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Abstract

This thesis is devoted to a possible generalization of the entanglement entropy and its
implication to the holography, especially AdS/CFT correspondence. The AdS/CFT cor-
respondence is a way to define the quantum gravity in d 4+ 1-dimensional asymptotically
anti-de Sitter (AdS) spacetime by using the conformal field theory (CFT) in d-dimension.
In this context, it is still unclear how we can realize the d + 1-dimensional full bulk ge-
ometries from the d-dimensional quantum field theories. The main object of this thesis
is the minimal surface not necessarily anchored on the boundary, which has not been de-
rived from the field theory analysis. First, we review how we can obtain minimal surfaces
anchored on the boundary from the entanglement entropy. Then, we introduce a generaliza-
tion of the entanglement entropy for mixed states and discuss its basic properties. Finally,
we argue that we can extract the aforementioned minimal surfaces ending on the bulk from
the generalized version of the entanglement entropy. Our explicit derivations include the

geometries in three-dimensional AdS and BTZ black holes.
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1 Introduction and Summary

1.1 Introduction: towards origin of gravity and spacetime

This thesis is devoted to a better understanding of an interesting duality between a family of
quantum field theories (QFTs) and quantum gravity. The dualities are phenomena that the
seemingly different theories turn out to be just the same one. Hence, deepening our understand-
ing of a given duality will show us a new perspective of the original theories. In particular, our
aim is to understand how and why gravity and spacetime can emerge at the low energy.

The duality which we shall discuss, AdS/CFT correspondence [1] is an explicit realiza-
tion of holography or holographic principle [2,3]. The ultimate motivation of this principle is
to describe the non-perturbative nature of quantum gravity. Firstly, we explain the historical
background of the holographic principle very briefly. Due to the Einstein equation, strongly
self-gravitating objects eventually become the black holes. If we maintain the second law of
thermodynamics even in the above situation, the black holes must have entropy. The black holes

turn out to possess the entropy which is proportional to the area of the event horizon [4} 5],

Spr = L(Area of event horizon), (1)
4Gy

where GGy is the Newton constant. Through out this paper, we will use the natural unit. Sur-
prisingly, the black hole entropy is not extensive in the usual sense. This fact suggests that
the entropy (namely, degrees of freedom) in a given gravitating system should be bounded
above by the area of the boundary of the system [[6]. This observation leads the holographic
principle [2,3]], a quantum gravity on M can be described by the (non-gravitating) quantum
many-body systems on M. The natural questions which we need to answer are as follows:
“How (Why) can we reproduce the classical gravity via the holography?” and “What kinds of
quantum many-body systems can be used?”. To answer these questions, discussing concrete
examples is beneficial. That is the reason why we want to study the AdS/CFT.

The statement of the AdS/CFT correspondence is that d + 1-dimensional quantum gravity
in asymptotically anti-de Sitter (AdS) spacetime is equivalent to certain conformal field theory
in d-dimension (CFT,;) which is QFT with scale invariance (and so forth) [1,[7-9]. The simplest
consistency check is the agreement of the symmetry acting on the Hilbert space. Indeed, the
AdS side (CFT side) enjoys the SO(d,2) symmetry as the asymptotic symmetry (conformal
symmetry). We expect that certain states in CFT, can play a role of the background geometry

in AdS,4, at classical gravity limit. Two examples, which will be also argued in this thesis, are

3



(1) empty AdS;.; and vacuum in CFT, and (ii) Euclidian black holes in AdS,,; and thermal
states in CFT,.

Even within the framework of the AdS/CFT, there still remain fundamental questions why
and how some given states ensure the existence of background geometry itself. To be more
concrete, how and why we can realize Einstein gravity and local effective field theories on a
fixed background in d + 1-dimension from d-dimensional CFT. In particular, we would like
to understand the fundamental mechanism behind the AdS/CFT correspondence which will
hopefully teach us general lessons about holography and quantum gravity.

Over the last decade, one fundamental relation has been studied extensively, that is, the
relation between geometry in AdS and entanglement in CFT [10-14]. A concrete realization of
this relation is holographic entanglement entropy (HEE) formula [|11} 12ﬂ

1
S(pa) = G min, (Area(ya)). )
Oya=0A

In what follows, we spell out this formula. The left-hand side is the entanglement entropy (EE)
for boundary CFT, with given subregion A. The EE characterizes the quantum entanglement,
especially for pure states. It is defined by the von Neumann entropy of a reduced density matrix

p4 on asubsystem A,

S(pa) = —Tru,palogpa. 3)

We will discuss more the EE in the next section. The right-hand side is the area of the minimal
surfaces anchored on the boundary of asymptotically AdS,,; spacetime. We normalize it with
the unit of Newtonian constant Gy. Here the 4 is a co-dimension 2 surface on the bulk and
supposed to be (i) homologous to the boundary subregion A and (ii) 0y4 = 0A. We shall
pick up the one which minimizes the corresponding area. One can see an example in the bulk
side in the left panel of figure Il Note that the right-hand side is a purely geometrical object
which is determined by metric in the bulk theory. The prescription in the bulk will be modified
when we consider the time-dependent background; however, the resulting quantity is again
purely geometrica]ﬂ This relation has ignited the aforementioned expectation—geometries may
emerge from the entanglement. There are also proofs of this conjecture if one accepts to assume
the AdS/CFT itself [[15,/16].

I'The (@) is the case for static geometry. For the time dependent background, we should find extremal one rather
than minimal one [12]]. Throughout this paper, for simplicity, we will only consider the static geometry.
2As far as the limit of classical Einstein gravity.



One can regard the HEE formula as a generalization of the black hole entropy (I)). Hence,
one can imagine that the minimal surfaces play a role of “the horizon” for a given bulk subre-
gion. In other words, the reduced density matrix in the (2 seems to describe all information
outside of “the horizon”. Nowadays we expect that the subregion/subregion duality — the p4
can reproduce all information in the entanglement wedge [|[17-19]: when we compute the mini-
mal surfaces in (2), we have the region M4 which is surrounded by the boundary subregion A
and the corresponding minimal surfaces 4. Then, we call M4 and its domain of dependence
as entanglement wedge. Since we will only consider the time slice of the bulk in this thesis, we
will loosely say time slice of entanglement wedge as entanglement wedge.

The geometrical objects obtained from the HEE formula are always constrained to the
boundary of asymptotically AdS spacetime. In general, the minimal surfaces cannot probe
the entire bulk region. For example, if we start from the mixed state p4 at the beginning, the
minimal surfaces cannot probe the entire region of the entanglement wedge due to the phase
transition of the minimal surfaces. The regions, the minimal surfaces (ending on the boundary)
cannot probe, are referred to “entanglement shadow” [17,20-22]. Similarly, on the other hand,
the EE also cannot characterize the whole structure of entanglement for a given state. Therefore,
we should find a more general version of the (2)) or much newer notions.

In the light of the bulk, the geometrical objects are not necessarily to be ending on its
boundary. For example, the bulk geodesics can end on the arbitrary bulk points. On the other
hand, it is non-trivial to find which kind of quantities in the boundary QFT can describe it.
Since the surfaces/geodesics anchored on the boundary can be regarded as a special limit of
more general ones, one may imagine it can be extracted from certain generalizations of the EE.

From the viewpoint of the boundary, we do not have the unique entanglement measure for
mixed states, as opposed to the EE for pure states. Naively, some measures of entanglement
for mixed states would give us a nice generalization of the HEE formula. One technical chal-
lenge is that almost all quantities in the literature contain some optimization problem for its
evaluation. There is an interesting conjecture that the entanglement of purification [23]] which
measures total correlation (namely, both classical and quantum correlation) is equivalent to the
aforementioned general minimal surfaces, entanglement wedge cross section [24,25] (as an ex-
ample, see the right panel of figure[I]). This conjecture is supported by agreement of non-trivial
inequalities in both sides and the tensor network picture of the AdS/CFT correspondence [26]].
Unfortunately, this quantity includes the optimization procedure, which makes analytical eval-
uation difficult even for two-qubit systems.

In this thesis, we give a possible generalization of the entanglement entropy and its holo-
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Figure 1: An example of minimal surfaces and corresponding entanglement wedge and its
cross section Fyy. Inside of the circles corresponds to the interior of AdS time slice. In the
left panel, blue curves represent (disconnected) boundary subregions A. Orange curves are the
minimal surfaces in this setup. In the right panel, we display (time slice of) the corresponding
entanglement wedge as blue shaded region. An orange curve in the right panel is just the
minimal cross section of the entanglement wedge Eyy .

graphic interpretation. Do we have any quantities which can be evaluated directly in QFT and
can give nice bulk interpretation beyond the original HEE formula? Before guessing this ques-
tion, let us go back to the case of the EE. Actually, we have a nice way to evaluate the EE in
QFT, which is called the replica trick [27]. In addition, we also have (logarithmic) negativ-
ity which is a calculable entanglement measureﬂ for mixed states. The negativity can also
be calculated by using the replica trick; however, the corresponding bulk objects turn out to be
no longer ones in the original spacetime [29]]. This is because the bulk objects inevitably cause
the serious back reaction. The issue is related to the somewhat strange analytic continuation in
the replica trick. We will also see this fact briefly in the upcoming section. Therefore, it would

be nice to find a cousin of negativity which can evade the aforementioned back reaction.

1.2 Summary: what the author has done

In this thesis, we introduce a novel von-Neumann-like entropy into which we assign not a
reduced density matrix but a partially transposed density matrix. We will argue

e [t is a generalization of the EE for mixed states,

e [t enables us to extract more general minimal surfaces anchored on the bulk.

3Strictly speaking, the logarithmic negativity is the entanglement monotone; namely, its value is monotonically
decreasing under the local operation and classical communication (LOCC). The measure of entanglement should
be defined such that it cannot increase under the LOCC.



In particular, we compute this quantity explicitly for the two-dimensional CFT with the bulk
dual by using the replica trick. The resulting quantity can be identified with the entanglement
wedge cross section Eyy, originally proposed in the context of a holographic dual of the entan-
glement of purification. Note that this does not conflict with the original proposal. We guess
that many information theoretical quantities can have the same value at the semi-classical grav-
ity limit. Byproducts are some non-trivial constraints on states dual to the classical spacetime.
The entanglement wedge cross section Fyy is defined as the minimal cross section of the entan-
glement wedge (see the right panel of figure[I]). This cross section allows us to probe the region
where the minimal surfaces anchored on the boundary cannot reach, especially in the context
of subregion/subregion duality.

Organization of this thesis is as follows. In section [2] we briefly review the entanglement
entropy, partial transposition, and related topics. In section [3] we introduce a generalization
of entanglement entropy which we will call odd entanglement entropy (OEE). We will show
some generic properties of OEE with proofs. Up to here, our argument is purely quantum
mechanical. Then, in section E], We move to the CFT in two-dimension. We compute OEE in
QFTs by using the replica trick. In particular, for the holographic CFT; at the leading order of
large-c limit, almost all calculation reduces to the calculation of the conformal blocks. We also
discuss how the conformal block can tell us the geodesics in dual gravity theory. In section [5]
we conclude with a few remarks and discuss future directions. We put off many technical but
important parts until appendices. In appendix |A] we leave some proof of useful facts which are
applied in section [2| and 3| In appendix B we review the replica trick, especially in CFT,. In
appendix [C] we note the embedding formalism in AdS/CFT correspondence. In appendix
we verify the geodesic approximation of the conformal blocks from Zamolodchikov’s recursion

relation [[30,31]]. This thesis is mainly an extended version of the author’s work,

[32] K. Tamaoka,
“Entanglement Wedge Cross Section from the Dual Density Matrix,”
arXiv:1809.09109 [hep-th],

where we have introduced the OEE and considered its holographic counterpart. Some argu-

ments in section {.4] were originally emphasized in

[33] H. Hirai, K. Tamaoka and T. Yokoya,
“Towards Entanglement of Purification for Conformal Field Theories,”
PTEP 2018, no. 6, 063B03 (2018), arXiv:1803.10539 [hep-th].



2 Preliminaries: quantum entanglement

Before discussing the entanglement in quantum field theories (QFTs), we shall start our argu-
ment from the quantum mechanics that is enough to discuss some basic properties of entan-
glement. We review the entanglement entropy (in section [2.1])) and the partial transposition (in
section [2.2)) very briefly.

2.1 Entanglement entropy

Let us consider the EPR state living on bi-partite Hilbert space H 4 ® H Bﬂ which is the spin-0

singlet consists of two spin-1/2 particles,

1
V2
where each Hilbert space H 4, Hp spans eigenvectors for Pauli matrix o, [0) = [0), o, |1) =

— |1). Suppose A(lice) and B(ob) are far from each other, but they share the EPR state. Al-

though Alice cannot manage Bob’s spin, she can measure her spin for z-direction, and predict

|[EPR) = —=(|041p) — [1403)), 4)

Bob’s spin from her outcome. This is because there are perfect (non-local) correlation between
Alice’s and Bob’s spin. This kind of correlation is a typical feature of the quantum world and

we call it entanglement. This is not the case for the state as like
product) = [0415) (5)

which has no correlation between Alice and Bob.

The entanglement entropy (EE) quantifies bi-partite quantum correlation for pure states with
the unit of the EPR state. It is defined by the von-Neumann entropy with respect to the reduced
density matrix for a subregion; namely, Alice’s spin or Bob’s one. Let p4p5 be a state (density

matrix) acting on bi-partite Hilbert space H4 ® Hp. Then, the EE is defined as

S(pa) = —Try,palogpa, (6)

4We should keep in mind that existence of bi-partition is just an assumption. This is not the case especially for
the gauge theories (and gravity) even after the lattice regularization. Due to the gauge constraints as like Gauss’
law in U (1) Maxwell theory, the physical Hilbert space in these theories cannot have such bi-partite structure (in
other words, the bi-partite structure does break gauge-invariance). We can avoid this issue by simply starting from
the extended Hilbert space which also includes gauge-variant states. This prescription is, as of now, consistent
with the replica trick; hence, the AdS/CFT correspondence. For further detail, see [34-40], for example.



where

pa = Trygpap. (7)

We will abuse the similar notation in what follows. If we have a state oxy acting on Hyx ® Hy,

ox is supposed to be ox = Try, oxy and vice versa.

In the previous example, we simply have

n

)

=
I

S(pp) =log2 (for pap = [EPR)(EPR]), 8)
S(pa) =S(ps) =0 (for pap = |product)({product|). )

Note that the EE for pure state is mutual, S(p4) = S(pg). Moreover, we have S(p4) = 0 for
pure states if and only if a given state is not entangled (product state). In this way, the EE nicely

quantifies how a given pure state is entangled.

Unfortunately, this is not the case for mixed states. For example,

1 1
PAB = 5 |0AOB><0AOB| + 5 |1AlB><1AlB’ ) (10)

is just a classical mixture of product states |0405) and |141p); thus, there should be no quantum
entanglement. On the other hand, its reduced density matrix gives rise to the same one for the
(). Therefore, the EE is not so good measure for the mixed states — in this case, it also counts
the classical correlation.

2.2 Partial transposition

So far we did not explicitly define entangled states. To this end, we first define not-entangled
states, separable states. Let p4p 1s a state acting on bi-partite Hilbert space H4 ® Hp. We say

the given state is separable if it can be written as a classical mixture of the product states,

paB =D Pioai ® Tp;, (11

(2

where 0 < p; < 1,% . p; = 1. Then, we also define the entangled states as the non-separable
states.

It is difficult in general to see whether a given state is entangled or not. For example, let us
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consider interpolation of an entangled state and a separable state,

I I
pap = q|[EPR)(EPR| + (1 — )+ @ -2, (12)

where the 14(p) is identity operator acting on H 4(p). In this case, we have S(p4) = log2 for
all values of 0 < ¢ < 1.

One nice way to see this is the partial transposition introduced by Peres [41]. Let p4p be

a state acting on Hilbert space H = H 4 ® Hp and let |e§A’B))s (i=1,2,--- ,dimH. ) be a
complete set thereof. Using this basis, we can expand a given density matrix,
(4) (B) (A) (B A) (B
pan =D eV Ipanle e eV ef”) (el (13)
ik gL

We define the partial transposition of the p 45 with respect to H 4 p as

A B B A B
(e §|p Lled! e“>=< §>|p |H§>>, (14)
A A

Note that the partial transposition does not change its normalization Try pﬁ‘j‘g = Try pﬁ% =
Trypap = 1, whereas it changes the eigenvalues. Since the partial transposition is not a com-
pletely positive map, the piBB can include negative eigenvalue Interestingly, there is a nice
theorem which relates negative eigenvalues of partially transposed states to the entanglement of
original states:

Theorem (Peres) Let p4p be a physical state acting on Hilbert space H4 ® Hpg. If p ‘> has the
negative eigenvalue, the p op has entanglement between subregions A and B.

For the proof, please see appendix [A] (very simple!). This theorem implies that the negative
eigenvalues of pﬁ% are just a sign of the quantum entanglement. Note that the opposite is not
always true—there are some entangled states whose partial transposition have only non-negative

eigenvalues. However, only for the 2-qubit or qutrit systems, the opposite turns out to be also

>This technical statement may be understood more intuitively as follows: the transposition for a physical state
is equivalent to its complex conjugate, P;:)ths = Ppnys: hence, it is closely related to the time reversal of the given
physical state. Of course, the time reversal maps a given physical state to (another) physical one. On the other
hand, nobody can guarantee so time reversal for partial region does. Eventually, the resulting “state” would be no
longer a physical state — it could include the negative “probability distribution”.
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true [42]. Since

1-3¢ 1+q 1+¢q 1+q} (16)

SpeC(pﬁ%)Z{ 1 4 1 4

for the previous state (12), we can conclude that our state is entangled if 1/3 < ¢, otherwise
separable.

Negativity and Replica trick Motivated by this observation, there is a quantification of en-

tanglement for the mixed states, called logarithmic negativity [28]],

£ =log <1+22|)\i|>, (17)

Ai<0

where \;s are the eigenvalues of the pﬁ%. Although the logarithmic negativity is not the main
scope of this thesis, let us play a bit with this quantity.

We introduce another way to express the right-hand side of the above equation (17), which
is called the replica trick. This expression will be useful when we consider the QFTs. First, we

note the EE can be written as

0
log Try, (pa)" = ~ 5, IHa (pa)"| - (18)

n—1

S(pa) = = lim —

Although we need to take the analytic continuation of the integer n, computing Tr(p)" is rela-
tively easier than doing —Tr(plog p). In the same way, we can write the negativity (and OEE
introduced in the next section) by using n-th power of the pi%. Since qujBB may contain the

negative eigenvalues, the n-th power of the pEBB depends on the parity of n:

Z,\i>0 A" = ZA]-<0 A" (n:odd),

(19)
> a0 [Ail" ZAJ-<0 IA;|™ (n:even),

T \n
Try(pa5)" = {
If one starts from the even integer n. and take analytic continuation to the real value, we have
€ = lim log Try(p5)". (20)
Ne—>

This expression may look strange, but consistent with the original definition. From the bulk
perspective, this analytic continuation gives rise to the back reaction into the original spacetime.

11



3 An odd generalization of the entanglement entropy

In this section, we define a generalization of the entanglement entropy which is the main theme
of this thesis. We will tentatively call it “odd entanglement entropy”, OEE in short. This
quantity reduces to the usual entanglement entropy if a given state is a pure state. For the mixed
states, it measures total correlation (both classical correlation and quantum entanglement). We
start from the definition of OEE in section Then, we see some general features of the OEE
in section[3.2] We also discuss the behavior of OEE in a two-qubit system, as a simple example

(section [3.3).

3.1 Definition

Let pap be a mixed state acting on bi-partite Hilbert space H = H 4 ® Hp. Then we define a

quantity which measures the correlation between A and B;

S (pap) = [Try (i)™ — 1], 1)

1—n,

where Tz is the partial transposition [41]] with respect to the subsystem B. Namely, we will
consider the Tsallis entropy [43] for the partially transposed p45. We are especially interested
in the limit n, — 1,

So(paB) = Jim, S5 (pag), (22)

where 7, is the analytic continuation of the odd integer. Since the odd integer analytic continu-
ation is crucial in the later discussion, we will call S, as “odd entanglement entropy” or OEE in
short. Loosely speaking, the OEE is the von Neumann entropy with respect to pﬁ%; however,

,ojAjBB potentially contains negative eigenvalues.

The main difference in the OEE, compared with the negativity, is that we are just choosing

the odd integer. Therefore, OEE can be formally written as

Solpan) == > _ [Nillog [N + D [As]log A, (23)

Ai>0 A;<0
. T
where \;s are the eigenvalues of the p 3.

12



3.2 Basic properties of OEE

Here we argue generic properties of the OEE. There must be more, but we leave it for interesting

future work.

3.2.1 Mutuality

The above definition used the partial transposition with respect to the second Hilbert space H 5.
Equivalently, one can use the one for the first Hilbert space H 4. Indeed, we have

Trn(pas)" = Tru({pa}") % = Tra({ a3} 42)" = Teu(piy)" (24)

Here we used the properties of the (usual) transposition 7' = 7'y within the trace.

3.2.2 Pure states

Let |V 4p) be a pure state in bi-partite Hilbert space H = H4 ® Hp. Using the Schmidt

decomposition, we can write the |V 45) as a simple form,

N
(W) = /DnIna) Ing), (25)
n=1

where 0 < p, < 1, > p, = 1. We leave a proof of Schmidt decomposition in appendix
The N can be taken as min(dim H 4, dim H ). One can show that the corresponding density

matrix pap = |V ap)(V4p| and its partial transposition pﬁ% have the eigenvalues,

Spec(pAB) = {1707 70}7 (26)
Spec(p'%) = {p1,- -, pn, +/DiP2s —/P1D2, s +/DN1DNs —/PN_1DN }- (27)

Here each &, /p;p; (i # j) in appears just once respectively. Here we have eigenvectors of
p'E, as follows:

Pn: |na)lns), (28)
WA DL LT 09)

13



Notice that szB has the maximal rank N2, In particular, from the definition of the (23), these

contributions completely cancel out. Thus, one can conclude that

N
So(paB) = Z(—pn log p,) = S(pa) (for pure states). (30)

n=1

3.2.3 Product states

Let pa, B, ® 04,5, be a product state with respect to the bi-partition H 4, 5, ® Hp,4,. Then the
S, is additive,
So(pAlBl ® UAzB2) = SO(pAlBl) + SO(UAQBQ)' (31

Here we are taking the partial transposition with respect to B, and B,. In particular, if
Tap =Ty ® Tg, (32)

we have Try 7% 5 = Try (742)". This fact immediately leads S,(74p) = S(TaB).

3.3 Example: two-qubit Werner state

Let us consider the following state for two-qubit system as a simple example,

u - Ve, (33)

pas = ¢ |EPR4g)(EPR 45| +
where the I 4(p) is the identity operator acting on H 4(# z) and the |EPR 4) is the singlet EPR
state, 272 (|0415)—|1405)). (This is just the same one in the previous section.) The eigenvalues
of this density operator and its partial transposition are given by

Spec(pAB)—{12361,1;(1,1;(],1261}, (34)
Spec(pﬁBB)z{igq?liq,lzq,liq}. (35)

Then one can easily compute the S,(pag), the difference between OEE and EE,
Ew(pas) = So(pas) — S(pan), (36)

14



and the mutual information,

I(A: B) = S5(pa) + S(p) — S(pas), (37)

respectively. See figure [2]

[=]
[ 5]
[=]
[=]
=2
=]
[=:]
[=]

Figure 2: Plot of the S,(pag) (blue), the Ew (pap) (orange) and half of the mutual information
(green) for the (33)). The horizontal axis represents the value of ¢. For sufficiently large mixture
of the entangled state and classical state, we have &y, < 0. The inflection point appears at
q = 1/3. The states with ¢ < 1/3 are separable.

From this example, we can notice that both the S,(pap) and the Ey (pap) do not take the
lowest value for separable states; hence, we can not say these are measures of the quantum en-
tanglement. Please remind the Peres and Horodecki criterion [41,42] explained in the previous
section. If all eigenvalues for the pﬁ% 1S non-negative, our given state p4p is separable. This is
just the case for 0 < ¢ < 1/3. In other words, if ¢ < 1/3, the pap can be constructed from the
product state via the LOCC process.

Rather interestingly, the S,(pap) takes the lowest value for the pure state |[EPR 45) and is
bounded below by its EE S(p.). It implies the S,(pap) measures total correlation between A
and B.
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4 AdS geometries from conformal field theory

In this section, we derive the entanglement wedge cross section from the reduced density matrix
supposed to be dual to the corresponding entanglement wedge. In particular, we would like to

argue

1. How the evaluation of EE and OEE in the holographic CFT; boils down to the conformal

blocks analysis
2. How the conformal blocks can capture the geodesics in asymptotically AdS3 spacetime

Since the classical gravity limit is quite similar to the thermodynamical limit, both EE and OEE
in this limit are captured by the universal (kinematical) object, the conformal blocks.

In section4. 1] we first review the argument in the case of usual EE. From the next section, we
start to compute the OEE. We consider the case of the subregion of vacuum (in section4.2)) and
thermal state (in section [4.3). In both cases, we will see the agreement with the entanglement

wedge cross section Fyy in AdS3 and (planar) BTZ black hole respectively,

Ew(pan) = Solpan) = S(pas) "™ =" By

N

-~
previous section

Section {.4]is devoted to some technical but important results on the conformal blocks which
are applied extensively in this section.

4.1 EE in holographic CFT; (vacuum)

In this subsection, we briefly review the evaluation of the usual EE for the holographic CFT,
(on RY1Y). We take canonical time slice R and divide the total Hilbert space into H 4 ® H Acﬂ
where the corresponding subregion A and its complement A€ are not necessarily connected.

In general, we can relate Try , p’j to correlation function of twist operators. Let us first
consider the case of single interval A = [u, v]. In this case, we have

1
Try, plh X (00 (1)0,(v)) | (38)

u — v|2An’

®We again assume that our Hilbert space is enlarged such that we can realize the tensor product structure. The
way of extension gives rise to an ambiguity of the contribution from boundary of subregions A in general. Since
the boundaries of our subsystem (called entangling surfaces) consist of points, the ambiguity coming from the
boundary at the entangling surfaces (the boundary of our subregion) will not affect the leading term of the EE (and
OEE) in two-dimensional CFT.
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where o,,(u) (6,(v)) is the (anti-)twist operator in two-dimension. For more detail, see the
appendix |B|or [44]. Then, we can obtain

e, ju—v

0
S(pa) = —%TTHAPZ = glog

n—1

+ const., (39)

where we recovered UV cutoff € from dimensionality. If we use the famous relation among the
central charge c in CFTs,, the radius of AdS; /45 and the three-dimensional Newtonian constant

Gy [45], 2
~ olads

CTEINE

we can reproduce the simplest example of the Ryu-Takayanagi formula. (In the three-dimensional

(40)

gravity, the area of minimal surfaces is nothing but the length of spacelike minimal geodesics
in AdS3.) Since the two-point function of local operators is universal in CFT, the (39) always
agrees with the gravity calculation (superficially, of course).

This is not the case for more than one (disconnected) interval. Next, let us see the case of two
disconnected intervals, A = A;UAy with Ay = [ug, v1] and Ay = [ug, vo] (u; < v1 < ug < V).
In this situation, we should compute 4-point function of twist operators,

Try, (pa,45)" = (On(u1) T (V1) o0 (u2)Tn (v2)) (41)

which depends on the dynamical information of CFT. We may expand (#1)) in terms of the
(Virasoro) conformal blocks:

(on(u1)an(v1)on(u2)an(v2))

1 _ _ _
> ", F (¢, ha, by, 2) F (¢, ho,, by, T), (42)
V4

|U1 - ’U1|2A”‘UQ — U2|2A"
where a,,s are the OPE coefficients. We defined the cross ratio,

_ (ur — v1)(ug — v3)
Gl r e )

and impose x = T since we are interested in the time slice. Note that the above correlator is
expanded in the s-channel (z — 0).

To go further, we should assume the spectrum of conformal families. Since our interest is
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CFT with the bulk dual, we only assume

1. Unitarity and compactness

2. Large central charge limit ¢ > 1

To make theory have classical bulk dual, we should take the classical limit Gy < fags;
hence, we will take ¢ > 1 limit. Thus, we assume that we can take large-c limit which is

consistent with the analytic continuation n — 1.

3. Sparse spectrum

Assume that we have only O(c) degeneracies for each “light” primary operators whose
scaling dimension scale O(1). This condition is necessarily to reproduce the black hole
entropy at the semi-classical regime (¢ — oo and A = O(c)) [46]. Remind that the con-
ventional Cardy formula can be applied only for the primaries with the scaling dimension
A>c

Then, we can show that the dominant contribution at the large-c limit will come from a confor-
mal family with the lowest scaling dimension in the appropriate channel [47] In this corre-
lation function, this is just the vacuum block. At the large-c limit, the Virasoro vacuum block

reduces to the global vacuum block; namely, it becomes trivial. Thus, we simply have

_ _ 1
<O’n(u1)O’n<’l}1)0n(U2)O'n<U2)> ~ |U1 . UlPA" Uy — UQ‘QA”’ (44)
When t-channel (z — 1) is preferred, we instead obtain
_ _ 1
(on(u1)Tn(v1)on(uz)an(va)) ~ (45)

|ur — vg[*An |ug — vy [2An

Eventually, we have reproduced the minimal geodesics from the entanglement entropy,

c . Uy — v Uy — U Uy — v Uy — U
S(pA1A2)2§mm{log| 16 1|+10g| 26 2|,log| 16 2|+10g| 26 1|} (46)

Uy — g

Uy — v
M + 20ags log e

IS

1 ]ll‘]l 2€ 1
|GN Ads 108

U — v Uy — v
20 qs log |1—e2| + 20pgs log |2—€1| } “47)

"For this conclusion, we also assume that each OPE coefficients grow at most O(e®).

18



In the similar way, we can discuss the entanglement entropy for excited states, thermal states

and so forth. In every cases, we can see the agreement with the holographic calculation.

4.2 OEE in holographic CFT; (vacuum)

In this section, we compute the S, and the &y for mixed states in CFT,. We again divide
the total Hilbert space of CFT into H 4 ® H 4, where the corresponding subregion A and its
complement A° are not necessarily connected. Then we can prepare a mixed state ps, 4, =
Try .. |0)(0|, where |0) is the vacuum state in CFT. Here we further divided the remaining
subspace H 4 into two pieces, H 4, and H 4,. We focus only on the holographic CFTs.

4.2.1 Two disjoint intervals

First, we consider disjoint interval A; = [uy, v1], A2 = [ug, v2] on a time slice 7 = 0. In order
to compute the S, and the &y, we can apply the replica trick. See appendix [B.2]or [48//49]]. In
particular, one can write n-th power of the density matrix (with partial transposition) in terms

of the correlation functions of twist operators,

Tra (Pais,)" = (O (U1)5n (01)F (u2) 0 (12)) (48)

where ¢,,(5,,) is the (anti-)twist operator with scaling dimension h,, = h,, = 5(n — ).

Notice that the order of o,, and & are flipped in contrast to the previous section. Let us expand

(@8) into the conformal blocks in t-channel,

(00 (1) (01)5, (1) (v9)) / ([ur — va]|or — ug|) =)

- Z by F(C, g,y by, 1 — 2)F (¢, hy, ), hy, 1 — ), (49)
p

where F(c, hy,, hy, z) and F(c, hy,, h,, T) are the Virasoro conformal blocks and b,s are the
OPE coefficients.

The dominant contribution at the large-c limit will come from a conformal family with the
lowest scaling dimension in the channel [47]. This approximation should be valid only for some
specific region z. < < 1. We can not specify the lower bound z., but just expect z, ~ % as

like previous subsection. In this channel, the dominant one is universally o2 (and 52) due to the
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twist number conservation,

(O (u1) Ty (v1) T (u2) 00 (v2)) /(Jur — va|vr — u2|)*§(” n

~ by F(c, ho,, ho2, 1 — ) F(c, Re.,, BU%, 1—17). (50)

Next we would like to specify the analytic form of the above conformal blocks. First, the scaling
dimension of the o2 depends on the parity of n [48,49] (see also appendix [B.2)),

1
i n——) (n :odd),
o n
hor =hoz =9 " 20 9 (51)

o 5_5) (n : even).

Since we are interested in the odd integer case, this coincides with A, . Second, this contribution
of the conformal block consists only of light operators in the heavy-light limit [50]. In this limit,
these analytic forms are known in the literatures [33,50-53]. In our situation, the block for afL

has a simple form,

(52)

1
log F(C, h0n07 ha%0> 1- .23) = _hano log |: ki \/§:| >

RN

where we assumed analytic continuation of odd integer n = n,, and the light limit ¢ > 1 with
fixed h;/c, hy /¢ < 1. Here we took the normalization in [51]. Since all internal/external op-
erators are light, the resulting Virasoro conformal block reduces to the global one. To respect
course of argument, we put off derivation of the (52)) until section 4.4 In a nut-shell, we can
use the saddle point approximation of the geodesic Witten diagrams [51]] because our Virasoro
conformal block can be approximated by the global one. Attentive readers may worry about
the sub-leading contribution of the approximation since eventually we will take h;/c, h,/c — 0
limit. One can independently check this is indeed consistent with the Zamolodchikov’s recur-
sion relation. See appendix D] Therefore, we have obtained

L

- \/E] + const. , (53)

SO(pAlAZ) = S(pA1A2) + élog

where ‘ ’ ’ ‘
c UL — v c V] — U
S(paa,) = = log ——2 + ~log 2.
3 € 3

Here we introduced UV cutoff €. The constant terms do not depend on the position. For a while,

(54)
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Figure 3: Left: Calculation of (53] in the bulk side. The vertical direction corresponds to
the radial direction of AdSs. The t-channel corresponds to the length of minimal geodesics
anchored on the boundary points (blue semi-circles) plus the minimal cross section (blue dotted
line) of the connected entanglement wedge (shaded region). Right: One of (56). The s-channel
corresponds to the usual holographic EE calculation; hence, no connected entanglement wedge
and its cross section.

we just assume the contribution from b, is negligible at the large-c limit. This assumption will

be justified when we consider the pure state limit discussed in the next subsection.

Let us briefly comment on the case of logarithmic negativity. In this case, we cannot use the
light operator (h,2 /c < 1) approximation of the t-channel conformal blocks — the Bag with
even integer n is indeed heavy enough to cause the back reaction.

In the same way, we can compute the s-channel limit z — 0. In this case, the dominant
contribution will be the vacuum block as like the EE. Hence, we obtain

¢, |ur—wus| e, |vg—ws

So(pasa,) = 3 log 3 log (55)
- S(pA1A2>‘ (56)
Therefore, we have confirmed
1 1+ z
log [ } t-channel, x ~ 1),
Ew(paa,) = 4Gn -z ( ) (57)

0 (s-channel, z ~ 0).

in the two disjoint interval case. Here we again used the relation between the central charge

and the three-dimensional Newtonian constant ¢ = % [45]. The precisely matches the

minimal entanglement wedge cross section for AdS; (see figure [3).
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4.2.2 Pure state limit

Let us consider the single interval limit uy — v; and vo — w4, that is, A° — () limit. This
corresponds to the pure state limit for the initial mixed state. In this case, our calculation

reduces to two-point function of the twist operators,
TA 2 _2
TrHA(pA1?42)n - <0n(u1)0n(vl)> ) (58)

Hence, we can get the usual EE with single interval A = [uy, v1] in this limit. Notice that this
is consistent with a basic property of OEE discussed in section [3] The above is the generic
statement for any CFT,, of course, but let us see this behavior from (53). If one takes the
distance |uy — v1| and |vy — uq| to the cutoff scale ¢, the second term of right-hand side of (53))
reduces to the length of the geodesics anchored on the boundary points u; and v;. Moreover,
this argument guarantees the constant terms from b, is irrelevant at the large-c limit because of

the position independence.

4.2.3 Multiple disjoint intervals

We briefly illustrate the case of more than two disjoint intervals. In general, the previous A; and

Ay themselves also have disconnected pieces within their subregions. To compute Try;, o4, 4,

we assign twist operators o, and &,, for each boundary of subregions. This was considered in
. T

[47] and reproduces the usual Ryu-Takayanagi formula. We can also compute the Try, , (p A?ib )"

from the twist operators’ correlation function by just flipping the order of o,, and &,, belonging

to the A,. Let us consider

(00(21)00(22) 00 (23) 00 (24) 00 (25) 0 (26) 00 (27) 00 (28)) (59)

which corresponds to Try, , (pz;?ib)” for left panel of figure 4} for concreteness. If two-points
belonging to A; and A, respectively are sufficiently close, the OPE channel in which twist
operators 7,8 (or 7,s) on these points fuse into o2 (52s) will be favored. Here we just assume
the lightest conformal block approximation could still work. Eventually, we can pick the OPE
channel in right panel of figure @]

The corresponding eight point conformal blocks factorizes into four-point ones due to the
identity exchange with no external/internal heavy operators. Hence, we can reproduce the cor-

responding entanglement wedge cross section from the &y .
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Figure 4: Left: Calculation of (39) in the bulk side. Each line and region represent the same
one as figure 3] At the boundary, we have disconnected subregion for both A; and A,. In the
boundary calculation, we flip the order of twist operators on A in contrast to the entanglement
entropy. Right: the OPE channel we took in the calculation of the left panel. The 1,--- 8
corresponds to operators sitting on z,--- ,2s. In particular, this conformal block factorizes
into two pieces due to the identity exchange.

4.3 OEE in holographic CFT (thermal state)

In this section, we consider the thermal state in CFT, with the bulk dual, which is genuinely
mixed state and is dual to the static (planar) BTZ black hole [54]. Namely, we will consider
the CFT, on cylinder S§ x R, with single interval on the time slice, A = [—{/2,(/2]. The A°

denotes its complement on the slice.

In order to compute Try, ( pﬁﬁfc)"o by using the replica trick, one needs to take care about the
location of branch cut, which cannot be realized as the naive conformal map from the plane 2
(previous results in section [4.2) to the cylinder w = o + i7. The correct prescription [55] is
given by

Trrg e (050" = (00, (~L/2)5%, (~£/2)02, (€/2)5n, (L/2)), (60

where we introduced a finite but large cutoff L so that the conformal map can work. Thus, our
“complement” A€ is now [—L/2,—¢/2] U [¢/2, L/2], although the true time slice is the infinite
line. After taking the limit n, — 1, we let L — oo [55]]. Here the suffix of correlation function

3 denotes the inverse temperature. Then the corresponding Tr(pa4c)"™ should be

Tryg e (paae)™ = (G, (—L/2)50,(L/2)), (61)
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BH

horizon

A€ A A€

Figure 5: Calculation of Eyy for the static planar BTZ black hole. The inverse temperature (3
is determined by the radius of the horizon. If the subsystem A is sufficiently small ¢ < f3, the
Eyw computes the geodesics anchored on the boundary of A (black curve) which agrees with
the (64). For ¢ > (3, the Ey, does the disconnected surfaces (dotted vertical lines) which is
consistent with the (63]).

By using the conformal map z = ¢*™*/#, one can write the above correlation function as

TrHAAC (ﬂﬁ’ifc )no
27T Shano L 94 94 L
(%) " nte e Nt Do), )
2 Ahan, _nL. L
Trre, o (pane)™ — (g) (0 (e F ), () 63)

Then one can expand the by using the conformal blocks. The dominant contribution can
be again approximated by the single conformal block contribution which depends on the value
of the cross ratio. Here the cross ratio is 2 = ¢~ 5 * for sufficiently large L.

First, we consider the t-channel (x — 1) limit, / < 3. Then the dominant contribution from
the channel is the vacuum block; hence, the (62)) reduces to the product of two-point functions.

After simple calculation, we obtain

c 6 (. wl
Ew = 3 log p— (smh F) +const. (z ~ 1), (64)

where we introduced the UV cutoff ¢ form the dimensional analysis. The constant term comes
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from the normalization of two-point functions. This precisely matches the FEy for the planar
BTZ black hole (see figure [3).

Next, we consider the s-channel (x — 0) limit, / > (5. The dominant contribution in the
channel is now the twist operator ¢,,(5,,) because of the twist number conservation. Then we
have obtained

Ew = ¢ log s + const. (z ~ 0), (65)
3 me

where the constant terms come from the normalization of two-point functions and the OPE
coefficients. This again agrees with the Eyy; however, it is important to note that this result is

exact at the leading order of small z expansion. There is the position dependent deviation of
order O(z1).

4.4 Technical side: geodesics from conformal blocks

In this subsection, we will see the detailed reason why the conformal blocks for local operators
in two-dimension can tell us the geodesics in AdS;. The best way to see this fact is using
the geodesic Witten diagram (GWD) [51] which is an integral representation of the (global)
conformal partial waves (and blocks) for local operators in arbitrary spacetime dimension. We
will use an useful notation called the embedding space formalism (or ambient space formalism
in some literature). We leave the detail of the formalism extensively in appendix [C] but it may

not be necessary for readers who only want to scratch the surface.

It is well known that the global conformal symmetry determines the two-point and three-
point correlation functions up to constant. In addition, the operator product expansion (OPE)
that relates higher point functions to lower ones converges. Therefore, we have the universal
basis of more than three-point functions in CFT. These are called the conformal partial waves
(CPWs). For example, the four-point function of scalar operators O, (P;) with scaling dimen-

sion A; can be expanded as follows:

(On, (P1)Oa, (P2)Ony(P3)On, (Fy))
= 2012p034pWA a,e(P) (66)

A12

Py Pyy 1
(PQ?,) <P14) P a i by miras 2 CmConGasaluv), (67

P7£
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where we defined the cross ratio

U:P12P34 ’U:P23P14
P13P24’ P13P24.

(68)

Here the C;j;s represent the OPE coefficients. Each A,, ¢ in the summation labels the irre-
ducible representation of conformal algebra. We also used P;; = F; - P and A;; = A; — A;

for brevity. The relation between conformal partial waves and conformal blocks is given by

A2

Azg
Piy\ 2 (P 2 1
WA P)=|— — GA, , V), 69
AZ,AP,Z( ) (PQS) <P14) (—2P;5)A1+82(—2 Py )As+A A“AP’K(U v) (69)

so these are essentially the same object.

Let us consider amplitude of an exchange diagram in AdS,;;, where we are integrating
cubic interactions only on the geodesics anchored on the boundary points,

WAi,ApO(PZ) - / d)‘/FALALAp (Pb P27 X/(/\/»GbAas (X/(/\,)v P3)GbA84 (X,<)‘,)7 P4)7 (70)
V34
where
Fay pon, (P P, X'(X) = / AN G (X (N), PG (X (), PGP (X(A), X'(\)). (71)
Y12

Here the scalar bulk-boundary propagator in AdS,.; is given by

1
GAi(X P)=——— 72
ba( ) ) (—2XR)A1’ ( )
and the scalar bulk-bulk propagator satisfies

(V% — A48, — )] Gy (X, X') = §(X, X7). (73)

For later use, we also note the explicit form in three dimension (d = 2),

A epro(X,X’)

Gy (X, X')|aass = (74)

1 — e—20(X,X')"
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where o (X, X') is the geodesic distance between X and X’;
14 4/1-&2
o(X, X") = log (%) el = XX (75)

Geodesics 7;; anchored on the boundary points P; and P; are given by

xay = HE B
/—2P,- P,

The derivation is noted in appendix . The most important property of GWDs is that it satisfies

(76)

the conformal Casimir equation,

1
- §(LP1 + Lp,)* Wa,0,0(P) = Ca,oWa,a,0(F), (77)

where Ca, 0 = Ap(d — A,) is the quadratic conformal Casimir for the scalar primary field in

d-dimension. The sketch of the proof is as follows:

1. The Fa, ayn, (P, P2, X') is invariant under simultaneous rotation about P;, P, and X'.

Hence, we have
(Lp, + Lp, + LX/)ABFALA%AP(PI, Py, X') = 0. (78)

2. Using the above relation twice, we can obtain

1 1
_§(LP1 + Lp,)*Fa,npn, (P, Py, X') = —§L§(/FA1,A2,AP(P1, Py, X") (79)
= Vi Fainn, (P, P, X'). (80)

Here we use the relation between quadratic Casimir and Laplacian in AdS, — %Lg( = V4.
This is just the same logic in the QM where we related the angular momentum L2 to the
Laplacian on S2.

3. The relates V%, to A, (A, — d). The point is that the delta function in the does
not contribute within the geodesic integral (70). Finally, we obtain the (77).

The is a defining property of the conformal partial waves{ir] for external/internal scalar pri-

8When we say conformal blocks rather than conformal partial waves, we focus on the part depend only on the
cross ratio v and v.
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maries. Moreover, at the OPE limit (P, — P;), the asymptotic behavior does match with one of
the CPWs. The same local scaling properties under P, — \(P;) P; will obey from the properties
of bulk-boundary propagators (72).

Thus, one can conclude that “GWD is CPW”. Notice that we did not assume the AdS/CFT
correspondence. Therefore, one can use GWD expression of CPW for any CFT even without
the bulk dual. This is because CPWs are merely kinematical objects. Indeed, “which A, do
enter the spectrum?” is a physical question (dynamics), whereas “what is the form of the CPW
with fixed A,?” is nothing to do with the dynamics of CFT.

Let us consider t-channel GWD in AdS; with identical external operators A; = A. Then,
the reduces to

1 A
WA,AP, P) = / d)\/ d\N G2P (X (N ,X' N ) (81)
0( ) (—2P1-P4)A(—2P2'P3)A s s ba( ( ) ( ))
where

XA() = Pier + Pjte™ 82)

V—2P, - P, ’

AN A, =N
X/A()\I) — P2 € + P3 € (83)

V2D, - P

It turns out that the integrand only depends on the conformal cross ratio; hence, we can identify

the integral part as the conformal block:
Gaspolvin) = [ [ avGeem, X)), 84
714 723

Compared with the (67), the order of u, v in the argument of conformal block is interchanged.
This is because we are considering the t-channel expansion (just flipping all 2 and 4 in the (84)).

Let assume both A and A, are sufficiently heavy such that 1 < A, A, < ¢, where c is
the Virasoro central charge. In this regime, one can show that the Virasoro conformal blocks
reduce to the global ones at the leading order of 1/c expansion. We can further use saddle point

approximation for the integrand of the (8T]), since we have
GbAﬁp (X, X/)|Ad53 ~ e—ApJ(XMX/)' (85)
Then, the dominant contribution will come from the minimal distance between two geodesics
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14 and yo3. Since

oo _ 51 oc!
o\ E14 /(€ H2 1 o\’
assameasgj\’,,ag—/\l:(): dg,
of A (\) and then £71;

(86)

are necessarily for the minimization. It determines the value

1 Py P 1 Py P
\ = = 10g 12 137 )\/ _ = IOg 12 247 f_
4 P24P34 4 P13P34

= (1+Vu ). (87)

-

Finally, we have obtained

1 1 2 _
log Gia. . 0(0, 1) ~ — Ay = — A log [ LEVEFVILEVHE =0} o)
k) P \/E
One can also obtain the s-channel result by u <+ v.
Let us rewrite it for more usual convention in the two-dimensional CFT [56],
14z
log .F(h, hp, 1-— LE‘) ~ —hp lOg <m> s (893)
_ 1+vVz
log F(h, hy, h log| —— ), 89b
£ F il 1= 2) ~ ~hylog (107 ) (890)
where we introduced a different convention,
p=mliin) B A s (90)
(24 - 22)(23 - 2’1) (2’4 - 22)(23 - Zl)

where z = o + it € C. The dictionary is just z = /u,1 — 2 = Jo,h +h = A,|h — h| = ¢
and Ga, a,0(u,v) = F(h, hy, x)F(h, h,, T). If we assume 7 = 0, we have « = Z in the above
expression (89). Note that one can check the (89) from Zamolodchikov’s recursion relation of

the Virasoro conformal blocks. We leave this argument in appendix [D]
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S5 Concluding remarks

In this section, we conclude with some discussion about our results. We also note some possible

future direction including ongoing works.

Comments on &y

We firstly make comments on the possible connection of £y to the entanglement of purification
(EoP). In [33]], the calculation of the EoP has been identified with the conformal blocks with
internal twist operators with the aid of the holographic code model [57]. In this case, the corre-
sponding correlation function consists of twist operators with the twist number ﬂ:”TH where n is
an odd integer. From the path integral perspective, these operators and o,,(7,)s would play the
same role effectively. The &y is not the EoP in general. In particular, the &y, can be negative;
thus, the &y is farther from the entanglement measure than the EoP.

The Ew (pap) is rather similar to the coherent information [58,59]
1(A)B) = S(pp) — S(pap), 1)

or equivalently, the conditional entropy with the minus sign S(A|B) = —I(A)B). Remark-
ably, these quantities can have either positive and negative values. The conditional entropy has
already been discussed in the context of the differential entropy from which one can draw the
bulk (closed) convex surfaces [60,61]. In particular, these were defined together with its ori-
entation (with + sign) [62,/63]]. For the differential entropy, one needs infinite series of density
matrices associated with each infinitesimal subregion. On the other hand, our present result has
been derived from a single density matrix p4p dual to the entanglement wedge. This is a cru-
cial difference compared with the differential entropy. It is very interesting to study operational

interpretation of .S, as like the differential entropy [64]].
We have seen that the holographic states should satisfy

Ewlpan) = 31(A: B) = 5(S(pa) + S(pn) — S(pan)) ©2)

where p4p is a state dual to the bulk classical geometry. On the other hand, we also discussed
the 2-qubit state, which satisfied the opposite inequality. Therefore, the above relation is a
special feature of the “holographic state” as like monogamy of mutual information [65]]. Under-

standing when such constraints can be satisfied is a very interesting future direction. It might be
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understood as the specific nature of the “holographic states” such as the absolutely maximally
entangled (AME) states [57].

Comments on OEE and future direction

It is also natural to study the general properties of OEE itself. In particular, these studies might
give us series of new constraints on the holographic CFT. The proof for general properties may
be technically challenging since the OEE is not convex function as opposed to the usual EE. One
possible way is to study various setup such as spin systems, free theories, gauge theories on the
lattice and so forth. Extensive studies would suggest some generic features of the OEE. Besides
such indirect studies of holography, it is very interesting to see the OEE in the holographic code
model [57] and path integral optimization [66-68].

This thesis argues only the AdS3/CFT, setup, so higher dimensional cases are still conjec-
ture. In the CFT,; with d > 2, the twist operators become non-local operator (co-dimension
2). Hence, we cannot use the geodesic Witten diagram argument (for local operators) at all.
The geodesic Witten diagrams (GWD) [51] has been extensively discussed in the case of local
operators, including spinning fields [69-74], fermions [75]], thermal background [76,/77] and
boundary/defect [78-80]. However, we do not know the explicit form for ones with non-local
operators—it may be referred as “surface Witten diagrams™ [81]]. It might give us some insight
in the case of higher dimension. Of course, it is not clear that we can follow the similar argu-
ment in d = 2. It is nice to use gravitational path integral [15,/82,83]]. It is also intriguing to
consult with “quantum correction” of the OEE and the entanglement wedge cross section.

Towards the reconstruction of entire spacetime

To prove the entire spacetime region, especially the interior of the horizon in black hole ge-
ometries, the entanglement wedge cross section is not enough [84,[85]]. From the viewpoint
of the co-dimension 2 surfaces, we need extremal (but non-minimal) surfaces. To extract such
non-minimal ones, one may need to use the internal (gauged) degrees of freedom in the string
theory [22]. Besides the black hole geometries, it is still unclear how to obtain the information
of time-like component of metric g;; from a given state. How can we extract the time-like curves
from a given state; namely, how does the holographic state realize the gravitational force? We
conclude this thesis with a hope that we will be able to address these challenging but interesting

issues in the future.
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A Some useful facts in Quantum Mechanics

Here we note simple proofs for the facts used in section [2| (Peres’ theorem) and section

(Schmidt decomposition).

Peres’ theorem Suppose our state acting on bi-partite Hilbert space H 4 ® H g is separable,

paB = Y Di0ia @ Tip, 93)

%

its partial transposition with respect to B is given by
Pih =Y pioia @ Ty (94)

Here we used the fact that 77 = (77)T = 7* for any physical states 7. Note that the complex
conjugate does not change eigenvalues of Hermitian matrices. Therefore, each 0;4 ® 7/ still has
non- negative eigenvalues We can conclude that if a given state has the form (93) (a separable
state), (1| p'\3, |1) > 0 for all |¢). In other words, taking contraposition, if a given p’%, has at
least one negative eigenvalue, the state p 4 is entangled.

This simple but powerful argument has been presented by Peres [41]. After that, Horodecki-
Horodecki-Horodecki [42] have displayed, explicit examples which are entangled but have no

negative eigenvalues for its partial transposition.

Schmidt decomposition Any pure state on bi-partite Hilbert space H 4 ® H p can be written
as

= e na) lap) = [na) [03)) (95)

where

= Z wna |OZB> . (96)

Without loss of generality, we can take the above |n)s as the eigenvectors for the reduced density
matrix of A;

pa=Tr [¥)(v] = an [na)(nal, (97)
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where 0 < p, < land >  p, = 1. Then, from the definition of partial trace, we should

conclude

> " (mplv) (W Imp) = (WF V) = pid;. 98)

m

Therefore, our |1/))s must be orthogonal to each others. Hence we can identify |ng) =
|¢§;)> /+/Pn Which leads the Schmidt decomposition,

[0) =Y Vpalns) [ns) (99)
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B Replica Path Integral and Partial Transposition

In this appendix, we review the replica trick which is a methodology to compute n-th power
of reduced density matrices [27,44] (and its partial transposition [48}49,55]). For technical
reason, we are especially interested in the two-dimensional CFT. In section [B.I] we explain the
path integral representation of Trp’; and specific simplification for CFT,. In section [B.2] we
describe how we can realize the partial transposition in terms of the replica trick. In particular,

we argue that the scaling dimension of some twist operators depends on the parity of n.

B.1 Path integral representation of reduced density matrices

Firstly, we write the vacuum wave functional ¥y [¢] by using the Euclidean path integral,
Wo[g] = (@] Jim 27 | W) = (¢|0) , (100)

where |0) is the ground state such that H |0) = 0. We obtain
Wl =N [ Do (H 5(6(—e.7) - ¢1(f))> ow |- [ artorl). o
TeA >

Wilo = () [ Do (H 5(p(+e, 7) —@(f») exp [— | drtiotn f)]} a0

A te

which may be pictorially written as

LIRS T
Wolor) = Wiloa] =
= P2

—— Eam—— (103)
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Then, we can make its reduced density matrix p4 just by gluing the boundary conditions im-

posed on A,

PA [¢1147 gbgl]
= (67](Trn

0)(01 ) I94)
= N[ / D¢ (H 3(p(+e,T) — ¢o(D))0(p(—€, T) — @(f))) e P (104)

ZcA

Demanding Try, p4 = 1, we can identify N = [ Dpe=5l?l = Z,. By using the above expres-
sion (T04)), one can express the trace of p’ in the similar way:

Try,pa = |N|"/D¢1 Doy ( [T 6(o1(—e,@1) = a(e, 2))
zea
0(p2(—€,T2) — @3(€,T3)) - - - 6(dn(—€,Tn) — ¢1 (e, f1))> exp [— > 5[@]] (105)

i=1

1

2

A A A

2 3 1
—1 —1 —1

A A A

n

(106)

The last line is a schematic picture of the Try, , p’; where we are gluing each boundary condition
¢;s on a sheet into another sheet with the same ¢;s. In this way, we can regard the Trp; as a

partition function on the n-sheeted geometry (Riemann sheet),
Try, p%s = Zn/ 27, (107)

where each Z; comes from the normalization factor \.

To be concrete, we shall consider the time slice of two-dimensional conformal field theories.

We can treat this Z,, in two different ways. First, by using the conformal transformation, we can
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relate Z,, to the theory on a single plane with a deficit angle. Second, we remind the original
motivation to introduce the Riemann surface. That was to avoid the multi-valued function on
a single sheet. This can be regarded as the orbifold theory CFT" /Z,, with insertions of twist
operators which play a role of branch points. In the second viewpoint, we simply have

Zo ¢ (0005 (0)) ez, - (108)

where o, (u) and 7,(v) are the (branch point) twist and anti-twist operators. Notice that the
right-hand side is just the two-point function of local operator. We can fix it by conformal
symmetry once we determine the scaling dimension of twist operators. To this end, Calabrese
and Cardy computed the one point function of the stress tensor in the aforementioned two ways
and equate with them. We skip the detail of calculation but finally they obtained

c 1

ho = o, = o (n - ﬁ) . (109)

We can straightforwardly write the above ones in the case of multiple N-interval cases (/N > 1).
In this case, we finally obtain 7, as partition function on the Riemann surface with genus
g = (n—1)(N — 1) or 2N-point correlation function for CFT" /Z,,,

Zy < (0 (11)00n (V1) 00 (u2) 50 (V2) - + - 0 (un) 0 (ON)) cprn /7, - (110)

The latter can be evaluated in the holographic CFT, since it reduces to the vacuum conformal

blocks (at the leading order of large-c limit).

B.2 Replica trick including the partial transposition

The partial transposition (of the reduced density matrix) can be also expressed in terms of the
replica partition function and correlators of twist operators. For simplicity, let us consider the

two disjoint interval case:

(007 Ipanlesey) = W!l/Deb [ 6(¢(+e.@) — do(@)8($(—e, 7) — ¢ (&) | 5.

TC€A,B
(111)

36



Then, we take the partial transposition for the second disconnected peace B:

(0707 Pl |05 08 = (01 65 | pan|ds é7)

i [ Do (

Therefore, TrH(pZBB)” can be written schematically as follows;

Try(pl5)"

[T 6(s(+e @) — da(@)d((—e,7) — ¢1(f)))

[ 5(e(+e. 2) — ¢1(2))5(6(—e, 7) — ¢2(j;))> o519l
x (112)

A
3

5

A
2

B
3

B
¢g n—1
[ ] [ ]
A B
n—1 ¢n

(113)

Y

where the same qﬁf B are glued each others. Since the row and column in the second subregion B
are interchanged, the replicated geometry is also changed compared with the original Try, p" 5.

We can easily write its counterpart in the orbifold CFT,

Try ()" =

(Un(U1)5n(vl)5n(u2)0n(v2)>cmn/zn :
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] €

Figure 6: These figures show a pictorial explanation of the pure state limit. Let us concentrate
on a single replica sheet (very left panel). We shall view each complex plane as a 2-sphere as
usual (middle left panel). Each line and arrows (blue/orange) represent the branch cut connected
with the upper or downer sheet. One can deform each cut in topologically equivalent manners
(middle right panel; for brevity, let us do it only for upper hemisphere). Finally, we obtain a
single branch cut but this cut skips the next upper sheet and connects to the next-next upper
sheet (very right panel).

Notice that the order of twist and anti-twist operators on the subregion B is flipped. Let us
consider the pure state limit; namely, the limit with (AU B)¢ — (). For the replicated geometry,
this may be understood as like figure[6] In the terminology of (I114)), it corresponds to the limit
with us — vy, v — v,

Tew ()" = (on(u)Fn(v1)) ez, (115)

where ¢2(52) are the (ant-)twist operators with twist number 2. An important point is that the
n-sheeted geometry is dramatically different between even n and odd n. In particular, for even
n, our replicated geometry decouples to two independent n/2-sheeted geometry each of which
is equivalent to the path integral of Try APZ/ ?. On the other hand, for odd n, it reduces to the
Trp", after changing the label of each sheets. Therefore, the scaling dimension of o2 (G2) can be

determined from the one of ¢,,(7,):

1
i n——) (n : odd),
T n
hog =hoz =4 0 (116)

In the main text, we will omit the suffix of the correlation function, CFT" /Z,,, for brevity.
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C Embedding formalism in AdS/CFT

We use the embedding definition of (Euclidian) AdS,;; and its conformal boundary R¢. This
idea was first initiated by Dirac [86] and recently revived by Weinberg [|87]]. We also recommend
to see [88-90]. Let us consider R and its sub-manifolds

AdSy: XP=—,=—-1, X" >0, (117a)
OAdS,y, : P2 =0, P4~ \P* (A eR). (117b)

Here we used the light cone metric

1
A-B=n,pA"B" = -3 (A*B™ + A"B%) + 6,4 A°B" (for all vector A, B in R*™1).
(118)
These sub-manifolds indeed represent the AdS,.; and its conformal boundary. Especially,

XA = (Xt X", X =

l(1,z2 + 2%, 1%) (119)
Z

and
ph = (P, P, P") = (1,2°2%), (120)

describe the Poincaré patch and its boundary R? (see figure [7).

Figure 7: Euclidian AdS (red hyperboloid) and its conformal boundary (blue light cone) in the
embedding space. The blue light ray shows the identification of the boundary points P4 ~
AP4. The black hyperbolic curve displays one choice of the flat section for CFT (the Poincaré
section).
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C.1 Embedded fields in AdS/CFT

We would like to embed the fields in AdS,,/CFTy into a flat space R4*11. To this end, we
must impose constraints in order to adjust the total d.o.f. to the original one. We can employ

“transverse condition” for tensor fields
P, T 40Py =0, X, T 4(X) =0, (121)

where T} is a tensor field in the CFT and T} is one in the AdS. Note that these conditions are

imposed only on the physical space (117)). We further impose the condition to the primary field
TaAlAQ'”A’ (X) as
Ty(AP) = A"2Ty(P), (122)

which can be realized as
Ty(AP) = (P*)"%ty(P*/P7), (123)

where we omitted the tensor indices for brevity. Having the (123)) with the Poincaré patch (120),
one can show that ¢ satisfies conformal algebra for primary fields with scaling dimension A
and spin dﬂ It is worth noting that the usual scaling limit of the AdS/CFT fields,

Ty(P) = lim (XN)AT(X = XTP4--.), (124)

Xt—oco

also reproduce the (122).

One can also embed Dirac fermions for even d [75,87],
PyT4s(P) =0, XaD*W(X) = Tepirar ¥3(X), (125)

where I'4 (Tchirar) are the (chiral) gamma matrix in the embedding space.

The covariant derivative is given by
V=G0l + XPY 45, (126)
where we defined the induced metric

Gap = nap + XaXp, (127)

“Here we should use SO(d + 1,1) (Lorentz) generator Lag(P) = Padp — Pp0da + X ap, where Y45 is
generators associated with the rotational representation.
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and the generator of rotation for non-trivial spin representation > 45. It is worth noting that
XAV 4 =0 = XAG 45 on the AdS sub manifold X? = —1.

By using the embedding space, one can algebraically determine the two and three-point cor-
relation functions in CFT without using the conformal Ward-Takahashi identity. Furthermore,
one can also fix the bulk-boundary propagator in AdS. (Of course, we cannot do the overall
constants though.) We listed the result only the case for scalars since we use it explicitly in this

thesis:
A0 1
Gop (P1, P2) = ENAS (128)
1
G’ (X, P) = 3 pya (129)

where the bulk scalar field has the mass m? = A(A — d). Notice that these are the unique
choice up to constant. This fact obeys from the scaling property of primaries, P, — \(F;)P;.
For non-trivial representation, please see [74./75,90] and references therein.

C.2 Geodesics in AdS

In this section, we use Lorentzian signature. We note the case of AdS3 (R??) hereafter, but the

generalization is obvious. We take our metric on R?? as
ds® = —dX{ +dX; + dX; — dX;. (130)
Then, AdSs; is defined as a timelike surface in R%?;
XP=-X0+ X7+ X5 — X5 =3 (131)

First of all, let us consider the geodesics on AdSs3. Geodesic equation can be derived from free
particle Lagrangian,
1.
L= 5X2 + MX? + Bys), (132)

. dX
where X = — and ) is the Lagrange multiplier. The 2nd term is necessarily for a particle to

.
stay on AdS3. Then, the equation of motion is,
XA =2aX4. (133)
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Since our Lagrangian is invariant under the SO(2, 2) rotation, we have the conserved currents;

Jap = XaXp — X4 X5,

dJ
Coap 2, (134)
dr
We also have
JapXE =02 X4, (135)
JapXP = X%X 4, (136)
JapJ 4B = =202 ((X)2. (137)
Therefore, )
d'd(l B>1 .5 @ X°
— X, = S ——IpXP ) X X, (138)
dr dr K/Q\ds €12\dS gzzxds
Thus, .
DGR
A=—— A3y (139)
2gAdS

Let us consider spacelike geodesics. We can easily obtain the generic solution,

X2, _[xz,
XA(r) =mAeV R 4 ple Vs (140)
with
m?=n?=0, 2(m-n)= . (141)

Note that \/ X 27 is related to the geodesic distance. Therefore, the spacelike geodesics an-
chored on the boundary points should have the form (76). Let us define a parameter & as

5—1 = —X(7'1) . X(TQ) = Ezds cosh [ X2(7'1 — 7'2)} . (142)

Since V' X (1 — 72) is nothing but the geodesic distance o, we have obtained

o(X (1), X (1)) = cosh™* (%) = log (H— ‘;_8) ) (143)

where we took g5 = 1.
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D Virasoro conformal blocks from recursion relation

In this appendix, we introduce another way to obtain the Virasoro conformal blocks, introduced
by Zamolodchikov. The goal of this section is to reproduce the by using Zamolodchikov’s

recursion relation.

In the two-dimensional CFT, we have the infinite-dimensional conformal symmetry. The
generators obey the Virasoro algebra:

(Lins L] = (1m0 — 1) Ly + 1—C2(m3 — )80, (144a)
(Lo, L] = (m — 1) Loy + 1—C2(m3 — )00, (144b)

where L,, and L, corresponds to the generators for left and right movers (z and z). The c, ¢
are the central charges and we will consider the case ¢ = ¢. The sub-algebra associated with
the global conformal symmetry is the part n, m = 0, &1. One can construct the highest weight
representation (conformal family) of each algebra labelled by the eigenvalues of (Lo, Ly) =
(h,h). The highest weight state is called primary states. Due to the factorization of left/right
modes in CFTy, we can often discuss the holomorphic or anti-holomorphic part individually.
For further detail, see [56]].

Note that the asymptotic symmetry in the three-dimensional AdS spacetime also turns out
to be the same one (144)) [45]. Hence, by using the Virasoro conformal blocks, we can take
into account the “quantum gravitational effect” naturally for each conformal blocks because the

Virasoro confromal blocks include stress tensor contributions in the global ones.

In what follows, we consider a four-point function of the identical operator ¢. We may

expand CFTj correlators in terms of Virasoro conformal blocks not merely the global ones,

(@(0)g(w, 2)p(1)p(00)) = > aoF(c, hy, hos 2)F (¢, hy, ho; T) (145)

ho,ho
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D.1 Zamolodchikov’s recursion relation

The holomorphic part of Virasoro conformal blocks for the (143) can be obtained from the

following recursion relation [30,31]

c— c—1

Fle,hg, hos ) = [a(1 — 2)] 7 2 [16q(x)] "0~ 5 95(q(2)) T " H(c, hy, ho; q(2)),

(146)
‘ (16)™" Ry n(c, hy) ‘
H(C> h¢7h@,Q(.T)) =1 +m;>1 ho — hm,n(c) H(Ca hdhhm,n(C) —l—mn,q(:t)), (147)
where,
2F1<%,%,1,1—l'):| _pE(d-2)
z)=exp |—7 =e K@ (148)
) P [ 2F1(%> %71337)
da(a(x) = D _a" (), (149)
neL
c—1  (azm+a_n)’ \/1—0 \/25—0
funn(€) = =3~ 1 e 24 o 130
1 G\ (s 1
mn(C hey) = —= 2y — —2 N — . 151
e M 5V () e
Here the labels inside of R,, ,, is given by
r=-m+1,-m+3,--- m—3m-1 (152)
s=-n+1,—n+3--- n—3n—-1 (153)
a=-m+1,-m+2,--- m (154)
b=-n+1,—n+2,---,n (155)
except for (a,b) = (0,0), (m,n).
To solve the recursion relation, first we expand H (q) as
H(q(z)) =1+ ) cx(ho)d®(z), colho) =1, (156)
k=1
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and assign it into (147). Then, we get

[e.9] o0

(16 mann .
> an(ho)a" (@) = Y Z P —r (g + M) g ™ (). (157)

k=1 m,n>1 =0

Though we have ¢y(h, , +mn) in the right-hand side rather than ¢, (he ), we can obtain one for
co(hm.n + mn) by simply replacing ho = hy,, + mn.
We can solve it order by order. Firstly, if mn is an odd number, we always have 12, ,, = 0.

Iterating this fact, we get cor11(ho) = 0. Then, we obtain

ca(ho) = Z > ho_ )cgk,m(hm,wzp). (158)

i=1 mn=2i

For the open source code for Mathematica, which implements the above recursion relation,
see [91]].

D.2 Conformal blocks with internal twist operator

Let us compare the results (and (89)) with the one obtained from the above recursion
relation. To obtain the analytic expression, we need to truncate the power of q(x) at finite order.
Therefore, let us consider the OPE limit x — 0. (Here we are discussing about the s-channel
conformal blocks. In terms of the t-channel blocks, flip x+ — 1 — x and take + — 1.) In this
limit, the q(z) and J3(q(x)) behave as

T x2 212 312t 6257x° 10293x°
~ 16 32 O(a" 159
%) =16+ 32+ 1001 " 2048 * 504288 104576 T O ) (159)

r 2?2 212 9932*  62732° 516928
— 144 n. 1
ﬁg(q(m)) + 8 + 16 + 512 + 32768 + 262144 + 262144 + O(x ) (160)

Then, we can expand log F(c, ¢d, ¢d; x) around x = 0:

r 3 9 4
log F(c, cd, cd;x) = —cdlogx + ¢d (5 + 1—6x + 50

35 , 63
+ '+

0
512 1280x +0(z )+@(5)> +0().  161)
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— n?-1
—  24n

supposed to be very small. Then, we took the large-c limit and after that we further expanded

Here we first set hy, = hp = ¢ and expanded F(c, ¢d, ¢; x) around x = 0. Here ¢ is
the conformal block around 6 = 0. Notice that there are no singular terms like O(6~!). One
can compare it with the saddle point approximation of the geodesic Witten diagrams. These
two expression agree with order by order except the position-independent term —cd log 4. This
term appears from the small x-expansion of the geodesic Witten diagrams. However, this is just
the matter of the normalization of conformal blocks. Besides choice of the normalization, we
are free to choose the UV cut off € for the calculation of the EE or the OEE.

46



References

[1] J. M. Maldacena, “The Large N limit of superconformal field theories and supergrav-
ity,” Int. J. Theor. Phys. 38, 1113 (1999) [Adv. Theor. Math. Phys. 2, 231 (1998)] [hep-
th/9711200].

[2] G. ’t Hooft, “Dimensional reduction in quantum gravity,” Conf. Proc. C 930308, 284
(1993) [gr-qc/9310026].

[3] L. Susskind, “The World as a hologram,” J. Math. Phys. 36, 6377 (1995) [hep-
th/9409089].

[4] J. D. Bekenstein, “Black holes and entropy,” Phys. Rev. D 7, 2333 (1973).

[5] S. W. Hawking, “Particle Creation by Black Holes,” Commun. Math. Phys. 43, 199 (1975)
Erratum: [Commun. Math. Phys. 46, 206 (1976)].

[6] J. D. Bekenstein, “A Universal Upper Bound on the Entropy to Energy Ratio for Bounded
Systems,” Phys. Rev. D 23, 287 (1981).

[7] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2, 253 (1998)
[hep-th/9802150].

[8] I. Heemskerk, J. Penedones, J. Polchinski and J. Sully, “Holography from Conformal Field
Theory,” JHEP 0910, 079 (2009) [arXiv:0907.0151 [hep-th]].

[9] S. El-Showk and K. Papadodimas, “Emergent Spacetime and Holographic CFTs,” JHEP
1210, 106 (2012) [arXiv:1101.4163 [hep-th]].

[10] J. M. Maldacena, “Eternal black holes in anti-de Sitter,” JHEP 0304, 021 (2003) [hep-
th/0106112].

[11] S. Ryu and T. Takayanagi, “Holographic derivation of entanglement entropy from
AdS/CFT,” Phys. Rev. Lett. 96, 181602 (2006) [hep-th/0603001].

[12] V. E. Hubeny, M. Rangamani and T. Takayanagi, “A Covariant holographic entanglement
entropy proposal,” JHEP 0707, 062 (2007) [arXiv:0705.0016 [hep-th]].

[13] B. Swingle, “Entanglement Renormalization and Holography,” Phys. Rev. D 86, 065007
(2012) [arXiv:0905.1317 [cond-mat.str-el]].

[14] M. Van Raamsdonk, “Building up spacetime with quantum entanglement,” Gen. Rel. Grav.
42,2323 (2010) [Int. J. Mod. Phys. D 19, 2429 (2010)] [arXiv:1005.3035 [hep-th]].

47



[15] A. Lewkowycz and J. Maldacena, “Generalized gravitational entropy,” JHEP 1308, 090
(2013) [arXiv:1304.4926 [hep-th]].

[16] X. Dong, A. Lewkowycz and M. Rangamani, “Deriving covariant holographic entangle-
ment,” JHEP 1611, 028 (2016) [arXiv:1607.07506 [hep-th]].

[17] B. Czech, J. L. Karczmarek, F. Nogueira and M. Van Raamsdonk, “The Gravity Dual of a
Density Matrix,” Class. Quant. Grav. 29, 155009 (2012) [arXiv:1204.1330 [hep-th]].

[18] A.C.Wall, “Maximin Surfaces, and the Strong Subadditivity of the Covariant Holographic
Entanglement Entropy,” Class. Quant. Grav. 31, no. 22, 225007 (2014) [arXiv:1211.3494
[hep-th]].

[19] M. Headrick, V. E. Hubeny, A. Lawrence and M. Rangamani, “Causality & holographic
entanglement entropy,” JHEP 1412, 162 (2014) [arXiv:1408.6300 [hep-th]].

[20] V. E. Hubeny, “Extremal surfaces as bulk probes in AdS/CFT,” JHEP 1207, 093 (2012)
[arXiv:1203.1044 [hep-th]].

[21] N. Engelhardt and A. C. Wall, “Extremal Surface Barriers,” JHEP 1403, 068 (2014)
[arXiv:1312.3699 [hep-th]].

[22] V. Balasubramanian, B. D. Chowdhury, B. Czech and J. de Boer, “Entwinement and the
emergence of spacetime,” JHEP 1501, 048 (2015) [arXiv:1406.5859 [hep-th]].

[23] B. M. Terhal, M. Horodecki, D. W. Leung and D. P. DiVincenzo, “The entanglement of
purification,” J. Math. Phys. 43 (2002) 4286 [quant-ph/0202044].

[24] K. Umemoto and T. Takayanagi, “Entanglement of purification through holographic dual-
ity,” Nature Phys. 14, no. 6, 573 (2018) [arXiv:1708.09393 [hep-th]].

[25] P. Nguyen, T. Devakul, M. G. Halbasch, M. P. Zaletel and B. Swingle, “Entanglement of
purification: from spin chains to holography,” JHEP 1801, 098 (2018) [arXiv:1709.07424
[hep-th]].

[26] M. Miyaji and T. Takayanagi, “Surface/State Correspondence as a Generalized Hologra-
phy,” PTEP 2015, no. 7, 073B03 (2015) [arXiv:1503.03542 [hep-th]].

[27] C. G. Callan, Jr. and F. Wilczek, “On geometric entropy,” Phys. Lett. B 333, 55 (1994)
[hep-th/9401072].

[28] G. Vidal and R. F. Werner, “Computable measure of entanglement,” Phys. Rev. A 65,
032314 (2002).

48



[29] X. Dong, “The Gravity Dual of Renyi Entropy,” Nature Commun. 7, 12472 (2016)
[arXiv:1601.06788 [hep-th]].

[30] A. B. Zamolodchikov, “Conformal Symmetry In Two-dimensions: An Explicit Recur-
rence Formula For The Conformal Partial Wave Amplitude,” Commun. Math. Phys. 96,
419 (1984).

[31] A.B.Zamolodchikov, “Conformal Symmetry in Two-dimensional Space: Recursion Rep-
resentation of the Conformal Block,” Teoreticheskaya 1 Matematicheskaya Fizika 73, 103
(1987).

[32] K. Tamaoka, “Entanglement Wedge Cross Section from the Dual Density Matrix,”
arXiv:1809.09109 [hep-th].

[33] H. Hirai, K. Tamaoka and T. Yokoya, “Towards Entanglement of Purification for Confor-
mal Field Theories,” PTEP 2018, no. 6, 063B03 (2018) [arXiv:1803.10539 [hep-th]].

[34] W. Donnelly, “Decomposition of entanglement entropy in lattice gauge theory,” Phys. Rev.
D 85, 085004 (2012) [arXiv:1109.0036 [hep-th]].

[35] H. Casini, M. Huerta and J. A. Rosabal, “Remarks on entanglement entropy for gauge
fields,” Phys. Rev. D 89, no. 8, 085012 (2014) [arXiv:1312.1183 [hep-th]].

[36] S. Ghosh, R. M. Soni and S. P. Trivedi, “On The Entanglement Entropy For Gauge Theo-
ries,” JHEP 1509, 069 (2015) [arXiv:1501.02593 [hep-th]].

[37] S. Aoki, T. Iritani, M. Nozaki, T. Numasawa, N. Shiba and H. Tasaki, “On the def-
inition of entanglement entropy in lattice gauge theories,” JHEP 1506, 187 (2015)
[arXiv:1502.04267 [hep-th]].

[38] R. M. Soni and S. P. Trivedi, “Aspects of Entanglement Entropy for Gauge Theories,”
JHEP 1601, 136 (2016) [arXiv:1510.07455 [hep-th]].

[39] W. Donnelly and L. Freidel, “Local subsystems in gauge theory and gravity,” JHEP 1609,
102 (2016) [arXiv:1601.04744 [hep-th]].

[40] S. Aoki, N. lizuka, K. Tamaoka and T. Yokoya, “Entanglement Entropy for 2D Gauge
Theories with Matters,” Phys. Rev. D 96, no. 4, 045020 (2017) [arXiv:1705.01549 [hep-
th]].

[41] A. Peres, “Separability criterion for density matrices,” Phys. Rev. Lett. 77, 1413 (1996)
[quant-ph/9604005].

49



[42] M. Horodecki, P. Horodecki and R. Horodecki, “On the necessary and sufficient conditions
for separability of mixed quantum states,” Phys. Lett. A 223, 1 (1996) [quant-ph/9605038].

[43] C. Tsallis, “Possible Generalization of Boltzmann-Gibbs Statistics,” J. Statist. Phys. 52,
479 (1988).

[44] P. Calabrese and J. L. Cardy, “Entanglement entropy and quantum field theory,” J. Stat.
Mech. 0406, PO6002 (2004) [hep-th/0405152].

[45] J. D. Brown and M. Henneaux, “Central Charges in the Canonical Realization of Asymp-
totic Symmetries: An Example from Three-Dimensional Gravity,” Commun. Math. Phys.
104, 207 (1986).

[46] T. Hartman, C. A. Keller and B. Stoica, “Universal Spectrum of 2d Conformal Field The-
ory in the Large c Limit,” JHEP 1409, 118 (2014) [arXiv:1405.5137 [hep-th]].

[47] T. Hartman, “Entanglement Entropy at Large Central Charge,” arXiv:1303.6955 [hep-th].

[48] P. Calabrese, J. Cardy and E. Tonni, “Entanglement negativity in quantum field theory,”
Phys. Rev. Lett. 109, 130502 (2012) [arXiv:1206.3092 [cond-mat.stat-mech]].

[49] P. Calabrese, J. Cardy and E. Tonni, “Entanglement negativity in extended systems: A
field theoretical approach,” J. Stat. Mech. 1302, P02008 (2013) [arXiv:1210.5359 [cond-

mat.stat-mech]].

[50] A. L. Fitzpatrick, J. Kaplan and M. T. Walters, “Universality of Long-Distance AdS
Physics from the CFT Bootstrap,” JHEP 1408, 145 (2014) [arXiv:1403.6829 [hep-th]].

[51] E. Hijano, P. Kraus, E. Perlmutter and R. Snively, “Witten Diagrams Revisited: The AdS
Geometry of Conformal Blocks,” JHEP 1601, 146 (2016) [arXiv:1508.00501 [hep-th]].

[52] E. Hijano, P. Kraus, E. Perlmutter and R. Snively, “Semiclassical Virasoro blocks from
AdS; gravity,” JHEP 1512, 077 (2015) [arXiv:1508.04987 [hep-th]].

[53] E. Hijano, P. Kraus and R. Snively, “Worldline approach to semi-classical conformal
blocks,” JHEP 1507, 131 (2015) [arXiv:1501.02260 [hep-th]].

[54] M. Banados, C. Teitelboim and J. Zanelli, “The Black hole in three-dimensional space-
time,” Phys. Rev. Lett. 69, 1849 (1992) [hep-th/9204099].

[55] P. Calabrese, J. Cardy and E. Tonni, “Finite temperature entanglement negativity in con-
formal field theory,” J. Phys. A 48, no. 1, 015006 (2015) [arXiv:1408.3043 [cond-mat.stat-
mech]].

50



[56] P. Di Francesco, P. Mathieu and D. Senechal, “Conformal Field Theory,”

[57] F. Pastawski, B. Yoshida, D. Harlow and J. Preskill, “Holographic quantum error-
correcting codes: Toy models for the bulk/boundary correspondence,” JHEP 1506, 149
(2015) [arXiv:1503.06237 [hep-th]].

[58] B. Schumacher and M. A. Nielsen, “Quantum data processing and error correction,” Phys.
Rev. A 54, 2629 (1996) [quant-ph/9604022].

[59] M. Horodecki, J. Oppenheim and A. Winter, “Quantum State Merging and Negative In-
formation,” Commun. Math. Phys. 269, no. 1, 107 (2006) [quant-ph/0512247].

[60] V. Balasubramanian, B. D. Chowdhury, B. Czech, J. de Boer and M. P. Heller, “Bulk
curves from boundary data in holography,” Phys. Rev. D 89, no. 8, 086004 (2014)
[arXiv:1310.4204 [hep-th]].

[61] R. C. Myers, J. Rao and S. Sugishita, “Holographic Holes in Higher Dimensions,” JHEP
1406, 044 (2014) [arXiv:1403.3416 [hep-th]].

[62] M. Headrick, R. C. Myers and J. Wien, “Holographic Holes and Differential Entropy,”
JHEP 1410, 149 (2014) [arXiv:1408.4770 [hep-th]].

[63] B. Czech and L. Lamprou, “Holographic definition of points and distances,” Phys. Rev. D
90, 106005 (2014) [arXiv:1409.4473 [hep-th]].

[64] B. Czech, P. Hayden, N. Lashkari and B. Swingle, “The Information Theoretic Interpreta-
tion of the Length of a Curve,” JHEP 1506, 157 (2015) [arXiv:1410.1540 [hep-th]].

[65] P. Hayden, M. Headrick and A. Maloney, “Holographic Mutual Information is Monoga-
mous,” Phys. Rev. D 87, no. 4, 046003 (2013) [arXiv:1107.2940 [hep-th]].

[66] M. Miyaji, T. Takayanagi and K. Watanabe, “From path integrals to tensor networks for
the AdS/CFT correspondence,” Phys. Rev. D 95, no. 6, 066004 (2017) [arXiv:1609.04645
[hep-th]].

[67] P. Caputa, N. Kundu, M. Miyaji, T. Takayanagi and K. Watanabe, “Anti-de Sitter Space
from Optimization of Path Integrals in Conformal Field Theories,” Phys. Rev. Lett. 119,
no. 7, 071602 (2017) [arXiv:1703.00456 [hep-th]].

[68] P. Caputa, N. Kundu, M. Miyaji, T. Takayanagi and K. Watanabe, “Liouville Action as
Path-Integral Complexity: From Continuous Tensor Networks to AdS/CFT,” JHEP 1711,
097 (2017) [arXiv:1706.07056 [hep-th]].

51



[69] M. Nishida and K. Tamaoka, “Geodesic Witten diagrams with an external spinning field,”
PTEP 2017, no. 5, 053B06 (2017) [arXiv:1609.04563 [hep-th]].

[70] A. Castro, E. Llabrs and F. Rejon-Barrera, “Geodesic Diagrams, Gravitational Interactions
& OPE Structures,” JHEP 1706, 099 (2017) [arXiv:1702.06128 [hep-th]].

[71] E. Dyer, D. Z. Freedman and J. Sully, “Spinning Geodesic Witten Diagrams,” JHEP 1711,
060 (2017) [arXiv:1702.06139 [hep-th]].

[72] C. Sleight and M. Taronna, “Spinning Witten Diagrams,” JHEP 1706, 100 (2017)
[arXiv:1702.08619 [hep-th]].

[73] H. Y. Chen, E. J. Kuo and H. Kyono, “Anatomy of Geodesic Witten Diagrams,” JHEP
1705, 070 (2017) [arXiv:1702.08818 [hep-th]].

[74] K. Tamaoka, “Geodesic Witten diagrams with antisymmetric tensor exchange,” Phys. Rev.
D 96, no. 8, 086007 (2017) [arXiv:1707.07934 [hep-th]].

[75] M. Nishida and K. Tamaoka, “Fermions in Geodesic Witten Diagrams,” JHEP 1807, 149
(2018) [arXiv:1805.00217 [hep-th]].

[76] P. Kraus, A. Maloney, H. Maxfield, G. S. Ng and J. q. Wu, “Witten Diagrams for Torus
Conformal Blocks,” JHEP 1709, 149 (2017) [arXiv:1706.00047 [hep-th]].

[771 Y. Gobeil, A. Maloney, G. S. Ng and J. q. Wu, “Thermal Conformal Blocks,”
arXiv:1802.10537 [hep-th].

[78] L. Rastelli and X. Zhou, “The Mellin Formalism for Boundary CFT,,” JHEP 1710, 146
(2017) [arXiv:1705.05362 [hep-th]].

[79] A.Karch and Y. Sato, “Boundary Holographic Witten Diagrams,” JHEP 1709, 121 (2017)
[arXiv:1708.01328 [hep-th]].

[80] Y. Sato, “More on Boundary Holographic Witten Diagrams,” Phys. Rev. D 97, no. 2,
026005 (2018) [arXiv:1711.02138 [hep-th]].

[81] B. Czech, L. Lamprou, S. McCandlish, B. Mosk and J. Sully, “A Stereoscopic Look into
the Bulk,” JHEP 1607, 129 (2016) [arXiv:1604.03110 [hep-th]].

[82] T. Faulkner, “The Entanglement Renyi Entropies of Disjoint Intervals in AdS/CFT,”
arXiv:1303.7221 [hep-th].

[83] T. Faulkner, A. Lewkowycz and J. Maldacena, “Quantum corrections to holographic en-
tanglement entropy,” JHEP 1311, 074 (2013) [arXiv:1307.2892 [hep-th]].

52



[84] T. Hartman and J. Maldacena, ‘“Time Evolution of Entanglement Entropy from Black Hole
Interiors,” JHEP 1305, 014 (2013) [arXiv:1303.1080 [hep-th]].

[85] L. Susskind, “Entanglement is not enough,” Fortsch. Phys. 64, 49 (2016)
[arXiv:1411.0690 [hep-th]].

[86] P. A. M. Dirac, “Wave equations in conformal space,” Annals Math. 37, 429 (1936).

[87] S. Weinberg, “Six-dimensional Methods for Four-dimensional Conformal Field Theories,”
Phys. Rev. D 82, 045031 (2010) [arXiv:1006.3480 [hep-th]].

[88] J. Penedones, “TASI lectures on AdS/CFT,” arXiv:1608.04948 [hep-th].

[89] M. S. Costa, J. Penedones, D. Poland and S. Rychkov, “Spinning Conformal Correlators,”
JHEP 1111, 071 (2011) [arXiv:1107.3554 [hep-th]].

[90] M. S. Costa, V. Gonalves and J. Penedones, “Spinning AdS Propagators,” JHEP 1409, 064
(2014) [arXiv:1404.5625 [hep-th]].

[91] H. Chen, C. Hussong, J. Kaplan and D. Li, “A Numerical Approach to Virasoro Blocks
and the Information Paradox,” JHEP 1709, 102 (2017) [arXiv:1703.09727 [hep-th]].

53



	Introduction and Summary
	Introduction: towards origin of gravity and spacetime
	Summary: what the author has done

	Preliminaries: quantum entanglement
	Entanglement entropy
	Partial transposition

	An odd generalization of the entanglement entropy
	Definition
	Basic properties of OEE
	Mutuality
	Pure states
	Product states

	Example: two-qubit Werner state

	AdS geometries from conformal field theory
	EE in holographic CFT2 (vacuum)
	OEE in holographic CFT2 (vacuum)
	Two disjoint intervals
	Pure state limit
	Multiple disjoint intervals

	OEE in holographic CFT2 (thermal state)
	Technical side: geodesics from conformal blocks

	Concluding remarks
	Some useful facts in Quantum Mechanics
	Replica Path Integral and Partial Transposition
	Path integral representation of reduced density matrices
	Replica trick including the partial transposition

	Embedding formalism in AdS/CFT
	Embedded fields in AdS/CFT
	Geodesics in AdS

	Virasoro conformal blocks from recursion relation
	Zamolodchikov's recursion relation
	Conformal blocks with internal twist operator


