p’) in the single-interval case of 2d CFTs, and
confirm that this reproduces the entanglement wedges. In Sect. 4 we study the Bures information
metric in the single-interval case of 2d CFTs, and confirm that this reproduces the entanglement
wedges. In Sect. 5 we analyze how the time-dependent excited states correctly probe the entangle-
ment wedges in a simple example. In Sect. 6 we turn to the double-interval example in 2d CFTs and
confirm that the Bures metric reproduces the entanglement wedges, while the measure 1 (p, p’) leads
to a small deviation. In Sect. 7 we analyze the CFT wedges for global quantum quenches and the
thermofield double state, where the correct entanglement wedge is reproduced under a reasonable
assumption. In Sect. 8 we extend our calculations of CFT wedges in higher-dimensional holographic
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CFTs and confirm that the Bures metric reproduces the correct entanglement wedges. In Sect. 9 we
discuss other distinguishability measures, and observe that CFT wedges for most of them fall into
the two classes of the Bures metric and /(p, p’). In Sect. 10 we discuss how we can reproduce the
entanglement wedge if we employ the HKLL operators instead of local operators. In Sect. 11 we
summarize our conclusions and discuss future problems. Appendix A gives the detailed calculations
of I(p, p') in the single interval. In Appendix B we present a detailed analysis of the Bures metric
in ¢ = 1 CFT. In Appendix C we discuss the Bures metric in a general time-dependent case. In
Appendix D we list the properties of various distinguishability measures.

2. Distance measure of quantum states and CFT wedges

The main analysis in this paper is to study the distinguishability of reduced density matrices of the
form of Eq. (1.1). Therefore, in this section we summarize relevant measures of distances between two
density matrices p and p’. See Ref. [32] for a textbook. After these preparations we will introduce
the notion of CFT wedges, which are finally identified with shadows of entanglement wedges in
AdS/CFT.

2.1. Fidelity and related quantities

First, we introduce quantities which provide analogues of the inner product of two density matrices.
One of the best quantities is the fidelity F(p, po") defined by

F@m5=ﬁ[«ﬁﬂJﬂ- (2.1)
The fidelity is symmetric under an exchange of p and p’, and takes values in the range
0<F(p,p)=F(p',p) <1 (2.2)
Moreover, it satisfies
F(p,p’) =1ifandonlyif p = p’, (2.3)
F(p,p’) = 0ifand only if pp’ = 0. (2.4)

Therefore, we can employ the fidelity to distinguish two quantum states.
There are many other measures which satisfy the basic properties in Egs. (2.2), (2.3), and (2.4)—
they are listed in Appendix D. One of them is the affinity A(p, p’) [33]:

a(p, ) =T [ Voo | 25)
This quantity has upper and lower bounds in terms of the fidelity:
F2(p,p") < A(p, p') < F(p,p). (2.6)

For the actual computations, taking a square root of a given density matrix is not always tractable.
This motivates us to consider the quantity 7(p, p’):

tr pp’
1(p,p) = ———. 2.7)

(trp?) (er o)
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This quantity is called geometric mean fidelity; it was introduced in Ref. [34] (see also Refs. [35,36])
and satisfies the basic properties in Egs. (2.2), (2.3), and (2.4). it was employed to study non-
equilibrium dynamics of quantum systems in Ref. [37]. We might be able to think that this quantity
I(p, p’) is analogous to the second Rényi entropy, while the fidelity is analogous to von Neumann
entropy. Indeed, the total power of p and p’ is two in the former, and one in the latter.

It is also useful to evaluate these quantities when the states are pure, expressed as p = |¢)(¢| and
o' = |¢"){¢’'|. From the definitions, we obtain

F(p,p") = 1{$l9")], (2.8)
Ap, ) = l(pl¢) 7, (2.9)
I(p, ") = lipl¢))I*. (2.10)

2.2. Distance measures

Now we move on to distance measures between two quantum states p and p’. First of all, the Bures
distance is defined from the fidelity as

Dy(p,p)* =2(1 = F(p, p")). (2.11)
It is obvious that this quantity is symmetric and takes values in the range
0 < Dg(p,p") =Dg(p', p) <2. (2.12)
In addition, it satisfies
Dg(p,p’) =0ifand only if p = p’. (2.13)

There are several other important distance measures: the trace distance D (p, p') [38], relative
entropy distance DR (p, p’), Hellinger distance Dy(p, p’), and geometric mean fidelity distance
D;(p, p'), given respectively by

1 1
Dy (p, p") = Elp —p'lh==Tr [\/ (0 — p/)z] , (2.14)

2
Dr(p, p")* = Tr[p(log p — log p')]. (2.15)
Du(p, p)* =2(1 — A(p, p')), (2.16)
Di(p, p)? =2(1 —1(p,p")). (2.17)

Three of them, namely Dy, Dy, and Dy, satisfy the basic properties in Egs. (2.12) and (2.13).
On the other hand, the relative entropy distance D (p, p’) is not symmetric and takes the values
0 < Dr(p, p’) < 00, though Eq. (2.13) holds. Refer to Refs. [39,40] for computations in integrable
2d CFTs, and to Ref. [41] for an application to locally excited states (see also Ref. [42]).

It is useful to note the following relations between these distances:

Dr(p, ") = 2Dy (p, p)?, (2.18)

1—F(p,p") < Du(p,p") <1 —=F(p,p)> (2.19)
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2.3.  Information metrics and the quantum Cramér—Rao theorem

Furthermore, we can introduce the so-called information metric when the density matrix is param-
eterized by continuous variables A’, denoted by p(%). For the Bures distance, this metric is defined
as

Dp(p(h +di), p(L) = GeydAidy + - -, (2.20)

where the d; are infinitesimally small and - - - denotes the higher powers of dA’. This metric Ggijj
is called the Bures metric. In the same way, we can define another metric from the relative entropy
distance Dg, called the quantum Fisher metric Gg. It is also possible to define the metrics Gy and
G for the distance measures Dy and Dy, respectively.

The quantum version of the Cramér—Rao theorem [43] (see also the textbook Ref. [32]) tells us
that when we try to estimate the value of A; from physical measurements, the errors of the estimated
value are bounded by the inverse of the Bures metric Gg:

(8r'8W) > (GghY. (2.21)

In particular, when Gg;; = 0, the uncertainty becomes divergent and we cannot estimate the value of
A; at all. This is simply because the density matrix does not depend on A; and we cannot distinguish
density matrices for various values of A;.

More precisely, the quantum Cramér—Rao theorem is stated as follows. A physical measurement
is described by the positive operator-valued measure M,, (> 0) such that ) M, = I, where w
corresponds to each value of the measurement. Tr[pM,,] denotes the probability that the measured
value is given by w. We would like to estimate the value of A’ from the measured value w following
an arbitrarily chosen function A’ — A/(w). We introduce an error in this process as

(5A183/) = Z()‘i — (@) (A — ¥ (@) Tr[ M. (2.22)

To be exact, we actually consider n copies of the system p;?” and take the asymptotic limit

w

(BA8K )y =) (i — M (@) 0 — ¥ (@) Trlpf" M. (2.23)

The quantum Cramér—Rao theorem [43] argues that the lower bound is given by the inverse of the
Bures metric:

lim n(82'6)/), > (GghY. (2.24)

n—00

2.4.  Simple information metric example: Pure states in CFTs

For pure states p = |¢)(¢| and p’ = |¢’)(¢'|, the distance measures look like

Di(p,p)* = 2(1 — |{#lp"))), (2.25)
Du(p, p")* = 2(1 — [(pl¢))1?). (2.26)

We omit the relative entropy distance because Dr becomes divergent when |¢) # |¢').
Consider locally excited states |¢ (w, w)) = O, (w, w)|0) in a 2d CFT. We simply find
3 |W - 1/_1/|2h|W/ _ 1/_V/|2h

{pW)l¢' (W))| = : (2.27)

|W _ ‘/—V/|4h
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This leads to the Bures metric

hy
Dj ~ ﬁ(d‘tz + dx?), (2.28)
and the Hellinger metric
2h
D~ = (d1* + dx?). (2.29)
T

Interestingly, the information metric is proportional to the two-dimensional hyperbolic space H>.
This looks like a time slice of the gravity dual, i.e. the Poincaré AdS; of Eq. (1.3). This coincidence
is very natural because the distinguishability between two excitations should increase when the cor-
responding bulk points are geometrically separated. This was already noted essentially in Ref. [44].
However, this result is universal for any 2d CFT as the computation only involves two-point func-
tions. This implies that the study of the information metric of the reduced density matrix o4 has more
opportunities to explore deep mechanisms of AdS/CFT, which is the main motivation of this paper.

2.5. CFT wedges in holographic CFTs

Distinguishability measures for the reduced density matrices of Eq. (1.1) crucially depend on the
nature of CFTs such as multi-point correlation functions, as opposed to those for pure states. The
special properties of holographic CFTs allow us to introduce a CFT counterpart of the entanglement
wedge, as we will explain in this paper for various examples. We call these geometrical structures
in holographic CFTs CFT wedges, which we introduce below.

Consider an information metric Gy (here, # = B, [, . . . specifies the type of distance measure) for a
reduced density matrix p4 of a locally excited state given by Eq. (1.1), regarding the operator insertion
point X' = (w, w) as the parameter A in Eq. (2.20). The information metric has the components Gy;
with i,j = w, w, and depends on the location (w, w). Since the restriction to 2d CFTs is not necessary
in this subsection, we have in mind holographic CFTs in any dimensions below.

In this setup, we introduce the geometrical structure in a CFT, which we call the CFT wedge Cﬁl#)
for the subsystem A4, as follows:

if X € C”, then Gy (X) > 0;
if X ¢ C, then Gyy(X) = 0. (2.30)
In the case of the Bures metric, we can write this equivalently in terms of fidelity as follows:
ifX =X e CP, then F(p(X), p(X")) =~ 1;
ifX ¢ P and X" ¢ CP), then F(p(X), p(X")) ~ 1;
otherwise, F(p(X), p(X")) ~ 0. (2.31)
Also, for the distance measure /(p, p’) we can express the CFT wedge C/g]) by
ifX =X e, then I(p(X), p(X")) ~ I;
iftx ¢ C{ andx’ ¢ C, then I(o(X), p(X")) ~ I;
otherwise, I (p(X), p(X")) ~ 0. (2.32)
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Note that the sharp geometrical structures in Egs. (2.30), (2.31), and (2.32) only appear in holo-
graphic CFTs, where we take the limit 4, > 1 as in Eq. (1.2). The non-vanishing information metric
in Eq. (2.30) scales as O(hy). For generic CFTs, such as free field CFTs, we only find smeared
behaviors, which prohibit us defining a CFT wedge, though qualitatively the behaviors of distance
measures are often similar. In other words, the sharp CFT wedges emerge only when we consider
holographic CFTs.

We would also like to stress that the CFT wedges can depend on the choice of distance measures.
Indeed, as we will see later, for generic setups, CIQB) and Cj[) can differ. In the end, we argue that
the correct choice which probes the low-energy states in AAS/CFT (i.e. the code subspace) will be
the Bures metric. We will comment more on this point in the final part of this paper.

3. Entanglement wedge from I (p, p’) in the single-interval case

We start with the simplest example, namely the CFT wedges Cj[) of Eq. (2.32) for the measure
I(p, p") in Eq. (2.7) when 4 is a single interval in a 2d CFT. Consider a 2d CFT on the flat space R?,
whose Euclidean time and space coordinate are denoted by T and x. We employ a complex coordinate
(w,w), or equally a Cartesian coordinate (7, x) such that w = x + iz. If the CFT has a gravity dual,
it is dual to gravity in the Poincaré AdS; metric of Eq. (1.3). However, below we will analyze both
holographic and non-holographic CFTs to compare their results.

3.1.  Reduced density matrix for single-interval and CFT wedges

We choose the subsystem A to be an interval 0 < x < L at t = 0. The extremal surface I'4 in the
bulk AdS is given by the semicircle (x — L/2)? + n? = L? /4. Therefore, the entanglement wedge
My is given by

(x —L/2)* + n* < L?/4. (3.1)

Note that this is also identical to the causal wedge [45].

From the viewpoint of CFTs, we consider an excited state by inserting a local operator O, at (w, w)
and define the reduced density matrix in Eq. (1.1). We regard the location (z, x) of the insertion point
as the parameters of p4. Having in mind the AdS/CFT duality, the geodesic which connects (z,x) and
(—1,x) intersects the time slice T = 0 at the point P given by n = 7. Therefore, if the entanglement
reconstruction is correct, the CFT wedge, based on a proper distance measure, should coincide with
lw—L/2| < L/2, or, equally,

L\* , I?
Cy: —=) +17 < —. 3.2)

Accordingly, the information metric should vanish if the intersection P is outside the CFT wedge,
Le.

_ L\? L2
Cy: < —§> +T2>Z, (3.3)

while it is non-vanishing inside the wedge, Eq. (3.2).
In this section we focus on calculating the CFT wedge C) for the measure /(p, p') of Eq. (2.7).
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Fig.2. The conformal mapping for the calculation of Tr[pp’]. The green (or blue) points describe the local
excitations in the CFT which are dual to bulk local excitations outside (or inside) the CFT wedge.

3.2.  Calculation of I(p, p')
Let us calculate /(p, p’) of Eq. (2.7) for the two density matrices

p = pa(w,w), P = paw,w). (3.4)
To calculate Tr[pp’], consider the conformal transformation’
5 w

= —, 3.5
: w—L (3-3)

which maps two flat-space path integrals for o (w, w) and p (W', w') into a single plane. The coordinate
of the latter (single plane) is written as (z, z). The insertion points of the local operators O, and OZ,
are given by

wy =x+it(=w), wy =x—it(=w) (3.6)
for p(w,w), and
w/3 =x +it'(=w), wﬁt =x —it'(=w) (3.7)

for p(w', w’). Refer to the upper two pictures in Fig. 2. The transformation in Eq. (3.5) maps these
four points into z1, z3, z;, and zj given by

—X —IT —x +irt
1= T o D= T

L—x—it L—x+it

[ —x' +it’
== —. 3.8
“ L—x +it’ (3.8)

It is important to note that the boundaries of the CFT wedge |w — L/2| = L/2 of the original two
flat planes are mapped into the diagonal lines z = iz, as depicted in Fig. 2. As we will see soon,

this leads to the CFT wedge structure in the distinguishability.

"' The calculations are similar to Refs. [29,30,46].
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The trace Tr[pp’] is now expressed as a correlation function on the z-plane:

2hq 2hg 2ha 2hq 72

dZ] o
'H(ZI’Z2:Z3=Z4) : Wv

Tr{pp'] = %

dzp
dwy

/
dzy

/
dwj

/
dz,

a’wﬁ1
(05(z1,21) 04 (22, 72) O (2}, 24) Ou (2}, 24))
(O (W1, 91) Oy (w2, W2)) (OL (W}, W4) O (W), W)

H(z1,22,25,24) = , (3.9)
where (- - -) denotes the normalized correlation function such that (1) = 1, and we also write the
vacuum partition function on an n-sheeted complex plane by Z™.

Thus, we obtain

Lo oy = |21/ 2ha | dzy fdwy [P | dzl fawly [P | dzly fdw)y [P
POY= g jaw! | \dzhjdwh | |dzsjdws | |dzajdws
F b b / b f
x (e1.22,23.24) , (3.10)
VF(21,22,23,24)F (2], 23,2}, 2)
where F is the (normalized) four-point function
F (21,22, 23, 2)) = (0}(21,21)0u (22,22) O} (75, 73) Ou (2}, 2)) . (3.11)
Because we have the relations
zZ] = —z3 = Z, Zp = —Z4 = Z,
Zy=-z3=12, Zh=—z, =72, (3.12)
we can simplify Eq. (3.10) as follows:
’ F(Zv Ea _Z/a _2,)
I(p,p") = (3.13)

\/F(Z,E, -z, _Z)F(Z/5E/3 _Z/, _2/)

We now study this quantity for both a holographic CFT and a free scalar CFT.

3.3.  Holographic CFTs

First, let us evaluate Eq. (3.13) in holographic CFTs. We assume the range in Eq. (1.2) of conformal
dimension /4. In this case, the large-N (or large-c) factorization property justifies the generalized
free field approximation [47]. That is, in the large-c limit, the leading contribution to the correlation
function in Eq. (3.11) is given by a simple Wick contraction based on the two-point function

(01(2,2)04(2,2)) = |z — 2| ¥, (3.14)

The generalized free field prescription leads to a simple expression of the four-point function:

—4 —4h —4h —4h
F(z1,22,25,2) ~ |z1 — 22| ™ - |25 — 21 7% + 121 — 24| ™|z — 24

~z =z =Tz 2 (3.15)
where in the final line we remember that z; = z and z’ = z3. In the right-hand side of Eq. (3.15), the
first term comes from the Wick contraction (0T (1)0(2))(O7(3)O(4)), which we call the trivial Wick

contraction. The second term arises from the other Wick contraction, (OT( 1)0(4))(0T(3)0(2)),
which we call the non-trivial Wick contraction.
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First, consider the case where the local operator is inserted outside the CFT wedge, Eq. (3.3). This
is mapped into the uncolored region in Fig. 2 given by the wedge region |Im[z]| < |Re[z]|. When
both w and w’ are outside the wedge, the lengths |z1 —z| = |z—Z| and |z} —z}| = |z’ —Z'| are shorter
than |z —z,| = |zp — 4| = |z+Z'|. Therefore, the four-point function in Eq. (3.11) is approximated
by the first term, which comes from the trivial Wick contraction. Therefore, we finally obtain

if w and w’ are outside, then /(p, p’) >~ 1. (3.16)

This tells us that we cannot distinguish between p and p’ when the local excitations are outside the
CFT wedge.

Next, we turn to the case where both w and w’ are inside the CFT wedge, Eq. (3.2). In this case,
the lengths |21 —z3| = |z —Zz| and |z} — 23| = |2/ —Z/| are larger than |z —zj| = |z2 — 2| = |z +Z/].
Therefore, the four-point function in Eq. (3.11) is approximated by the second term, which comes
from the non-trivial Wick contraction. Therefore, we finally obtain

10, 0) = |z + 7|8 |z 421" . 12 + 7™, (3.17)

Since we always have |z + Z||z/ 4+ 2’| < |z + 2|? and take the limit 4, >> 1, this quantity I(p, p’) is
vanishing except when z = z’:

if w and w’ are inside and w = w’, then I (p, p) =~ 1; (3.18)

if w and w' are inside and w # w/, then I (p, p’) >~ 0. (3.19)
Finally, when either of w or w’ is inside the CFT wedge, we find that /(p, p’) is vanishing:
if w is inside and w’ is outside (or vice versa), then I (p, p') == 0. (3.20)

These behaviors in Egs. (3.16), (3.18), (3.19), and (3.20) confirm our expectations in Eq. (2.32),
and this shows that the CFT wedge Cg) agrees with the entanglement wedge in AdS/CFT in the
present example. Refer to Appendix A for more detailed calculations of 7(p, o) in this example.

We also plot the profiles of 7(p, p) in the left columns of Figs. 3 and 4. The left graph in Fig. 3
shows I(p, p') as a function of w when w’ is fixed inside the CFT wedge. We observe a clear peak
at w = w’, which will be highly localized in the limit 4, >> 1. In the left graphs of Fig. 4 we fixed
w’ outside the CFT wedge. We can observe a clear entanglement wedge structure, where we have
I ~ 0 inside and / ~ 1 outside.

3.4. Freescalarc =1 CFT
To understand how the properties of holographic CFTs are relevant to the emergence of entanglement
wedges in the gravity duals, consider the free massless scalar CFT (¢ = 1 CFT) in two dimensions.
We choose the operator Oy to be

Oy (W, W) = elP(¢(W)+¢>(VV))’ (3.21)

where ¢ (w) and ¢ (w) are chiral and anti-chirazll massless scalar fields. Note that the conformal
dimension of the above operator is 4, = ﬁa = %. In this case we obtain

|z + /|3

F(z,z,—Z,-7) = — — —
> ’ |Z—Z|4h|z/—z’|4h|z+z’|8h

(3.22)
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Holographic CFT (w'=1+0.11) Free Scalar (w'=1+0.11)

Fig.3. The value of /(p, p’) as a function of Re[w] (horizontal axis) and Im[w] (depth axis) when w’ is fixed
inside the CFT wedge. In particular, we chose &, = 1/2, w' = 14+ 0.1i, and 4 = [0, 2] (i.e. L = 2). The left
and right graphs describe the results for the holographic CFT and the ¢ = 1 free scalar CFT, respectively.

We can easily estimate Eq. (3.13) analytically, and obtain

3.23
Alz||')|z + 212 (323

(o, p)) = (Iz+z’|2|z+2||z'+?l)4h,
for any values of w and w’. Note that in these excited states, we always have Tr[p?] = Tr[p"?] = 1
as they do not generate entanglement between the left and right moving modes [29,30,46].

Thus, in this free scalar CFT there is no sharp CFT wedge structure, as expected for non-holographic
CFTs. The numerical plots are in the right columns of Figs. 3 and 4. Even though we can observe a
peak when w is inside the CFT wedge (see Fig. 3), which is similar to the holographic case, we do
not find any sharp CFT wedge when w is outside the wedge (see Fig. 4). In this way we can conclude
that there is no emergence of the entanglement wedge in ¢ = 1 CFT, as expected.

3.5. Two different operators

So far we have assumed that both p4 and p/; are created by the same local operator O, as in Eq. (1.1).
It is also instructive to consider the case where p4 and p/; are created by two orthogonal operators O,
and Og respectively (each chiral conformal dimension 4, and /g) such that the two-point function
{0y Og) vanishes. We would like to calculate / (o4, ,0;1) in this case. Again, we can use the expression
in Eq. (3.10) as

(0}(21)04(22)0}(25) 0p (})
{0k 21)0u(22)0} (300 2)) .10} 05(25) 0}, ) 05 2})).

I(pa, py) = ., (324

where we can write zy = z,zp =z, 23 = —z, z4 = —Z, etc.
Now we evaluate this in holographic CFTs, by applying the large-c factorization (generalized free
field prescription). First of all, we can always estimate

(05 (21)0u (22) 0} (25) Op ) = |z — 2|~ - |2/ — 277415 (3.25)

13/59

Zz0oz Ainr G uo Jasn nsyysoyso| ng-nyeboN nyebleq 0j0Ay Aq Z611265/G01 9L L/ L L/0Z0Z/8l01e/de)d/woo dno olwepeoe//:sdiy woij papeojumoq



PTEP 2020, 11B105 Y. Kusuki et al.

HolographicCFT (w'=—1+0.11) Free Scalar (w'=—1+0.11)

'd ———
.

Fig.4. The value of /(p, p’) as a function of Re[w] (horizontal axis) and Im[w] (depth axis) when w’ is fixed
outside the CFT wedge. In particular, we chose h, = 10 and 4 = [0,2] (i.e. L = 2). The upper two graphs
are for w' = —1 4 0.1, and the lower ones are for w = 1 + 2i, both of which are outside the wedge. The left
and right graphs describe the results for the holographic CFT and the ¢ = 1 free scalar CFT, respectively. We
find that the wedge structure is sharp only in the holographic CFT. For the free scalar CFT, we can detect an
excitation even outside the wedge.

Depending on whether z >~ Z’ is inside or outside the CFT wedge, Egs. (3.2) or (3.3), we find
inside EW: (0% (21) 04 (22) O}, (23) O (24)) =~ |z — 2|~ 8"e;
outside EW: (O] (21)04(22)0} (23) Oy (24)) =~ |z + 2|73, (3.26)

Thus, we can evaluate Eq. (3.24) as follows:

4hg
Z 4+ 7

~ 0;

4 5|

inside EW: I (p4, p)y) >~ ‘Z

/ /

z —Zz

outside EW:  1(p4, 04) =~ 1. (3.27)
This nicely fits with the entanglement wedge structure in AdS/CFT: we can distinguish two different
operators inside the wedge, while we cannot outside. In particular, since this analysis can be applied

to the case when Og is the identity operator, p4 cannot be distinguished from the vacuum one (no
insertions of operators), if the insertion of O, is outside the wedge.
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Fig.5. The complex plane which describes the path integral that calculates the trace 4,,,, = Tr[(p" p’p")"],
i.e. Eq. (4.1), after performing the conformal transformation in Eq. (4.3). Here we choose m = 1 and n = 3
for convenience.

4. The Bures metric in the single-interval case

So far we have studied the measure /(p, p’). Instead, here we calculate the Bures distance Dg(p, p’)
defined by Eq. (2.11) and the Bures metric Gg defined by Eq. (2.20) in the same setup. This problem
is essentially the computation of the following trace:

Anm(p, p") = Tr[(p"p'p™)". 4.1

By analytically continuing » and m and setting n = 1/2 and m = 1/2, we obtain the fidelity:

Aiy2,12(p,p") = Tr[ «/5,0/\/5] =F(p,p). (4.2)

We will employ this replica-like method below to calculate the fidelity.
For this, we apply the conformal transformation

Sk — 4.3)
where
k= QQm+ Dn, (4.4)

so that the path integrals for 2mn ps and n p’s are mapped into that on a single plane, with the
correct order of ps and p’s specified by Eq. (4.1). See Fig. 5 for a sketch of the geometry after
the conformal transformation. This map is similar to those employed for the calculations of relative
entropy [48-52].
Then, A, is written as the 2k-point function divided by the normalization of Tr[p] and Tr[p’],
i.e. two-point functions:
(0L w1)Ou (W) - - Oh(wat—1)Ou (W)~ ZP

Anm = : . 45
[T, (O w2i-1) O (w2)) (Z)k (4-5)
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Here, Z® is the vacuum partition function with k-replicated space. The 2k-point function in the
w-plane is mapped into that in the z-plane by

(OF (W1) O (W2) - - - OF (Wak—1) Oy (W)

2k 1 2
=[] (0iEN0u(z) - OLGa-1)0u(20)). (46)
i=1
Since we have
d -k k 1 2
e _ 2@ @.7)
dw kL
and
4h
k 1k o
; | EF=DE* -1
(O,(W)O0u(W)) = Lk — %) ) (4.8)
the ratio in Eq. (4.5) can be rewritten as
2k —k |2he
(zi)
Apm = 1_[ lk X
i=1
k (k)
k k\4hg i i
l_[ [(Z2j—1)" — (22)" 7 - (Og(21) O (22) - - - O (22k—1)O(22k)) - ZOHE (4.9)
Note that we have
—x—it \'/* (=) —x+it \*
zZ1 = _— (= Z frd _—
! L—x—it ’ 2 ! L—x+it ’
Dar1 = e F521,  mep=eFSzm  (s=1,2,...,k—1). (4.10)

Aswe will see in explicit evaluations, the analytical continuation m = 1/2 is rather straightforward.
This allows us to define the convenient ratio

Ttl(\/pp'/P)"] @11)
VT p? | Te[p?"] '

We immediately find that 41(p, p') = I(p, p") and 412(p, p") = F(p, p’).

An(p, p") =

4.1. The Bures metric in holographic CFT for Poincaré AdS;

Let us focus on a holographic 2d CFT. The leading contribution is again given by the generalized
free field prescription. When w and w’ are outside the CFT wedge, Eq. (3.3), we can approximate
the 2k-point function as

k
(Of(21)04(22) - - - Of (224 -1) O (z21)) H (Of (22-1) O (22))

ZZ] 1 —sz h"‘. (4.12)

||:|a~ |
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In this case we get the trivial Bures distance
Dp(p,p)? =2(1 = Aij2,12) =0, (4.13)

where we note that K — 1 in this limit. Thus, the Bures metrics Gg;; all vanish in the outside wedge
case.
On the other hand, when w and w’ are inside the CFT wedge, Eq. (3.2), we can approximate

(07 (22/-2)O(22j-1))

:»

(0T (21)0() - - - 0T (224 _1) O(z21)) =

J

I
_

~

—4h
|z2j—2 — zpj—1]7

—

J=1
~ 1z 2 —8hyn = EL 4k, 2m—1)n
~|lz—ek Z| |z —e* z| , (4.14)
where we regard zg = zp;. Thus, we have
2% 1—i |2ha
(zi)
Apm = 1_[ T X
i=1
_ _ _ 2mi _ 2mi 7k)
|Zk _ Zklghamnlzlk _ Z/k|4han|Z _ eTZ/|_8h°‘n|Z _ eTZ|—4ha(2m—1)n . . (415)
(Z)k

In the limitm =n — 1/2 (k — 1), we find

Aijpajy = |z = 2P| — 2 PR — 27 =y — P — W PR — e (4.16)

where z and w are related by z = *7 in the k — 1 limit. By assuming that dz = 2z’ — z is
infinitesimally small, we obtain the Bures metric

he
Dg(p, p')* ~ Z(dx2 +d7?). (4.17)

Interestingly, this Bures metric coincides with that for the pure state in Eq. (2.28). Therefore, it
is proportional to the metric on a time slice of AdS;. Remember that the original Euclidean time
coordinate T can be regarded as the radial coordinate 7 via the intersection between the geodesic
and the time slice, as in Fig. 1. This agreement between the information metric with the bulk metric
is natural if we think that the distinguishability in the quantum estimation theory is related to the
bulk locality resolution. At the same time, the agreement between the Bures metric for p4 with
local excitation inside the CFT wedge and that for the pure state tells us us that we can perfectly
reconstruct the information in the entanglement wedge from p,. This supports the entanglement
wedge reconstruction.

4.2.  The Bures metric in holographic CFT for global AdS;
Next, we turn to a holographic CFT dual to the Euclidean global AdSs3,

ds* = R%(cosh? pdt? + dp? + sinh? pdx?). (4.18)
This is a 2d holographic CFT with the space coordinate compactified on a circle, x ~ x + 2. We

choose the subsystem A to be the interval 0 <x </att = 0.
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By performing the conformal transformation w = e with £ = ¢ 4 ix, we find

lw — 1/w|?he|w' — 1w |2he 2cosh 7 cosh 7/
Avp12 = =

lw — l/w_/’IZhalw/ _ 1/w|2ho,

2hy
] . (4.19)
x')

cosh(t + t/) — cos(x —

This leads to the following Bures metric inside the CFT wedge:

h
Df = ——(dt* +dx?). (4.20)

sinh“ 7

Since the geodesic in global AdS3; which connects the two points (79,x¢) and (—7g,xp) at the
boundary p — oo looks like

. cosh2p _ 1/2

Lo [z

& = . o (4.21)
sinh p — {M — 1}

cosh? P

where p, is the intersection point of the time slice T = 0 and this geodesic in the bulk AdS, by taking
the boundary limit p — oo we find the relation

1

sinh 1) = — .
sinh p,

(4.22)

By relating the boundary point (7,x) to the bulk point (0, x) on the time slice t = 0 using this
relation we can rewrite the metric in Eq. (4.20) as

DE = hy(dp? + sinh? pdx?), (4.23)
which agrees with the time slice metric of the global AdSs3, Eq. (4.18).

4.3.  The Bures metric in holographic CFT for BTZ

Consider a holographic CFT dual to the Euclidean Bafiados—Teitelboim—Zanelli (BTZ) (with a
non-compact horizon),

27\ ? 27\ 2
ds* = R? ((%) sinh? pdt? + dp?* + (%) cosh? ,odxz). (4.24)

This is given by a 2d holographic CFT, with the space coordinate compactified on a circle, T ~ 7+ g.

2
By performing the conformal transformation w = e #% with & = x + it, we find the following
result in the case of the non-trivial Wick contraction:

2hy
2h 2h 4h 2sin (%TT> sin (2%1—/)
Arp12 = [w = WP — W[ w — | T = py— ) (4.25)
cos (ﬂfo) — cosh (%>

Note that we limit the range of T to — /2 <t < /2.
This leads to the following Bures metric inside the wedge:

()
DY = he— 7 (ae? 1 ax). (4.26)

sin? (%”r)
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The geodesic in BTZ which connects the two points (g, x9) and (—17g, x¢) at the boundary p = co
looks like

o 1/2
n coshp—i—i{ﬂ#—l}
er’ = s (4.27)

‘ 1/2°
[ sinh?2p }
coshp —i {—sinhz . 1

where p, is the intersection point of the time slice t = 0 and this geodesic in the bulk. Note
that Eq. (4.19) in the global AdS and Eq. (4.27) in BTZ are related by the familiar coordinate
transformation

(p,t,x) = (p +in/2,it,ix). (4.28)

By taking the boundary limit p = oo, we find the relation
. (27 1
sin| —7p ) = . (4.29)
B cosh p,

By relating the boundary point (z,x) to the bulk point (p,x) on the time slice t = 0 using this

relation, we can rewrite the metric in Eq. (4.26) as
2 2 27 \? 2 42
Dg = hy | dp” + ? cosh” pdx“ |, (4.30)

which agrees with the time slice metric of the BTZ, Eq. (4.24).

Moreover, we can also confirm that the CFT wedge in this case agrees with the entanglement
wedge in BTZ as follows. The condition for the non-trivial Wick contraction is |z — z| > |z 4 Z|,
where

Bt

2
= 431
z e%’(x—i—it) _ e%”l ( )

This leads to the condition

;. (27T 2 21 2t 21 2t 27
|:eﬁ sin (7>i| + (eﬁ cos (7> — 1) (e/f‘ cos (7> —ef ) <0. 432

On the other hand, the geodesic which connects x = 0 and x = / (on the slice T = 0) in the BTZ
geometry is

cosh [%T (x B é)] _ cosh p,sinhp
sinh [%, (x _ %)] T Joosh?p — cosh? p. (4.33)
where
cosh p, = %‘ (4.34)

sinh (21)
This coincides with the border of Eq. (4.32) via the relation between 7 and p given by Eq. (4.29).
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4.4.  The Bures distance for different operators

Next, we consider the Bures distance Dg(poy4, ,0;1), where p4 and ,0;1 are defined by locally excited
operators Oy (w, w) and Og(w’, w') that are orthogonal to each other. Let us work out the behavior
of the Bures distance by computing 4,, introduced in Eq. (4.11) and taking the limit » = 1/2. Using
the expression in Eq. (4.9), we eventually find:

if w and w’ are both outside the CFT wedge, then 4,, >~ 1;

if w and w’ are both inside the CFT wedge,

xi _ |4han , zi_, 4hgn
z—enz z —enz
then 4,, = - — ~0;
z—Zz z —Z
if w is inside and w’ outside the CFT wedge,
wi _ |4hgn
z—enz
then 4, = — ~ 0. (4.35)
z—2Zz

Here, we used the assumption that 4, hg >> 1 and noted that the inside CFT wedge region is given
by |z — enz| <l|z—1z|. By taking the » = 1/2 limit, the fidelity behaves as follows:

if w and w’ are both outside the CFT wedge, then F(p, p’) =~ 1;

otherwise, F(p, p') >~ 0. (4.36)

The above behaviors precisely agree with what we expect from the entanglement wedge reconstruc-
tion.

4.5. The Bures distance in free scalar c = 1 CFT

It is useful to compare the previous Bures metric in holographic CFTs with that in free scalar CFT.
Consider a ¢ = 1 free scalar CFT and choose the primary operator O, to be as in Eq. (3.21) with
p = 1/2 to simplify the calculations. As we explain in Appendix B, in this case we can analytically
evaluate 4, ,,, and eventually we find the fidelity

WVZ+VHE+V) (Z+VDWZ+V7)

A2 = —— - : (4.37)
A VWE T V7 INEIE
where z = w/(w — L). Several profiles of the fidelity are plotted in Fig. 6.
The Bures metric for the free scalar can be found as
L?(dw)? L (dw)? dw)(dw
2 (dw) (W) @@

L2
oL —w)? 16w L —w)? | (\/IJF\/I)z 2wlw — L3
w—L w—L

This metric is plotted in Fig. 7. Note that we cannot find any sharp structure of a CFT wedge, as
opposed to the holographic CFT. However, in the limit t — 0, we find the metric D3 ~ % (dt?+dx?)
for0 <x <L.

5. Time dependence

In this section we analyze how we can understand time evolutions of the CFT wedges and how they
agree with the AdS/CFT prediction.
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Fig. 6. Profiles of the fidelity 4,—1 /2 m=1» = Tr [ P p’ﬁ] inc = 1 free scalar CFT for the operator O = €,
which has the dimension # = 1/2 when we change the value of w. The upper left, upper right, lower left, and
lower right graphs describe 4,_1/2m=12 forw = 14 0.05i, w = 14+ 02i, w = 1+ 0.8, and w = 1 + 2i,
respectively. 4,-1,2,=1,2 18 plotted as a function of (p, q) for o'W = p + iq), with L = 2.

Fig. 7. Profiles of the Bures metric for ¢ = 1 free scalar CFT as a function of w = x + it: 712G, (left), 12G,,

(middle), and t2G,, (right) as functions of x and 7, with L = 2. At the boundary T — 0, we find 712G, o> 1

and 72G,, — 0.

Consider insertions of two operators O, and O;r, at wi = x + ity and wr, = x — i1p. If we choose
T = 10 + 1, T =19 — i, 5.

then we can describe the Lorentzian time evolution of the state e~ O, (x)|0).
The gravity dual of the two-point function (OZ, (w1, w1)Oq(wy, W2)) is given by the geodesic in the
Poincaré AdSs which connects the two boundary points, given by

_ 2 2
<z _a ”) R TG 2V (5.2)

2 4

This intersects with the time slice 7 = 0 at the point n = . /7172. Therefore, the condition of inside
the CFT wedge,

() et
n , (5.3)
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is rewritten in terms of the CFT as

x> —Lx+11n <0. (5.4)
We now derive this condition from the information metric analysis. The crucial condition of the CFT
wedge is

|22 — z3] < |z1 — 221, (5.5)
where

—Xx — i1 . x+it
Zl =7 ——— =L/
L—x—in L—x—in

—X+ it . X —in
zy = =1 ,
2TV IL—x+in L—x+in

73 = —z1. (5.6)

This condition is rewritten as

Re [\/(x Fit)Go+ i) L —x+it) L —x+ irz)] > 0. (5.7)
This is equivalent to
Im[(x +it)x+inn)(L—x+it))(L —x+itn)] >0, (5.8)
or equally
— (Tt + )L = Lx+1112) > 0, (5.9)

which finally reproduces the condition in Eq. (5.4) derived from the entanglement wedge structure
in AdS/CFT.
After the analytical continuation to the real time evolution of Eq. (5.1), the CFT wedge is given by

LN, ., 12
_Z <= 5.10
( 2) +1+17 = 1 (5.10)

This agrees with the entanglement wedge in AdS/CFT. Refer to Fig. 8 for a sketch.
The fidelity 412,12 = F(p, p’) is computed as

2h
[wy — wi||w) —w/ll] ¢

A1/21/2=[
W) — willwy — wi

_ o1 + 2l + gl . (5.11)
((x/ _ x)2 + (‘L’l + ":2/)2) ((x/ _ x)z + (‘L’{ + .[2)2) . .

This leads to the Bures metric in Euclidean space:

4h
D% =2(1-4 ~—— _(d? +dndn). 5.12
B = 2( 1/2,1/2) (t1—|—r2)2( x* +dt1dty) (5.12)

We can actually see that this length coincides with the square of the minimal length between the
geodesic which connects wi and w, and the one which connects w’1 and W/z-
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{darv Bulk AdS

Entanglerhent

Fig. 8. The time evolution of a local excitation in CFT and entanglement wedge in the gravity dual.

If we substitute Eq. (5.1), then we have the Bures metric under the real time evolution:

h
D§ = —(dx* +dt*). (5.13)
%

Notice that even though we consider the Lorentzian time ¢, the metric is positive definite as follows

from the definition of the Bures metric. Refer to Appendix C for an analysis of the Bures metric in
the more general time-dependent case.

6. Double-interval case

Consider the reduced density matrix p4 in a 2d CFT when A4 consists of two disconnected intervals
A1 and A, which are parameterized as

A1 =10, 5], Ay = [l +s,1+ 2s]. (6.1)

Owing to the conformal invariance, this parameterization is enough to cover all possible configura-
tions of the double intervals. Then, as in the single-interval case, we insert a local operator O, at a
point w = x + it. This defines a reduced density matrix p4, Eq. (1.1), for the locally excited state.

6.1. Conformal map

We employ the following conformal transformation (analogous to the one in Refs. [53—55]) which
maps a complex plane (the w-plane) with two slits along 41 and 4; into a cylinder (coordinate z):

2= fo) = 6 [ / " o ! 6.2)
- B 2K(/{2) 0 \/(1 _x2)(1 _ K2x2) 2 ) ’
where we have introduced
.2 o /
w = 7 (W S E),
Ity = 22 KD
=Ry

K(Kz)—/l dx
o JU =)A=
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Fig.9. The conformal mapping for the calculation of Tr[p40/] in the double-interval case. Here we chose
phase (i), where the entanglement is connected, as shown by the colored region. The lower picture describes the
geometry after the mapping and represents a torus by identifying Im[z] ~ Im[z]+4 27 and Re[z] ~ Re[z]+2J.
The green (or blue) points describe the local excitations in the CFT which are dual to bulk excitations inside
(or outside) the entanglement wedge M.

(6.3)

Note that we have

dz 2
— = : (6.4)
dw K1 —«k2)y/(1 —w2) (1 — k2W?)

Also notice that we are considering the analytical continuation of the integral given by the Jacobi
elliptic function:

Y dx e~ 2
=sn  (w,k°). (6.5)
0 V(1 —x2)(1 —«2x2)
It is useful to note the relation
sn~! (i, 0) = arcsin(iv). (6.6)

Consider the calculation of Tr[pp’], where p = ps(w,w) and p’ = py(w',w'). Each of p and
p’ is described by the path integral on the complex plane with two slits. We can compute Tr[pp’]
as the partition function on the space obtained by gluing the two complex planes along the slits.
This is conformally mapped into a torus. This torus is constructed by gluing two cylinders: one of
them describes p and is obtained by performing the transformation z = f'(w) in Eq. (6.2). The other
corresponds to p’ and is obtained from another transformation, z = —f (w). These conformal maps
take the original two-sheeted geometry into a torus, as depicted in Fig. 9. The horizontal and vertical
length of the torus are given by 2J and 27, respectively.

Finally, we find that 7 (p, p’) is given by the same formula as in the single-interval case, Eq. (3.13),
where F is the torus four-point function. In the next subsection we study the CFT wedge geometry
by focusing on holographic CFTs.
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6.2. CFT wedges from I(p, p') in holographic CFTs
In holographic CFTs, we need to distinguish two phases depending on the moduli of the torus [26]:

(i) Connected phase: J < 7, or equally k < 3 — 2/2;
(ii) Disconnected phase: J > 7, or equally k > 3 — 2+/2.

In phase (i), the entanglement wedge gets connected because s* > (2s + 1)/, i.e. S 4y +S4, > Say4,-
In this case, the AdS;/CFT, duality tells us that the entanglement wedge M, in the Poincaré AdS,

Eq. (1.3), looks like
2 1\* I 2
Mgon ZE(x—S—E) +n2§(§+s) ©.7)

on the time slice T = 0. In terms of the location of the local operator O, insertion, the corresponding
CFT wedge is expected to be

P2 1\ LY
cson ZS(X—S—E) +T2§(5+S> . (6.8)

On the other hand, in phase (ii) the entanglement wedge gets disconnected as s> < (2s + 1)/, i.e.
Sa, +8u, <S4y Az In this case, the entanglement wedge M4 in the Poincaré AdS, Eq. (1.3), is found
to be M/II)iS = M?S(l) U Mfls(z) , Where

2
Dis(1) SN2, oS
W o3y e
) X 3 +n" = 4
2 2
Dis(2) . 3s 2 _ S
M : - — =1 < —. 6.9
PO (v T -t) v (69
The corresponding CFT wedge reads
2
Dis(1) . SN2, 2_S
CA s . ( - 5) + T S Z,
. 3 2 2
o (x - ES _ 1) +2< SZ‘ (6.10)

Now let us work out the CFT wedge from the calculation of 7(p, p") in holographic CFTs. The
two-point functions on the torus in phases (i) and (ii) behave like

2 . _ !/ —4ha
(01(2,2)0a(=',2)) ) = |sin (”(” Tin Z)) ,

27

2‘] _ !/ —4ha
(05(2,5) 00z, 7)) iy ~ |sinh <(2+2#> : 6.11)

takes the smallest value among all integer n at n = n

where we assumed that ‘sin (%"’_Z’)M

for phase (i) and ’sinh (%’”72/))‘ takes the smallest value among all integer n at n = ny for
phase (ii).

This expression for the two-point functions in Eq. (6.11) follows from the standard fact in
AdS3/CFT, that the gravity dual of the torus is given by a solid torus. We can construct the dual
solid torus by filling the inside of the torus such that the circle Re[z] (or Im[z]) shrinks to zero size
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in the bulk when we consider phase (i) (or (ii)). This is due to the well-known Hawking—Page phase
transition [56], and matches perfectly with the large-c CFT analysis [26].
We can rewrite the value of I(p,p’) in holographic CFTs using the generalized free field

approximation:
F / /
I(o,p') ~ Comiviy) (6.12)
\/F(Zl922523924)F(Zl522,z3az4)
where
F(z1,22,74,2}) = min[<0§(a,zl)oa(zz,zzn<0§(zg,zz)0a<za,za)>,
<0;‘,<Z1,21>0a<zg,éa)><02:<zz,zz>0a<zg,ég)>]. (6.13)

The locations z1, z; and z3, z; of the operator insertions are depicted in Fig. 9, explicitly obtained via
the map in Eq. (6.2) from the original insertion locations wi, w, and w}, wy in the double-sheeted
geometry which describes the path integral of Tr[pp’].

When the true minimum is the first term in Eq. (6.13), i.e. the trivial contraction, we simply find
I(p,p") = 1 and we cannot detect the local operator insertions. On the other hand, if the other
one is favored as the minimum (i.e. the non-trivial contraction), then /(p, p’) becomes a non-trivial
function of the locations of operator insertions.

The condition that the non-trivial contraction is favored is given by

min Hsin (;—J(Zz — 21)>) s

in the connected case (i), and by

1
sinh (5(22 — Z1))

in the disconnected case (ii).

sin (%(zz - 27ri)>H > ‘sin (%(23 —zz)>‘ (6.14)

1
sin (E(Zz — Z3)>

We plot the parameter region of (x, t), where the non-trivial contraction is favored, in Fig. 10 for

b

> min|:

sin G(zz - 2J)) H (6.15)

the connected phase (i) and Fig. 11 for the disconnected phase (ii).

In both cases, the region is very close to the true entanglement wedge, Eq. (6.8). The deviation
is interestingly very small (within a few percent), and is sketched in Fig. 12. The wedge derived
from I(p, p’) in the holographic CFT can be larger or smaller than the true entanglement wedge
in AdS/CFT, depending on the situation. Notice that these deviations are leading order in our com-
putational scheme, i.e. 1/c expansions, and thus we cannot regard them as quantum corrections in
gravity. Rather, it is an essential feature of the Rényi-like measure /(p, p"). We will comment on
possible interpretations of this phenomenon in later subsections.

6.3. Plots of [(p, p') in holographic CFTs

We also explicitly plot the values of 7(p, p’) as a function of w’ (the location of operator insertion
of p/;) when we fix w (the location of operator insertion of p4) for both the connected (upper two
pictures) and the disconnected (lower two pictures) cases in Fig. 13. In both plots, the left graphs
show the plots when we fix w to be inside the wedge. In this case we find a sharp peak of 7(p, p’),
which reaches the maximum /(p, p’) = 1 only when w' = w. In the right graphs, w is outside the
wedge. We see that /(p, p’) = 1 when w' is also outside the wedge, while we have I(p, p") = 0
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Fig. 10. The location of the local operator on the w-plane where the non-trivial contraction is favored (left), and
its deviation from the entanglement wedge (middle and right). We set k = 0.1, where the entanglement wedge
is connected, i.e. phase (i). The blue curves are the borders between the non-trivial and trivial contraction. The
orange line in the right picture describes the entanglement wedge.

4 w=3+21
| ~ CFT wedge
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Fig. 11. The location of the local operator on the w-plane where the non-trivial contraction is favored (left),
and its deviation from the entanglement wedge (right). We set k = 0.2, where the entanglement wedge is
disconnected, i.e. phase (ii). The blue curves are the borders between the non-trivial and trivial contraction.
The orange line in the right picture describes the entanglement wedge.

Entanglement Wedge from AdS/CFT

CFT wedge from I(p,p’)

Y AN

Al \ | A2
Entanglement Wedge from AdS/CFT

p

Al A2

Fig. 12. The small deviation between the CFT wedge (red) based on /(p, p’) and the correct entanglement
wedge in AdS/CFT. The left and right pictures correspond to the connected and disconnected phases.
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Fig. 13. The values of 7(p, p’) as a function of Re[w’] (horizontal) and Im[w’] (depth) for fixed values of w
when the subsystem 4 consists of double intervals. In the upper two pictures k = 0.1 (connected phase), and
in the lower ones ¥k = 0.2 (disconnected phase). In the upper left and right pictures, w = 5 + 5/ (inside the
wedge) and w = 5 + 20i (outside the wedge), respectively. In the lower left and right pictures, w = 3 + i
(inside the wedge) and w = i (outside the wedge), respectively.

when w' is inside the wedge. All of these agree with the expectation from AdS/CFT, neglecting the
small deviation previously discussed.

6.4. CFT wedge from [ (p, p’) for the complement

It is instructive to also consider the behavior of CFT wedges for the reduced density matrix pp,
where B is the complement of the subsystem 4. We again focus on CFT wedges based on I(p, p’).
The calculation of Tr[pppj] is very similar to the previous one of Tr[p40/ 1, as depicted in Fig. 14.
The only, but very important, difference is that the locations of z and z4 are flipped. Therefore,
the conditions of non-trivial Wick contraction are simply opposite to each other: when we need to
take the non-trivial one for Tr[p40/], we need to take the trivial one for Tr[pppg], and vice versa.
Therefore, the CFT wedge for pp is just the complement of that for py.

This relation helps us to understand the behavior in Fig. 12. First of all, when the CFT wedge for
A = A1 U A, is disconnected, it is clear that the CFT wedge C4 should be larger than or equal to
that for the union of the CFT wedges C4, and Cy,, as the information included in p4 is greater than
that in the union of p4, and p4,. This explains the right picture of Fig. 12. Also, this requirement is
trivially satisfied in the left picture.
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Fig. 14. The conformal transformation for the calculation of Tr[pzp;] in the double-interval case assuming
phase (i), where the entanglement wedge B is disconnected, as depicted by the colored region. The lower
picture describes the geometry after the transformation, given by a torus by identifying Im[z] ~ Im[z] + 27
and Re[z] ~ Re[z] 4+ 2J. The green (or blue) points correspond to the local excitation in the CFT which is
dual to the bulk excitation outside (or inside) the entanglement wedge Mp.

To better understand the left picture in Fig. 12, let us consider the complement of 4,i.e. B = B1UB».
Since the wedge of B is disconnected when that for 4 is connected, we can apply the same rule, i.e.
Cp should be larger than or equal to the union of Cp, and Cp,. As we just showed, we also know
that Cp is the complement of Cy4. These two facts lead to the behavior of the left picture in Fig. 12.

6.5. The Bures distance in holographic CFTs

In the double-interval case we found that the CFT wedge defined by the distinguishablity measure
I(p, p’) does not precisely agree with the expected entanglement wedge from AdS/CFT, though the
deviations are very small. This motivates us to study CFT wedges for the Bures distance Dg(p, o),
Eq.(2.11), orequally the fidelity ' (p, p’), Eq. (2.1), which is expected to be the ideal distinguishablity
measure. As we will see below, the CFT wedge for Dp precisely agrees with the correct entanglement
wedge.

The fidelity can be computed from the analytical continuation 41,212 of 4y, Eq. (4.1), via a
replica-like method. Even though it is very difficult to evaluate 4, ,, for general integers n and m,
we can heuristically obtain analytical results in the limit » — 1/2 and m — 1/2 as follows. First,
notice the useful property shown in Refs. [27,28] that the vacuum replica partition function of a
holographic CFT with & ~ 1 can be approximated by?

Zs (Osoll s 425]) —— Zs, (10,14+25DZ5 ([s,145]) (1) cc.)nnected phase: sz' >2 2s + D,
c—>00 235, (105D L5, (l1+s,+2s7)>  (i1) disconnected phase: s= < (25 + 1)/,
(6.16)
where X ([a, b]) means the k-sheeted manifold with a cut along the interval [a, b], and Zyx, ((4,5)) is
the vacuum partition function on that manifold.

21If k is enough large, then we need to take the contributions from the descendants into account. We can
consider this by making use of Virasoro conformal blocks.
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slit of [0, 5]

Slitof [l + 5,1 + 25]

Fig. 15. The complex plane which describes the path integral that calculates the trace 4,,,, = Tr[(p” p’p™)"],
i.e. Eq. (4.1), where we performed the conformal transformation of Eq. (4.3) with L = s. Here, we choose
m = 1 and n = 3 for convenience. Now that we consider the double-interval case, we have cuts associated
with the slit [/ + s,/ + 2s] (the red solid lines).

Indeed, the limit of fidelity » — 1/2 and m — 1/2 corresponds to k — 1, as is clear from the
relation in Eq. (4.4). Therefore, we can factorize the computation of the fidelity F(p, p’) into two
correlation functions, each of which includes a single interval. In this sense the calculations are
reduced to the fidelity in the single-interval case, which we already worked out, e.g. in Egs. (4.13)
and (4.16). A CFT wedge in the single-interval case is bounded by a semicircle, which agrees with
the correct entanglement wedge.

We can illustrate this factorization from another viewpoint. If one wants to probe the disconnected
entanglement wedge [0, s], one may consider the conformal transformation in Eq. (4.3) with L = s.
This leads to the geometry shown in Fig. 15, which has “cuts” associated with the slit [/ + s,/ + 2s]
(the red solid lines in the figure). Although these cuts give non-trivial contributions to the 2k-point
function in general, these contributions can be neglected in the limits # = m — 1/2. Therefore, we
can evaluate this 2k-point function in the same way as the single-interval case, which means that the
result just reduces to Eq. (4.16).

In this way, owing to the factorization in Eq. (6.16), we can conclude that the CFT wedges C®
calculated from the Bures distance (or equally fidelity) coincide with the expectations from the
entanglement wedges: Eq. (6.8) in the connected case and Eq. (6.10) in the disconnected case. It is
also clear that the Bures metric in the double-interval case also agrees with the AdS metric as in the
single-interval case, when the locations of operator insertions are inside the wedge.

6.6. Interpretation of the two different CET wedges C and C”

So far, we have seen the calculations of two distinguishability measures (p, p") and F(p, p’) in the
double-interval case. Entanglement wedges in AdS/CFT are precisely reproduced from the latter, i.e.
the fidelity, while the former predicts CFT wedges which are slightly distorted from the actual entan-
glement wedges. Here, we discuss why CFT wedges depend on the choice of these distinguishability
measures.

First, remember that /(p, o) is essentially the calculation of Tr[pp’], and the fidelity F(p, o) is
equal to Tr[ Vo' ﬁ] In this sense the total power of the density matrices (for this we identify p
and p’) is two for the former and one for the latter.
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A measurement of a physical quantity is described by (O;) = Tr[pO;]. In the classical gravity
limit of AdS/CFT, we restrict the operators O; to low-energy ones. Therefore, we expect that the
entanglement wedge should be determined by the distinguishability of low-energy states (or so-called
code subspaces [19,20]).

In this sense, the quantity Tr[pp’] goes beyond the low-energy approximation as O; = p’ is a

—H4 in terms of the

highly excited operator. A reduced density matrix can be expressed as py = e
modular Hamiltonian H4. For a CFT vacuum, for example, H is given by an integral of the energy
stress tensor. Therefore, p4 = e~ 4 includes an infinite number of energy stress tensors, which are
clearly outside of the low-energy states.

On the other hand, when we calculate the Bures metric the fidelity F(p, p’) distinguishes low-
energy states when p is very close to p’. We argue that the above different property of distinguishing
states causes the difference of CFT wedges between I (p, p') and F(p, o). This also explains why the
latter agrees with the expectation from the actual entanglement wedge in AdS/CFT. We will explore

differences of CFT wedges for various other distance measures Sect. 9.

7. Entanglement wedges from AdS/BCFT

Here, we consider a quantum state |\) in a CFT on a 2d space with boundaries, called BCFT, given
by

[Woay) = e~ 7B). (7.1)

Its gravity dual is given by the AAS/BCFT construction [23-25] via the holography.

This is the initial state of the global quantum quench [57] using the boundary state |B) (i.e. the
Cardy state [58]). We choose the subsystem 4 to be the interval [0, L] as before. The reduced density
matrix o4 = Trg[|Wpdy){Wbdy|] is computed as the path integral on a strip —% <t< %. We describe
this space by the coordinate w = x + it; see the upper pictures in Fig. 16.

A owl 15/4 , ow3

Fig.16. The conformal transformation for the calculation of Tr[040/] in the BCFT setup. The upper pictures
describe the setup in the original w coordinate. The red slit describes the subsystem 4. The thick black lines
describe the boundaries. They are mapped into the y coordinate as shown in the middle pictures. Finally, they
are mapped into cylinders as shown in the lower pictures. To calculate the trace Tr[ 40/ ], we identify the two
red circles, which describe the subsytem A4, and the final geometry becomes a cylinder.
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Next, we transform by the conformal map
Iy
y=ef", (7.2)

so that the w-plane is mapped into a half-plane, as in the middle pictures in Fig. 16. In this coordinate,

2nL
the subsystem 4 is the interval [1,e 7 ].
Finally, we introduce a new cylindrical coordinate ¢ via the elliptic map

. T /y dy _ T
KA - Jo JA -1 — k252 K1 —«?)

15 csn” (62, (7.3)

where we have defined
_ol
k=e F (<) (7.4)
See the lower pictures in Fig. 16.

7.1.  Phase transitions of entanglement wedges in AdS/BCFT

We expect that the state in Eq. (7.1) is dual to half of the eternal BTZ geometry [59]. In the Euclidean
setup, it is identical to the geometry given by the metric in Eq. (4.24). In the AdS/BCFT (see
Refs. [23-25] for details), the gravity dual of a BCFT state is found by adding a boundary surface
into an AdS space, which extends to the bulk.

There are two phases in the holographic calculation of the entanglement entropy S4 which fol-
lows from the prescription of AdS/BCFT: (a) the connected geodesic '¢on is favored, and (b) the
disconnected geodesics I'g;s which end on the horizon are favored. Accordingly, the geometry of the
entanglement wedge changes between (a) and (b). Since the length of the connected and disconnected
geodesic is computed from the explicit form of the geodesic, Eq. (4.33), as

[Ceon| = 2 a dp cosh p = [ arctanh sinh p
con 2 2 2 2
s \/ cosh” p — cosh” p, \/cosh o — cosh” p,

= poo — log sinh py, (7.5)

Poo
Dl = 2 /0 dp = oo, (7.6)

Poo

P

where the constant p, is related to L via
L
cosh p, tanh (%) =1, (7.7)
phases (a) and (b) correspond to the regions

L _2aL
phase (a) [con: sinhp, > 1 <« sinh(%) <1l < k=e B >3—2«/§;

. . L 27
phase (b) I'gis: sinhpx <1 < sinh (?> >1 o k=e P <3-2V2. (7.8)

This is the same condition we encounter in the case of a double interval. This is not a coincidence,

and indeed we find that the ratio of the horizontal length and vertical length of the cylinder of the ¢

2
coordinate in Fig. 16 is given by 7 = gg;"z)),

which is the same ratio as appears in Fig. 9. Indeed,

32/59

Zz0oz Ainr G uo Jasn nsyysoyso| ng-nyeboN nyebleq 0j0Ay Aq Z611265/G01 9L L/ L L/0Z0Z/8l01e/de)d/woo dno olwepeoe//:sdiy woij papeojumoq



PTEP 2020, 11B105 Y. Kusuki et al.

Phase (a) k¥ > 3 — 2v2| |Phase(b) Kk < 3 —2V2

BH Horizon BH Horizon
0
"l ]
©° 'AdS Bdy co'AdSBdy A
A > X X
4 \ 4
T Boundary T Boundary
B/4 B/4
0 0
A, A

Fig. 17. The entanglement wedges in AdS/BCFT in phases (a) and (b). The upper pictures describe the geom-
etry of the entanglement wedge (gray region) in the time slice of the BTZ black hole. The lower pictures show
the wedge geometry in the CFT dual, Eq. (4.32), in the w-plane by the geodesic projection.

K(x?)
K(1—«2)
extended as a torus, with the periodicities given by 27 and 2J.

it is a cylinder with circumference 27 and length J = 27

Via the doubling trick this can be

In this way, the reduced density matrix analysis provides the phase transition of the entanglement
wedge at the correct value of subsystem size. The expected entanglement wedge geometry from
AdS/BCFT is shown in Fig. 17.

7.2.  Wick contractions and distinguishability

Now we come back to the evaluation of /(p4, p,). This is given by the four-point functions as

F(£1,82,85,84)

1(pa, 0) = ; (7.9)
N VFGL 0, G P (], 8,65, 6))
where F' denotes the four-point function on the cylinder in the ¢ coordinate,
F (61,62, 63, 64) = (0L(E1)0a(£2) 04 (83) Ou (64)). (7.10)

Note that this four-point function is defined on the cylinder.

In the generalized free field prescription, we can evaluate this four-point function via Wick contrac-
tions. There are three possible Wick contractions: (i) trivial contraction, (ii) non-trivial contraction,
and (iii) boundary contraction, as depicted in Fig. 18. The third one is new, and is the contraction
between each point of ¢; (i = 1,2, 3,4) and its mirror point ¢/ due to the presence of the boundary.

In phase (a) we have J > m, and thus the state is dual to the BTZ black hole on an interval
—J < Re¢ < J, where Im¢ is the Euclidean time. Therefore, the two-point function behaves as

. —4hg,
(0u(£)0a(¢")) = sinh (“2—§2> = Gu(¢ — ). (7.11)
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Fig. 18. The three possibilities for Wick contractions in holographic BCFTs.

In phase (b), since J < 7 the state is dual to a global AdS3 on an interval —J < Re¢ < J, where
Im¢ is the Euclidean time. Therefore, the two-point function behaves as

71 —8)\ ¢

4h
(0a(£)04(Lh) = Sin( 27 ) = Gy — 1), (7.12)

where J = 27K (k?)/K (1 — «2).

It is obvious that we obtain /(p4, p);) = 1 (i.e. p4 and p/, are indistinguishable) when contrac-
tion (i) or (iii) is favored. We can distinguish p4 and ,01/4, ie. I(pg, ,01/4) < 1, when the non-trivial
contraction (ii) is favored. The condition that the non-trivial contraction (ii) is favored is:

(i1) is more favored than (i): G(&1 — &) > G(¢1 — §2);
(i) is more favored than (iii):  G(¢1 — &) > G(&1 — &), (7.13)

when /4, is very large.
In phase (a) they are equivalent to the condition

sinh |:§1 _ {4]
2

1— 84
2

(i1) is more favored than (i): ; (7.14)

< ‘sinh [{1 _ §2i|
2
< ‘smh[“ ;gl]‘. (7.15)

We numerically plot this region in the left panel of Fig. 19. If we ignore the boundary contributions,

(i) is more favored than (iii):  |sinh [

this CFT wedge is very close to the actual entanglement wedge from AdS/CFT as depicted in the
right panel of Fig. 19. This small deviation is because we are actually employing the measure /(p, p’)
which has the unwanted property that it is also sensitive to high-energy states. In other words, if we
utilize the Bures metric instead, we can reproduce the expected CFT wedges which agree with the
entanglement wedges. This situation is the same as that discussed in Sect. 6.6 for the example of
double intervals.

In phase (b), they are equivalent to the conditions

. [Cl —4“4]‘ ‘ . [4“1 —Cz}
sm| —— < |SIn
2 2
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012t 4 012t .
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0.04F 4 004t ‘ .
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Fig.19. I, the region where the non-trivial Wick contraction (ii) is favored, is shown for phase (a) with
k = 1/5and B = 1. In the left picture, the blue region corresponds to Eq. (7.14) and the orange region
corresponds to Eq. (7.15). The distinguishable region is the overlap between them. In the right picture the
blue curve is the border of Eq. (7.14), while the orange curve is the expected entanglement wedge profile,
Eq. (4.32), from the AdS/CFT. We observe a very small deviation between them.

. |:§1—§4:H ‘ . [277—€1+€2]
sin < |sin | ———=
2 2
sin|:§1 — QiH < ‘sin [ﬁ” (7.18)

2 2

This region is plotted numerically in Fig. 20. The resulting CFT wedge is largely different from

; (7.17)

(ii) is more favored than (iii):

that expected from the entanglement wedge. However, if we are allowed to ignore the boundary
contribution (i.e. the constraint to the green region), this CFT wedge is the same as the actual
entanglement wedge from AdS/CFT. In other words, we can reproduce the correct geometry of the
entanglement wedge only when the one-point function (O )pdy vanishes. This is because in this case
the boundary contraction (iii) is not allowed. If the boundary one-point function does not vanish, then
we get the smaller wedge from the holographic CFT rather than the correct entanglement wedge;
see Fig. 21.

Even though when (Oy)pay 7# 0 the CFT wedge does not agree with the entanglement wedge
in AdS/CFT, this discrepancy is present even when A is the total system (i.e. the pure state). In
other words, we cannot probe points near the black hole horizon by two-point functions dual to the
geodesic which connects two boundary points. This is simply because the two-point function gets
factorized into one-point functions when the points are close to the boundaries of BCFT. Therefore,
this means that we cannot employ our original idea that we probe the bulk geometry by two-point
functions when (Oy)pdy does not vanish. In this sense, we should not think the above discrepancy
shows that the CFT predicts an entanglement wedge which differs from the AdS/CFT prediction.
Rather, we need to find a better CFT quantity which can probe the bulk geometry.3

3 If we turn to a setup of a pure state black hole created by a heavy operator Oy [60], we may avoid the
mentioned problem because the two-point function (OO, ) is vanishing.
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Fig. 20. Iy, the region where the non-trivial Wick contraction (ii) is favored, is shown for phase (b) with
k = 1/10 and B = 1. In the left picture, the blue, orange, and green regions correspond to Egs. (7.16), (7.17),
and (7.18), respectively. The distinguishable region is the overlap between these three regions.

Phase (a) k > 3 — 22| |Phase(b) Kk < 3 —2V2

T Boundary Boundary
B/4 T
B/4
0 m 0
A —X A —X
4 ¢
B/4t Boundary B/‘F B.oundar\:/
B/8 B/8
0 { } 0
A —X A —Xx

Fig.21. The CFT wedges in phase (a) (left) and phase (b) (right). The upper wedges are obtained from
Egs. (7.14), (7.16), and (7.17). For the lower wedges we impose Egs. (7.15) and (7.18) in addition. In
phase (b), i.e. the right two pictures, the upper and lower panels correspond to (O, )pay = 0 and (O, )pay 7# 0,
respectively.
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The entanglement wedge in AAS/BCFT which ends on the boundary surface as in the upper right
picture of Fig. 17 plays a crucial role in a recent explanation of the black hole information paradox
[61-66], where a region of the entanglement wedge near the boundary surface is called the islands.
When (Oy)bdy = 0, our arguments above support the entanglement reconstruction relevant to this
interesting problem.

7.3.  Thermofield double state

The thermofield double (TFD) state also provides a closely related but different setup of AdS/CFT.
It is given by the pure state in the direct product of two identical CFT Hilbert spaces, H1 ® Ha:

1
ITFD) = —— Y e B2 0} |n),, 7.19
ZTHzn: 117)2 (7.19)

where |n) is the energy eigenstate with energy E,, and Ztg = ), e PEn is the thermal partition
function. When we trace out either one of the Hilbert spaces, the reduced density matrix coincides
with the canonical distribution. As discovered in Ref. [67], this pure state |TFD) is dual to the eternal
AdS black hole. In AdS3/CFTj, the dual geometry is given by the eternal BTZ solution, which is
obtained by continuing the Lorentzian geometry inside the horizon and which has two asymptotically
AdS boundaries. The two boundaries correspond to the first and second CFTs. In the well-known path
integral formulation, the state in Eq. (7.19) is described by a strip with width §/2 in the Euclidean
time direction, while the space direction is an infinite line. The boundary conditions on the two
boundaries of the strip are arguments of two CFTs, which in total represent the wave functional of
the TFD state.

Let us choose subsystem A in the first CFT at 7 = 0 and subsystem A’ in the second CFT at
T = —pB/2. For simplicity, we choose 4 and 4’ to be symmetric with respect to the middle line
T = —pB/4. In this setup, if we artificially take a Z, quotient T — 7 /2 — t, then we get back to the
previous example of the global quantum quench, Eq. (7.1). Thus, the mathematical structures are
very similar.

Consider the CFT wedge for the union of these two subsystems A4 in the TFD state. The entan-
glement wedge from CFT is simply given by doubling that for the global quench (see Fig. 17) across
the horizon, utilizing the Z, symmetry.

The calculation of the measure /(p, p’) in CFT can be done by doubling the cylinder into a torus, as
depicted in Fig. 16, where the dotted green circle represents the subsystem 4’. Therefore, we find that
the phase transition structure, i.e. the connected phase (a) and the disconnected phase (b), is identical.
Moreover, the CFT wedge is determined by the condition that the non-trivial Wick contraction is
favored over the trivial one. Notice that boundary contractions are not allowed as we do not have
any boundaries in our CFT, as opposed to the previous example. Because of this, we find that the
CFT wedge in the connected phase agrees with the entanglement wedge up to a very small deviation,
which can be confirmed in the right picture of Fig. 19. In the disconnected phase, the CFT wedge
perfectly agrees with the entanglement wedge, as confirmed from Fig. 21. This small deviation for
the connected case is again due to the measure /(p, p’), and should be absent in the CFT wedges for
the Bures metric, as in Sect. 6.6 for the example of double intervals.

8. Higher-dimensional case

Here we derive the entanglement wedge in higher-dimensional AdS/CFT. Consider a (d + 1)-
dimensional holographic CFT on RY*! dual to AdS,,,. We write the coordinates of RY+!
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Fig.22. The computation of Tr[pp'] in a three-dimensional CFT.

as (t,x1,...,xg7). Consider the reduced density matrix of the locally excited state pgy =
Trp [Oa(r,x)|0) (0|[0a(t,x)]T] as before. We first analyze the case where the subsystem 4 is a
half-plane, and later extend the results to the case where A4 is a round sphere.

8.1. Half-plane subsystem

Let us start with the simple example where the subsystem A is given by the half-plane x; > 0 at
7 = 0. A path integral calculation of the quantity /(p, p") in Eq. (2.7) can be obtained as a natural
generalization of our previous analysis in two dimensions, and is depicted in the upper pictures of

Fig. 22. To proceed, it is useful to introduce a polar coordinate (7, ¢, x2, . ..,xy) as follows:
xy=¢cosT, T=¢sinT, (8.1)
where (x2,...,x4) are the same as before. The metric looks like
d d
ds* = d7* + ) (dv)? = dT? + T2 + Y (di)>. (8.2)
i=1 i=2

By using this polar coordinate, we can express the trace Tr[pp’] as a path integral on the space
illustrated in the lower picture of Fig. 22. Since the two spaces R are glued to each other along 4,
the periodicity of 7" is now 4.

The gravity dual is given by the topological black hole (refer to Ref. [68]):

B dz? +dt* + Zle(dxi)z
- 2
z

ds?

) (8.3)

= ryar? + (

;2

dn® + 30 (dx;)?
- f) ’
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where f(r) =1 — 1 — ,dL_z- The smoothness of the geometry determines the periodicity Sr of T as

4mry
= 8.4
= a2 —ad-1’ ®5

where . is the outer horizon f (r;) = 0.
We take the periodicity to be S7 = 2w n. This leads to

1 2 1
- _ . 8.5
"+ nM+D+/ d+1 T n2dtie (8.5)

We can evaluate two-point functions in the holographic CFT from this geometry by applying the
standard formula in AdS/CFT:

(01(a)0y(b)) ~ e~ Aokab, (8.6)

where Ly, is the geodesic distance between the two points ¢ and b in the gravity dual. Note that even
though the two-point functions on R? are universal in higher-dimensional CFTs, that is not true for
two-point functions on a curved manifold. Therefore we need the evaluation of two-point functions
using the gravity dual.

We consider geodesics described by the form T = T'(r), where ¢ and x», . . ., x4 take fixed values.
The geodesic equation in the metric of Eq. (8.3) looks like

ar I
dr oo (ro )\
o (fi5 1)

where 7, is the minimum value of 7 on the geodesic (or equally the turning point). By integrating

(8.7)

the solution to this equation as

1/2
T'oo dT 1
e [ o) )

we can find the geodesic length L between two boundary points (7,7) = (T, 7~) and (T,r) =
(Th, 700); oo 18 the cutoff at the AdS boundary and is written as 7o, = ¢ /€ in terms of the CFT cutoff
€. The geodesic length L, is a function of the time difference 7}, — T,, and they are parameterized
by 7, as

oo d
n—nzzf N (8.9)

Yoo
=2 / _ (8.10)
re Vf () —f (r)

Now let us consider the evaluation of 7(p, p’). As in the two-dimensional CFT case we apply
the large-N factorization, namely generalized free field calculation. Then, the non-trivial Wick con-
traction is favored when L,, > L., where the points p1, p»>, and p3 are the AdS boundary points
a=(T1,rx),b=Q2rn—T1,rx),and ¢ = (T2, 7). Since L, is a monotonically increasing function
of T, — T,, we find that the non-trivial Wick contraction is favored when L,;, > Lj. holds, i.e.

Qe —-T)—T1T1 > 1T, — 2m —T7). (8.11)
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When we calculate the information metric we assume that p; and p3 are almost the same position
in each R?. This means that 7> ~ 27 + T} (look at the bottom picture of Fig. 22). In this way, the
condition of non-trivial Wick contraction, Eq. (8.11), leads to

T
0<Ty <§. (8.12)

In the original coordinates of (z,x1,...,xs), this is equivalent to
x1 > 0. (8.13)

This reproduces the correct entanglement wedge of the half-plane A.

In the Bures distance limit, the replica number 7 is finally taken to be n = 1. Therefore, we do not
need to worry about the curved space complications and the two-point function takes the standard
universal form:

—2A0

d
(0T (1,0, x)) = |(t =) + ) (6 — x))? (8.14)

i=1

In the same way as the two-dimensional CFT case, we find, in the limitn = m = 1/2,

(0T (—=7,x)0(,x))
V(0T (2,x)0(=1,x)) - (OF(t/,x)O(—=7', %))

A2 = (8.15)

where the two-point functions are given by Eq. (8.14).
Thus, the final Bures information metric is computed as

2y Ao dr?+ YL (dx)?

d.
s 2 72

(8.16)

This does indeed agree with the time slice metric of a (d + 2)-dimensional Poincaré AdS.

8.2.  Spherical subsystem

Next, we turn to spherical subsystems. Consider a holographic CFT on R4+!. In polar coordinates,
the metric takes

ds* = dv* +dr* +r?d2;_,.
We take the subregion A to be inside the spherical region defined by {r = 0,7 < R}. To apply the
replica method, we use the map [68]

sinh (1) sin (%H)

cosh (u) + cos ()’ = cosh (1) 4 cos ()’
R R

After this coordinate transformation, the metric looks like
1
(cosh (u) + cos (%H))2

ds? = (dfi + R* (d? + sinh? (u) d25_))),

which is conformally equivalent to S' x H?. The S! direction represents the Euclidean time coordinate
and its period is 8 = 27 R, and in this map the original surfaces 7 = 0~ and t = 0" will transform
to Ty = 0" and Ty = RB ™, respectively.
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The gravity dual of the above space is a topological black hole with the metric (see Ref. [68])

ds* = f (p) dt? + ap® + 0% (du? + sinh? ud Q3 _)), f (p) = P oM
) - R Rpdl
Around the event horizon we can approximate f (p) =~ €f’ (,0*), where p™ is the larger solution
of f (p) = 0. After substituting this form if we require that this spacetime is the regular solution to
the Einstein equation, i.e. we do not admit any conical singularity, the inverse temperature is fixed

— 4rp R
3 Br = T —a—nie

Now, let us consider calculating / (,o, o ); p 1s a state in which operators O (7, r) and o' (-=1,r)
are inserted, and p’ is a state in which operators O (t/,7') and O' (=7, #’) are similarly inserted. If
we apply the replica method to evaluate the correlation function, we have to consider geodesics in
the topological black hole which connect two boundary points, and to choose the mass parameter
M in Eq. (8.17) such that the periodicity of ty is 47 R. However, as in the previous calculation, the
geodesic length is monotonic with the difference of boundary time coordinates, and hence we only
have to specify the difference of t instead of calculating the length of the geodesic directly.

As in the previous argument, we find that non-trivial contraction is favored when

TR

0<m=— (8.17)

This condition is equivalent to
0<r<+vR?—12, (8.18)

which indeed perfectly reproduces the expected entanglement wedge in AdS;».
Correlation functions on S' x H? are related to those on R4+! by

Ao Ao

d(z,r)
0 (TH,U)

a(t’,r/)

Gl (TH7 M’)

<(’) (ti, u) OF (Tis u/)> = '

x (82 (tu,u) 2 (71, u/))AO <(’) (r,r) Of (t/,r’)> ,

where 2 = is a conformal factor.

S S
cosh(u)+cos(H)
In the above form we just care about Jacobian and conformal transformations of the correlation

functions, whose explicit forms are given by

O@no" (7)) =|(e =)+ (Y| .
‘ a(t,r) sinh? i — sin? o
= 1.
0 (. 1) (cosh (u) + cos (%))

Then, the Bures distance becomes
<(9 (=1, u) OF (1:{{, u’))

A1 1
a2 \/((’) (=i, u) OF (ti, ) (O (=74, ') OF (), )

41/59

Zz0oz Ainr G uo Jasn nsyysoyso| ng-nyeboN nyebleq 0j0Ay Aq Z611265/G01 9L L/ L L/0Z0Z/8l01e/de)d/woo dno olwepeoe//:sdiy woij papeojumoq



PTEP 2020, 11B105 Y. Kusuki et al.

(=) (=) O

(\(r_ R GO Il (A A G rf)Z)_AO)

1/2°

where

_ sin (1) L _nR sinh (u) (8.19)
B cosh (u) + cos (1) ’ a cosh (u) + cos (=) ' '

Above, we neglected the spherical part for simplicity; however, we can treat it in a similar way and
thus can derive the full Bures metric:

1 A 1
R (ﬁdqg - di? + sinh? udel_l>. (8.20)
R

By considering a geodesic which connects tyy at the AdS boundary p = oo and the middle point
g = 0 and p = p,, the relation between g and p, is found as

sin (%) - g (8.21)

This maps the Bures metric of Eq. (8.20) into the time slice metric of AdS:

dp?

ds? = ———
ST R

+ p*(du? + sinh? ud Q3 _)), (8.22)
up to a constant factor.

9. Other distinguishability measures

In this section we analyze behaviors of some more distinguishability measures other than 7(p, o)
and F'(p, p’) in our CFT setup, and we summarize which distinguishability measures can reproduce
correct entanglement wedges, discussing possible reasons.

9.1.  Affinity (Hellinger distance)

The affinity 4(p, p’) is defined by Eq. (2.5), and the Hellinger distance Dy (p, p’) is introduced as
in Eq. (2.16), accordingly. The affinity for our density matrix in Eq. (1.1) in 2d CFTs with a single-
interval 4 can also be evaluated by the analytic continuation of the replica correlation function as

A(p,p) = lim trp™p™ = lim Zi , 9.1)
mn— % man—} Ninn
where the correlation function is the same as in Eq. (4.5) with £ = m + n, and
w={ 0 e, ©2
The normalization is given by
Nown = Iw — |47 [/ — |~ 9.3)
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The partition function can be evaluated in a similar manner to the fidelity. For example, the partition
function for the single-interval case is

— =N | =, 1—2h .

lw — w] |w —w | , outside the CFT wedge,

~ o 9.4)
lw — w2 |w/ — w’|2h !w — w/‘ 8 , inside the CFT wedge,

2212 =

where the CFT wedge for the affinity is the same as that for the fidelity. In this example we find that

Ap, p") = F*(p, p'). (9.5)

Actually, the same relation also holds for the double-interval case. CFT wedges of affinity in both
single- and double-interval cases coincide with those of the fidelity, and therefore agree with the
actual entanglement wedge in AdS.

9.2. Trace distance

From the property in Eq. (2.19), we have
F(p,p') = 1 <= Du(p,p") — 0. (9.6)

Therefore, the trace distance has the same transition point as the fidelity, which perfectly matches
the entanglement wedge. It would be interesting to check this conclusion from a direct calculation
in holographic CFTs.

9.3.  Chernoff bound

The quantum Chernoff bound is largely discussed as another distinguishability measure. It was first
introduced in Ref. [69] as

where Oy, is the quantum Rényi overlaps [70],

Z,
On(p,p) =trp™p" ™™ lim = 2", (9.8)
n—1—m Nm,n

The partition function is the same as Eq. (4.5) with k = m + n, and

w, ifj=1,....m,

/

9.9
w', otherwise. ©.9)

Wi =

Note that this quantity is bounded from above by Q(p, p’) < 1, which is saturated if p = p’, and
from below by 0 < Q(p, p’), which saturates if pp’ = 0. One important property is that the Chernoff
bound gives bounds on the affinity and the fidelity as

F(p,p)) < 0(p,p) < A(p,p") (= 0172(p,0")). (9.10)

Combining with Eq. (9.5), one can easily find, for the single- and double-interval cases,

A(p,p") = Q(p,p") = F*(p, p'). (9.11)
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We can directly check this equality by evaluating the replica partition function. Note that this equality
holds if both density states p and p’ are pure states, that is,

A(p,p") = 0(p, p") = F*(p, p) = tr(pp). (9.12)

Note that we also have the following bounds on the trace distance:

1—0(p,p") < Du(p,p') </1—=0%p,p), (9.13)

which is consistent with our conclusion that the quantum Chernoff bound also plays a role as a probe
of the correct entanglement wedge.

9.4. Super-fidelity

In general cases, it is hard to get fidelity and affinity due to the complication involved in evaluating
the square root of a density matrix. Instead, we can rely on super-fidelity, which is defined by

Fy(p,p) =trpp’ + /1 —trp2y/1 —trp2. (9.14)

This quantity involves only products of density matrices, which greatly simplifies its evaluation, in
sharp contrast with the fidelity. The super-fidelity does not satisfy the property Fn (o, p’) = 0 &
pp’ = 0.

The point is that the super-fidelity gives the upper bound on the fidelity as [71,72]

F(p,p") < Fn(p,p) < 1. (9.15)

The equality is satisfied when p = p’. From this inequality, one can find that Fy (p, p") < 1 directly
implies F'(p, p’) < 1, which means that the super-fidelity is another similarity measure.

Let us focus on holographic CFTs. In fact, one can immediately find that tr pp’ ~ tr p*> ~ tr p’> ~
e~ "¢, which means that the super-fidelity reduces to the trivial upper bound Fy (p, p’) = 1 in the
large-c limit. Therefore, we cannot distinguish our two states by making use of the super-fidelity in
holographic CFTs. Note that in CFTs with finite c, this also gives a non-trivial bound.

9.5.  p-fidelity
A generalization of the fidelity, p-fidelity [36] is defined by

2
vovell,

Fp(p,p) = ;
max { [o1l3. 1011} }

(9.16)

where we introduce

1411, = (tr|:<AAT>gi|>;, (9.17)

The fidelity F(p, p’) coincides with F1(p, p’). By using the p-fidelity, the lower bound on F>(p, p’)
is given by the measure /(p, p’), Eq. (2.7):

Fa(p,p") < 1(p, p). (9.18)

Therefore, we cannot utilize the 2-fidelity as a probe of the entanglement wedge in general.
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Table 1. A v indicates that a measure enables us to reproduce the entanglement wedge.

Entanglement wedge

reproduction

F v

A v

0 v

Dy v

JS v

Fy

1

F

9.6. Quantum Jensen Shannon divergence

The quantum Jensen Shannon divergence (QJS divergence) is defined in Ref. [73]* as

p+p/) _ H(p) +H(p)

: 9.19
> 5 (9.19)

JS(p,p") EH(

where H is the von Neumann entropy. This quantity can also be seen in quantum information theory,
where it is called the Holevo information. As shown in Ref. [73], it shares many relevant physical
properties with the relative entropy. Since the relative entropy is well defined only in some restricted
situations, the QJS divergence is more useful as a distinguishability measure. The QJS divergence
also satisfies the inequality (which comes from the bound on the Holevo information [38])

0<JS(p,p") =1, (9.20)

where the lower bound is saturated if and only if p = p’.
For two neighboring density states, this quantity can be approximated by the fidelity as

JS(p,p) =1 —F(p,p) ifpx~p. (9.21)

Through this relation, we can conclude that the QJS divergence can also probe the entanglement
wedge in a similar way to the fidelity.

9.7.  Comparison of distinguishability measures and entanglement wedge reconstruction

Finally, we would like to compare the results of the above distinguishability measures in addition to
I(p, p’) and the fidelity F(p, p"). CFT wedges defined by the measures {F, 4, Q, Dy, JS} reproduce
the correct entanglement wedges for 2d holographic CFTs. On the other hand, CFT wedges deviate
from the correct entanglement wedges when we employ the measures {/, Fy, F>}. This is summarized
in Table 1.

The fundamental properties of these measures are listed in Table D.1 in Appendix D. By comparing
this table with the previous one, we notice that property (ix), i.e. monotonicity under completely
positive trace-preserving (CPTP) maps, seems to be responsible for reproducing correct entanglement
wedges.? At the same time, another common property for the coincidence between CFT wedges and

4 The QIS divergence has also been studied in the context of holography in Ref. [74].
5 The monotonicity is analogous to the strong subadditivity of the entanglement entropy [75-77].
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entanglement wedges is that the total power of p and p’ is one in the trace, as we emphasized in
Sect. 6.6. This requirement comes from probing only the low-energy states dual to the classical
gravity. On the the other hand, for the other measures {/, Fy, F>} the total power of p and p’ is
two. In this sense the former look analogous to the von Neumann entropy, while the latter seem
analogous to the second Rényi entropy. In summary, our results in this paper suggest that these two
properties are necessary for a distinguishability measure in holographic CFTs to reconstruct the
correct entanglement wedges.®

It is interesting to note that there are other similarity measures which satisfy property (ix), for
example the relative entropy. For this reason, we can expect that this quantity can also probe the
entanglement wedge. It would be interesting to investigate whether the relative entropy can actually
detect the entanglement wedge; this is left for future work.

10. Entanglement wedges from HKLL operators

In this paper we have worked out the shape of the entanglement wedge from purely CFT computations
by exciting the CFT vacuum by a local operator inserted at various locations. In this sense, a local
operator plays the role of a probe for our holographic geometry. However, we need to choose the
conformal dimension of the operator O, in the range of Eq. (1.2) to obtain sensible results. Even
though it will be difficult to remove the constraint /, < ¢ for negligible backreactions, one might
think that we can somehow remove the requirement %, >> 1, which was necessary to have a sharp
resolution of the image of the CFT wedge by the local operator. The resolution of the distinguishability
can be estimated by the Bures information metric, owing to the Cramér—Rao bound in Eq. (2.21),
which is given for the local operator result in Eq. (4.17) as

\S]

((0x)) > . (10.1)
ha

In this sense, the resolution of our local operator analysis is O(1/+/h¢) in the length scale. Therefore,

we need the assumption 4, > 1 to probe the geometry. On the other hand, the classical gravity

approximation of AdS/CFT predicts that the actual resolution is of scale O(1/c), which is equivalent

to the Planck scale. Therefore, the local operator is a slightly coarse-grained probe, especially when

hg 1s not very large.

A more fined-grained operator for this purpose is known as the HKLL operator [13—15]. This
operator is known as the CFT counterpart of a bulk local field operator ¢, and thus should be
suitable to extract the bulk geometry including the entanglement wedge. Thus, in this section we
would like to study how we can probe the entanglement wedge geometry by the HKLL operator.
However, note that analysis of HKLL operators has a disadvantage that the computations become
highly complicated compared to the local operator ones. Due to this technical issue, our analysis

will rely on heuristic arguments.

® This observation naturally raises a question: can we find a similar deviation of CFT wedge versus entan-
glement wedge to / if we employ the Hilbert-Schmidt distance? In particular, is the wedge from / the same as
that from the Hilbert—Schmidt distance? Dys(p, 0') = /tr(p — p’)?, which is analogous to the second Rényi
entropy. It is known that the Hilbert—Schmidt distance is bounded by the trace distance [78] (see also Ref. [79]),
0 < Dys(p, p) < ﬁDtr(p, ©"). Unfortunately, the Hilbert—Schmidt distance reduces to 0 in the large-c limit
for the same reason as the super-fidelity, and therefore we cannot extract interesting information from this
quantity. Note that {Fy, Dys} have the term tr (pp"), which means that these two quantities contain the same
information as /. In fact, if one appropriately normalizes them, then we can extract the same wedge as from /.
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We focus on the simplest setup of AdS3 /CFT,, where the global AdS3 is dual to a holographic two-
dimensional CFT on a cylinder. The global AdS; is described by the coordinates (p,x, ) with the
metric in Eq. (4.18), and the two-dimensional cylinder is parameterized by the complex coordinate
£ =1 +ixand £ = v — ix. It is useful to employ the state representation of HKLL operators given
in Refs. [44,80], which is written as

I'(2ha)

T 12 MR Outo. E00), - (102)

~ S £ e
|pa (0, X, 7)) = Ny - Z(_l)ke_a(L00+L00)
k=0

where /Va is the overall normalization for the unit norm; Lf,o and Zf,o are the chiral and anti-chiral
Virasoro operators around the point &. The term e*(L(E)O L") represents the regularization of the
infinite summation of £ over the descendants, and the infinitesimally small parameter § controls this
UV regularization of localized excitation. More importantly, the location &y on the cylinder is given
by the projection along the geodesic which passes through the bulk point (p, x, 7) in the global AdS;
(as depicted in Fig. 1). This is explicitly given by £ = tanh & - e" ™.

First, note that the state in Eq. (10.2) can be obtained from our original local operator state by
replacing the primary operator with a summation over descendants. In this sense we can effectively
estimate the conformal dimension of the local operator in Eq. (10.2) as its average h, ~ 1/6§. As
argued in Ref. [44], in large-c CFTs we expect that § is O(1/c). This agrees with the resolution
expected from the AAS/CFT, i.e. the scale is larger than the Planck scale. Our previous results for the
excited states by local operators imply that the result of the Bures information metric for the reduced
density matrix p4 is identical to that for the pure state as long as the excited point is within the CFT
wedge. When we consider a pure HKLL state, i.e. Eq. (10.2), the Bures metric is computed as [44]

1
D = @(d,ﬂ + sinh? pdx?). (10.3)

The Cramér—Rao bound from this result indeed agrees with the AdS/CFT prediction ((8x)?) >
0(1/8%) = O(1/c?). In other words, the metric in Eq. (10.3) agrees with the correct time slice
metric of the global AdS if we set § = O(c) up to an O(1) constant.

Moreover, from the above heuristic arguments, we expect that the CFT wedge for the Bures metric
for HKLL states agrees with the correct entanglement wedge as in the local operator case. In this way,
we can reproduce the shape of the entanglement wedge from analysis of the Bures metric of HKLL
states such that the resolution scale agrees with the AdS/CFT expectation. It is an interesting future
problem to confirm the above arguments by explicit CFT calculations and their replica interpretations.

11. Conclusions and discussions

We have presented a new method to determine the shape of the entanglement wedge from purely
CFT calculations. Our strategy is to introduce CFT wedges, which are counterparts of entanglement
wedges in AdS/CFT and which are defined for a given CFT. We can view a CFT wedge as a shadow of
an entanglement wedge because the former is obtained from the latter by projecting along a geodesic
in AdS backgrounds.

To determine the border of the CFT wedge, we employed the locally excited states and asked
whether we can distinguish two reduced density matrices p4 and p/; with slightly different points
excited. If the points are in the CFT wedge, we can distinguish them, while we cannot if they are
outside the wedge. To quantify this we mainly examined two different distinguishability measures,
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namely the Bure distance (or equally fidelity) Dg(p, p’) and its Rényi-like version denoted by 7 (p, p’)
(called the geometric mean fidelity). In general, we found that the CFT wedges are sharp only for
holographic CFTs, while for generic CFTs the CFT wedges get blurred. This special feature of sharp
CFT wedges for holographic CFTs mainly originates from the large-N factorization property. In a
very brief summary, we observed that the CFT wedges for the Bures distance perfectly agree with
the expected entanglement wedge in AdS/CFT in all the examples we studied. Moreover, it turned
out that the Bures metric agrees with the metric on the entanglement wedge in AdS up to the overall
factor. Thus, our results provide a genuine CFT derivation of entanglement wedges in AdS/CFT for
the first time.

As a first example, we intensively studied the case where the subsystem A is a single interval in
2d CFTs. We found that in holographic CFTs, the border of the CFT wedge becomes sharp and
perfectly agrees with the entanglement wedge for both the choices of distinguishability measure. We
also studied a free scalar 2d CFT and showed that the CFT wedge structure is obscure, though some
qualitative features are similar. This clearly shows that the geometry of entanglement wedges emerges
only in holographic CFTs, being consistent with our understanding of AdS/CFT. We also calculated
the Bures information metric and found that it is proportional to the metric on the entanglement
wedge. Moreover, we studied the time evolution of the reduced density matrix and confirmed that the
resulting time-dependent CFT wedges agree with the covariant description of entanglement wedges
in AdS/CFT. As a future problem, we can also consider another non-trivial time-dependent setup,
the falling-particle geometry, where we can rely on the CFT techniques developed in Refs. [82,83].

As a second, less trivial, example, we chose 4 to be double intervals in 2d holographic CFTs.
In this case, the standard holographic analysis tells us the phase transition between the connected
and disconnected entanglement wedge. Our CFT wedge analysis perfectly reproduced this phase
transition. However, we found that the resulting CFT wedge for the measure I (p, p’) slightly deviated
from the expected entanglement wedge.” On the other hand, we showed that the CFT wedge for
the Bures distance reproduces the entanglement wedge in AdS/CFT perfectly. We argued that this
difference of CFT wedges between two measures occurs because they are sensitive to different
parts of the quantum states in CFT. The Bures distance Dg(p, p’) or fidelity F(p, p’) is sensitive to
low-energy states as the total power pyot of p and p’ (i.e. ~pPtt) is one, while the (second) Rényi-
like measure /(p, p’) is also sensitive to high-energy modes as the total power pyot is two. This is
analogous to the well-known fact that the von Neumann entropy is simply computed as the area in
AdS/CFT, while the computation of Rényi entropy requires us to take into account backreactions
[84,85].

We also analyzed an example of 2d boundary conformal field theory (BCFT), which has a gravity
dual via AdS/BCFT. This example also experienced a phase transition between a connected and
disconnected extremal surface. We showed that the CFT wedges agree with the expectation from
entanglement wedges in AdS/BCFT under the assumption that the boundary one-point function
vanishes. A similar argument also holds for the thermofield double state without any assumptions. It
will also be an interesting future problem to analyze CFT wedges for excited states created by heavy
operators, as such states are expected to be dual to pure state black holes. We can imagine that we
can calculate the correlation functions of probe operators in the presence of the heavy operators on

7 It might be an interesting possibility to introduce “Rényi-like CFT wedges” defined by the measure I (p, 0'),
which itself may be useful for further understanding of AdS/CFT. We leave this for a future problem.
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the replicated surfaces via a semi-classical approximation of conformal blocks, which is left for a
future problem.

Moreover, we presented calculations of CFT wedges in higher-dimensional CFTs when the sub-
system A is given by a round ball or a half-space. The resulting CFT wedges perfectly agree with
the expectation from the entanglement wedge in the higher-dimensional AdS/CFT. Since this only
covers the special example in higher dimensions, it will be an intriguing future problem to further
explore higher-dimensional CFT wedges.

Since there are many other known distinguishability measures of quantum states, we examined
whether such measures can reproduce the expected CFT wedges. We found that the affinity (Hellinger
distance) A(p, p’), the trace distance Dy (p, o), the Chernoffbound Q(p, p’), and the quantum Jensen
Shannon divergence JS(p, p') pass this test, as does the Bures distance or fidelity. Interestingly,
these measures have the common feature of monotonicity under CPTP maps. Also, they share the
aforementioned property that the total power py; of p is one. It will be interesting to understand
systematically how the difference in this total power affects the CFT wedges. It will also be an
important future problem to extend our analysis of CFT wedges to the qunatum Fisher metric based
on the relative entropy, which we have not discussed in this paper.

In the final part of the paper we studied states excited by HKLL operators for the computation
of the information metric instead of those created by the local operators in CFTs. This is because,
when the conformal dimension is not large, the local operator excitations are not sharp probes for
detecting the bulk geometry. The HKLL operators are expected to be localized in a bulk point well
even if the conformal dimension is small. We gave a heuristic argument for how we can extract the
expected CFT wedge from HKLL states. This allows us to detect the entanglement wedge up to
the Planck scale, matching the AdS/CFT prediction. Moreover, the Bures information metric for the
HKLL states agrees with the actual metric of AdS up to an O(1) factor, which we could not fix. It
will be very interesting to pursue this agreement more with the precise coefficient.

All the calculations in this paper concerned the leading contribution in the 1/N or 1/c¢ expansion
dual to the classical gravity approximation. Therefore, it will be an interesting future direction to
study 1/N or 1/c corrections dual to the quantum corrections in gravity. In this context, we may
study the emergence of quantum extremal surfaces [81].

Also, the present work of deriving the entanglement wedges from CFTs might be related to other
approaches to entanglement wedges. This involves an emergence of entanglement wedges in path
integral optimization [86—89], where the mathematical structure has a significant similarity. Also,
one basic geometrical characterization of entanglement wedges will be the entanglement wedge
cross section, whose CFT interpretations have been discussed from various viewpoints [90—100].
We hope we come back to these connections in future works.
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Appendix A. Details of calculations of I (p, o) in the single-interval case

Here we present a detailed analysis of the quantity /(p, p’) when w and w’ take generic values. We
writez = p +ig (= z1) and 2/ = p’ + ig’ (= —z3) such thatp,p’ > 0 and ¢,q" < 0, as we see from
Fig. 2. We denote the regions inside and outside the CFT wedge by Wi, and Wy, Note that Wy
corresponds to p > —¢g and p’ > —q. The non-trivial Wick contraction for the calculation of the
four-point function F(z,z, —z', —z') given by Eq. (3.15) is favored when |z — z||z/ — Z'| > |z +Z/|%,
ie.

4q¢ > p+p)* + (g — )% (A.1)
When w € Wy, and w' € Wy, we find that
F(z,2,—z,—2) = [2q|%,  F(@.,7,~2,~%) ~ 12¢'|7%, (A2)

where the trivial Wick contractions are favored. Also, since (p +p')? + (¢ —¢')* > (q+¢)* + (¢ —
q)?* > 4qq’, we find that

F(z,z,—2,—2) ~ |4qq'| ™", (A3)

where the trivial Wick contractions are favored. Thus, we have I (p, p’) >~ 1.
When w € W, and w' € Wy, we find that

F(z,2,—z,-2) = 2pI™™,  F(@.Z,-Z,-2) = 12¢|7"" (A4)
When the trivial Wick contraction is favored for F(z,z, —z', —Z'), we find that

Il
I(P,p)—W« 1 (A.5)

in the 2 > 1 limit. When the non-trivial one is favored we obtain

1(p.p)) = L (— (A-6)
| +p)"+(q—4)

where we noted that
e+ +@—4dP>wp-9) +@—q) > —4pq. (A7)

Thus, in this case we have I(p, p’) >~ 0.
Finally, when w € Wj, and w' € Wj,, we have

F(z,z,—z,—2) ~ |2p|~%", F(,2, -2, =2 ~ |2p'| 78" (A.8)
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-10 -5 0 5 10 -3¢

Fig.A.1. The profile of the regions of z’ and w’ (surrounded by blue curves) where the non-trivial Wick
contraction is favored, i.e. |z — Z||z/ — z/| > |z + Z/|?. In the upper pictures we set z = 2 — i (outside the
wedge), and in the lower two pictures we set z = 1 — 2i (inside the wedge). The left and right pictures depict
the regions in the z’- and w’-plane, respectively. The orange curves describe the borders of the wedges. The
green points describe the locations of w and z. We took the subsystem 4 to be [0, 2].

When the trivial Wick contraction is favored for F'(z,z, —z', —Z'), we find that

114h
1(p,p)) ~ % <1 (A.9)
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in the 42 > 1 limit, unless p = p’ and ¢ = ¢’. When the non-trivial one is favored we obtain

[4pp' |
I(p,p') ~ <1, A.10
p.0) 0 +P)?+ (g —q)** (.10

where we noted that
@+ +(@q—q) =4pp, (A.11)

with the equality holding when p = p’ and ¢ = ¢'. Thus, in this case we have I(p, p') >~ 0 except
for the case w = w'. If w = w’ we have I (p, p’) = 1. See Fig. A.1 for plots.
When 8z = z/ — z is infinitesimally small, we can expand D;(p, p') =2 — 2I(p, p’) as follows:

Dr(p,p’) =~ - |dz|?

|z + 22

<\/x(L ) +itL+ 12 4 XL —x) — itL + r2)2

2 2
12x2 + 12/(L — x)? 4 12 (dx” +dz7).  (A.12)

h
4
This is the expression of the information metric constructed from the distance measure Dy.

Appendix B. Detailed analysis of the Bures metric in ¢c = 1 CFT
We start with the expression in Eq. (4.9) and consider the free scalar CFT

An,m — k*4kh . |Z|8ml’lh(1*k) . |Z/|4nh(1*k) . |Zk _Ek|8mnh . |Z/k _E/k|4nh

VAL
x (0}(z1)04(z2) - - - Of (221 Oz2p)) - O (B.1)
Below we set & = 1/2 by assuming the operator O = ¢%.
We can write the 2k-point function as
(0f(1)0u(22) - - - Of (-1 O(z20)) = f ()" - 22,2, (B.2)

such that £ (z)* corresponds to the computation Tr p¥ and g(z,z')" corresponds to the ratio between
Tr(p™p’ p™)" and Tr ,ok. The former, f(z), is computed as

[T 1z — 289 2
AL Sl i | .
Hj:O |z —ze kj|4h 2r=(1 — cos(k61))

where we set 2 = 1/2. We define

r = /x2+y2’ }"/: /x/2 +y/2’

x> —y? ) 2xy
cost) = > sinf = —-,
r r
xx/ _yy/ . xly + xy/
costh = ———, sinth = ———,
rr rr
/ / / /
xXx +yy . Xy —xy
costs = —, sin 63 = ———,
rr rr

Zz0oz Ainr G uo Jasn nsyysoyso| ng-nyeboN nyebleq 0j0Ay Aq Z611265/G01 9L L/ L L/0Z0Z/8l01e/de)d/woo dno olwepeoe//:sdiy woij papeojumoq



PTEP 2020, 11B105 Y. Kusuki et al.

cosfy =
The function g(z,z’) is estimated as

g(z,2)
]_[l.{_l |z —Ze%jl“h . ]_[lf__l |z/ — ze :: ]|4h
1—[] Lz — ZeF H Uz — ze T 4
2 - 214 nl ) B
_]‘[ |z—ze22” |4h . ]‘[ Lz —zesz”|4h]
n_l Iz — e n’1|4h 7:—1 2 Zezg'1|4h}

[Ty 12/ = e T 1z — e )

2 2 _
l—[ |z — e K[ |2 — ze T |4 ﬁ |Z_Ze Kl
- - 2mi | _ ll|4h|Z _ZeZmI|4h

|z —z/e k|4 =0 Llz —ze™n
n—1 |z e n’l|4h ?:_11 [lz —ze nll|4h |z —Ze o l|4h]
1_[ — 2mi; :
Lo LIz — 7z — eipan | [T |z — zeF o

Let us assume that i, = 1/2. To evaluate g(z,z’), the following identities are useful:
n—1

LT n
sin <;j> = 7T

i1

~

. -0/
and, for w = re’® and w' = e’ ,

27i ;
1_[ lw—wend|? = p2 4 2 — 2" cos (n(9 - 9/)).

If we write w = x + iy and w' = x' + i)/, we have

/ /
cos(6 — ') = m sin(@ — 0') =
rr rr

x/y _ xy/

/

By using Egs. (B.6) and (B.8) we can rewrite g(z,z’) as

2
(z,7) = 2r% (1 — cos(kf1)) (r?* + 2% — 27 r'¥ cos(k63))
g(z,z') = (er + 2k _ Dpkytk COS(sz)) (2r)2k=1) . k2 . 22(1—k)

(},.211 + r/2n — Dphpin COS(an)) (2r)2(n—l)(2r/)2(n—l) . I’l4 . 24(1—11)
X

(P21 4 ¢/2n — 2pnpn cos(n03)) 2(1)27(1 — cos(ny)) - 2(")27(1 — cos(nbs))

Finally, by taking the limitn = m — 1/2 (k — 1), we find that

1
Ap=1ppm=1p2 =z —2| - |2/ =2 '@'g(z,z/)l/z,
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2 -3 -2 -1 0 1 2 3

Fig. B.1. The profile of 4,_12,u—12 = Tr[\//pp'\/P] in ¢ = 1 free scalar CFT for the operator O = ¢
which has the dimension /4 = 1/2 for various choices of excited points. The upper left, upper right, and lower
left graphs describe A=/ m=1/2 for p(w = 140.05i), p(w = 0.057), and p(w = —14-0.057), respectively, as
a function of (p, q) for o’ (W = p+iq). The lower right graphs describe 4,12 =1/, forw = s40.05i [s = —1
(blue), s = 0 (orange), s = 1 (green), and s = 2 (red)] as a function of p such that w’ = p 4+ 0.05i, with L = 2.

where g(z,z’) in the limit » = m — 1/2 reads

2
4y . (r2 + 72 — 217 cos 03) r+r —2+rr cos(62/2)
r2 412 —2rr' cos 6, r—+r — 241 cos(63/2)

(1/16) - (1/rr")
2 (1 = cos(61/2)(1 — cos(62/2))"

2z, Y n=m=1/2 = |:

(B.11)

Thus, we obtain

r+r + 2V cos63/2) I
r 41 4 27 cos(02/2) 2’/ (T —cos(@1/2)) (T — cos(64/2))

To evaluate Eq. (B.12) we have to be careful with the computations of cosines such as cos(63/2).

(B.12)

Ap=1/2m=1/2 =

For this, it is useful to focus on the case m = 1/2 and k = 2n for the integer n in Egs. (B.3) and (B.9),
which corresponds to the calculation of Tr[(pp’)"]. In this case we have

1

cos(npr) = 5 (¢ +¢71),  cos(2noy) = % (2+77),

cos(nfy) = % (22 72 TR) ) cos(2n6y) = % (¢ +¢7'eh),

cos(nfs) = % (2712 47 122), cos(2ns) = % (et + 71,

cos(nfy) = % (&"+¢7Y),  cos(2nfy) = % (£ +¢72), (B.13)
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where we defined

z2n w o w—1L| 7" wo W =L

— — . / e pr—
P T w_L wl > ST EE WL W

¢ (B.14)

By using this expression we can take the analytical continuation n — 1/2. In this way we obtain the
final expression in Eq. (4.37).

We have plotted 4,—1/2,m=1/2 = Tr [ N ﬁ] for fixed choices of w’ as a function of w' = p+ig
in Fig. B.1 and Fig. 6. We find a localized peak 4 >~ 1 at w = w’ when w is close to the center of the
subsystem A. However, the entanglement wedge is not clear again, as opposed to the holographic
case.

Appendix C. General time-dependent case

For a generic pure state in a holographic CFT with a gravity dual, the fidelity F(p, p') = 412,12
is computed from the two-point function (OZ, (w, w)Ou (W, w')) in such a state dual to a geodesic
length L(w,w : w/,w'), simply written as L(w : w'), as

A1y2,12 = exp {h [L(wl twa) + LWt wh) — LWyt wa) — L(wy : w’z)]} . (C.1)

By setting w; = x1 + it and wp, = xp — ity and taking the limits x/L2 —X12 = dx'? — 0 and
71/,2 -T2 = dt!? — 0, this leads to the Bures metric given by
D =2(1 —A12,1/2)
~ (=2h) - [(3x, 0x, L)dx1dx2 + (0, 0, L)dx1d T
+ (97,05, L)dT1dxy 4 (37,0, L)dT1dT2]. (C.2)
If we setx; = x» = x and 71 = 1) = 7, we get the 2d metric
D = (=2h) - [(8x, 85, L) (dx)* + (34,0, L + 37, 3, L)dTdx + (37,35, L)dTdT].  (C.3)
If we plug in the geodesic length in Poincaré AdSs, L = log[(x; — xz)2 + (11 + rz)z], we obtain
Dg = h[Gyedx1dxy + Gy(dx1dty — dxadty) + GudridT)],
4[(11 + @)* — (1 —x2)?]
2 2
[(t1 + )% + (x1 —x2)?]

8[(t1 + 1) (x1 — x2)]
[(t1+ )% + (1 —x2)?]

Gxx = Gtt =

Gy = (C4)

If we restrict to x; = xp = x, then we reproduce the metric in Eq. (5.12) as expected.

Appendix D. Distinguishability measures

Here we list the fundamental properties (including Joza’s axioms [102]) of distinguishability
measures, and summarize them in Table D.1 (see Ref. [36] for more details).

DO <F(p,p) =<1
(ii) F(p, p') = 1l ifand only if p = p’
(iii) F(p, p") = 0 if and only if pp’ = 0
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Table D.1. A v indicates when a measure satisfies the particular property (i)—(ix). “S” means that the quantity
satisfies super-multiplicativity but not multiplicativity.

i) G Gi) Gv) (v) (i) (viD) (vii) (ix)

F v v v v v v v v v
A v v v v v v v v v
0 v v v v v Vv v v v
D, v v v v v ? v v
s*ovovoov v v v
Fy v v v v v v S
1 v v v v v v
F, v v v v v v

* The properties (ii) and (iii) for Dy, and JS are defined based on
1 — Dy and 1 — JS, instead of themselves. T: The QJS divergence
satisfies convexity, instead of concavity [(vi) and (vii)].

(iv) F(p,p") = F(p’, p)

V) F(UpUT, Up'UTY = F(p, p’) for any unitary operator U

(vi) F (Zipl-p,-,,o/) > > .piF (p,-,,o/) for any p; > 0 such that ) ; p; = 1 (separable concavity)
(vii) F (Zipi,o,-, ijj,ojf> > > piF (pi, p}) for any p; > 0s.t. Y, p; = 1 (joint concavity)
(viii) F (p1 ® p2, pf ® p5) = Flp1, p))F(p2, p5) (multiplicativity)

(viii) () F (p1 ® p2. 0} ® p4) = F(p1, p})F (p2, py) (super-multiplicativity)

() F (£(p).£(0)) = F(p. o) for any CPTP map €.
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