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Abstract

The relationship between Bekenstein-Hawking and entanglement entropy is one
of the most intriguing problems of black hole and theoretical physics. Although
both entropies have the same geometric characterization (they scale as an area),
they have a different origin. The Bekenstein-Hawking entropy has it’s roots in
the thermal correlations whereas the entanglement entropy describes the quan-
tum correlations. In this thesis we address this problem from a holographic
perspective, making large use of the AdS/CFT correspondence.

We first look at the BTZ black hole in which case the black hole horizon and
the conical singularity are related to each other. Using the modular transfor-
mations of the dual 2D CFT, we first obtain an expression of the holographic
entanglement entropy for the Euclidean BTZ black hole, AdS3 vacua and conical
singularity and then analyse the behaviour of the leading terms in the expan-
sions of the holographic entanglement entropy for the BTZ black hole and the
conical singularity. From these calculations, we have extracted the “signatures”
through which entanglement entropy differentiates between the horizon and the
conical singularity. When we deal with CFT at a finite temperature then it is
well known that, entanglement entropy fails as a measure and hence it is replaced
by entanglement negativity which is able to separate the thermal/classical cor-
relations from the quantum correlations thereby capturing “distillable” entan-
glement. We address the problem of finding a suitable holographic prescription
to calculate the entanglement negativity for two adjacent intervals when the
CFT is at a finite temperature and in turn dual to a black hole in the bulk.
We first propose a conjecture for the holographic entanglement negativity for
two adjacent intervals in the AdS;/CFTs setup and perform calculations in the
various cases to support this conjecture. We further push forward the validity of
this conjecture by calculating the holographic entanglement negativity for two
adjacent subsystems when we have RN-AdS black holes in the bulk which in
turn are dual to CFT with a conserved charge.
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Introduction

In recent years the issue of quantum entanglement has attracted intense inter-
est leading to exciting insights in an expansive list of phenomena from quantum
gravity to quantum computers. Generally, quantum entanglement is described
by entanglement entropy which is expressed as the the von Neumann entropy
of the reduced density matrix for a given bipartite quantum system. Recently,
research dealing with the connection between entanglement and gravity has re-
ceived considerable attention for example one of the ideas is that the spacetime
geometry and gravity emerge as a result of an entanglement process present in
an underlying microscopic theory [1H9]. Most of these calculations involve the
setup of AdS/CFT duality as it permits the well defined calculation of the en-
tanglement entropy connecting both the gravitational and field theoretic back-
grounds and opening new ways for the emergent gravity/spacetime scenario.
Holographic entanglement entropy seems closely related with the Bekenstein-
Hawking entropy [10,|11]. The fact that even the entanglement entropy scales
as an area has given birth to the idea of spacetime being a network of tensors [1].
Further, it has been noted that the emergence of bulk locality and quantum er-
ror correction can be seen related in the AdS/CFT setup [12}|13]. Also, it has
been shown that the spacetime connectivity can be related to entanglement [2].
The development of this concept has lead to a better understanding of aspects
of quantum gravity [14,|15] and of the information puzzle in the black hole
evaporation process [16H18]. In a parallel devellopment, connections between
entanglement and Einstein’s equations have also been explored in [419L[19]. Re-
cently in [7] it was shown that the emergent nature of space time, entanglement,
dark energy and aspects of dark matter, in de Sitter space can be correlated.

This research activity which involves the exploration of the connection be-
tween entanglement and the spacetime structure and dynamics was stimulated
by the ideas like interplay between thermodynamics and black hole physics
[20+22], microscopic origin of the Bekenstein-Hawking entropy [23], AdS/CFT
correspondence [24], holographic entanglement entropy [25}26], black hole in-
formation problems [15,(16}27].

A related area where we can explore the connection between entanglement
and gravity and which has received considerable attention is the relation between
the black hole entropy and the entanglement entropy. This thesis is devoted to
the investigation of relationship between the black hole entropy and the entan-
glement entropy from a holographic perspective. In fact we will make large use
of the AdS/CFT correspondence and of the Ryu-Takayanagi proposal, which
allows us to compute the entanglement entropy in a dual QFT in terms of geo-
metric quantities in the bulk gravity theory. Research into the area of the black
hole entropy and entanglement entropy led to the indications of the connection
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between these two types of entropies for example when people studied entan-
glement entropy in quantum field theories and found it proportional to area of
the boundary separating accessible from inaccessible regions [28]. Calculation
of the entanglement entropy for a quantum field in the background of the black
hole was performed in [29] and it was found to be proportional to the area of the
black hole horizon. Also it was shown in [30|31] that quantum corrections to
the black hole entropy can be seen as entanglement entropy. A further step to-
wards a better understanding of this relation under the holographic setting was
done in [25/|32] where the duality between the thermal entropy obtained from
the high temperature limit of the entanglement entropy for a thermal CFT was
shown to be dual to the black hole entropy. The issue of the relation between
the Bekenstein-Hawking and entanglement entropy in the simplified context on
3D AdS gravity has been addressed in [33]. In the 3D case the AdS/CFT cor-
respondence is well understood. Moreover, one can make use of the modular
transformations of the dual 2D CFT, which will allow us to relate the 3D AdS,
BT7Z black hole to conical singularities of the 3D AdS spacetime. These calcula-
tions stimulates the question about the links between the entanglement entropy
associated to conical singularities and black holes. This issue will be discussed
in Chapter 6. Essentially, in this chapter we study how the entanglement en-
tropy differentiates between black hole horizon and conical singularity as both
of these are related to each other for the case of 3D AdS gravity.

Entanglement entropy in conformal field theories is computed using the
replica method [34,/35]. It was also shown that the entanglement entropy for
a given two-dimensional conformal field theory has a logarithmic behaviour
[34H37]. Entanglement entropy has also been shown to be related to the quan-
tum phase transitions [38-40], c-theorem [41]. Further, using the AdS/CFT cor-
respondence a holographic method to calculate the entanglement entropy was
proposed by Ryu-Takayanagi |25L2642] which involved the computation of the
area of the bulk co-dimension two static minimal surfaces. Later, this method
was further generalized for time dependent scenario in [43]. The holographic
entanglement entropy led to a considerable research in the holographic aspect
of entanglement entropy [42}44H49]. Also, the proof for the Ryu-Takayanagi
conjecture has received considerable attention [10L[{11,[50H53].

When we deal with the holographic entanglement entropy for a black hole
then the dual CFT is at a finite temperature and the computation of the holo-
graphic entanglement entropy in the high temperature limit shows presence of
thermal entropy which indicates that we have “Mixed State”. Since the en-
tanglement entropy fails to differentiate between classical and quantum corre-
lations, it can no longer be considered as a measure of entanglement for mixed
state. The solution to this problem was given by Vidal and Werner [54] who
proposed “Entanglement Negativity” as a measure of “distillable” quantum en-
tanglement as it essentially captures only the quantum correlations in a mixed
state and removes the thermal contributions. The non-convex and monotone
nature of the entanglement negativity was shown in [55]. Using a modified ver-
sion of the replica technique entanglement negativity has also been calculated
for conformal field theories [56-58]. As entanglement entropy can be calculated
holographically, in [591/60] attempts were made to extract entanglement nega-
tivity holographically. Recently, a clear solution was put forth in [61,|62] where
the entanglement negativity has been computed in a holographic fashion for a
single interval on the boundary CFT. The authors in [61,/62] have calculated the
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holographic entanglement negativity for a single interval first in the AdSs/CFT,
setup and then also for a generalized AdS,41/CFT, scenario. A covariant calcu-
lation for the holographic entanglement negativity for a single interval was given
in [63]. These calculations for the holographic entanglement negativity involved
an algebraic combination of the areas of the bulk co-dimension two extremal
surfaces and the holographic results were able to reproduce the corresponding
CFT results in the large central charge limit, thus giving a strong support to
the conjecture. This conjecture for a single interval was further strengthened
in [64).

Entanglement Negativity for two adjacent intervals has been calculated for
conformal field theories [56]. Since entanglement entropy and entanglement neg-
ativity for a single interval has a holographic counterpart, in this thesis we will
addrress the question about the possibility to express entanglement negativity
for two adjacent intervals in a holographic manner. The issue of the holographic
entanglement negativity for two adjacent intervals will be discussed in Chapter
7. Essentially, in this chapter we use the holographic setup of AdS3/CFTs to
formulate the conjecture for the holographic entanglement negativity for the
mixed states of two adjacent intervals lying on the 2D boundary CFT.

The calculations for the holographic entanglement negativity for two adja-
cent subsystems in the generalized AdS,y1/CFTy scenario was done in [65].
The calculations were done for the finite temperature case which is dual to the
AdSg441-Schwarzschild black hole. It was noticed that in the high tempera-
ture limit, the volume terms representing thermal correlations were completely
eliminated and as a result the holographic entanglement negativity scales as
area. This area dependence for the entanglement negativity has also been seen
in [66L/67]. A covariant calculation for the holographic entanglement negativity
for two adjacent subsystems was given in [68].

Apart from the BTZ and AdSg4;1-Schwarzschild black hole, another class
of black holes that are very intersesting from the entanglement entropy point
of view are the charged AdS black holes [69H72]. In [70] the authors have
studied the holographic entanglement entropy for the RN-AdS,;,; black hole.
Aspects of entanglement thermodynamics for a boundary field theory at a finite
temperature and charge were studied in [46,(73}/74]). In [49] the authors have
used the setup of [47] to analyse the temperature and charge dependence of the
holographic entanglement entropy for the RN-AdS,/CFTj3 scenario where the
boundary subsystem has a strip like geometry and also studied the entangle-
ment thermodynamics for the same. Motivated by these investigations, we will
address in this thesis the question about the holographic entanglement negativ-
ity in case of the charged AdS black holes. In chapter 8, we will further apply
the conjecture for the holographic entanglement negativity for two adjacent sub-
systems when the dual CFT carries a conserved charge. In this case, the bulk
configuration is the RN-AdS black hole. We consider both the extremal and the
non-extremal cases. We will first deal with the RN-AdS,/CFT3 setup followed
by RN-AdS441/CFTy case.

This thesis is structured as follows. We begin the thesis with essential ingre-
dients of the background material, from chapter 1 to 5 as required to understand
the results in the chapters 6,7 and 8. In chapter 1, we talk about the essen-
tials about AdS space followed by basics of conformal field theory in chapter 2.
In chapter 3, we give a brief review of the AdS/CFT correspondence followed
by basics of entanglement entropy in chapter 4 and entanglement negativity
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in chapter 5. We begin with the research work presented through this thesis
with chapter 6, where we investigate how entanglement entropy differentiates
between black holes and conical singularities. In chapter 7, we study the holo-
graphic entanglement negativity conjecture for two adjacent intervals for the
AdS3/CFTy case and subsequently for the RN-AdS black holes in chapter 8.
Towards the end we summarize and dicuss the results in the conclusion section.
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Chapter 1

AdS space

In this chapter, we will review some aspects of AdS spacetime which are relevant
for the chapters ahead.

The geometrical properties of AdS space time plays an important role in the
AdS/CFT correspondence. Here, we will review some features of AdS space
time relevant to this correspondence. Einstein’s equations with a negative cos-
mological constant

1
R, — iRg,W +Agu, =0, (1.1)

where R, is the Ricci tensor, R is the scalar curvature, A is the cosmological
constant and g, is the metric of the spacetime.

Hyperboloid space is the maximally symmetric solution for the above equation.
A d-dimensional hyperboloid space is given as

X% 4 X+ .+ X2=-R% (1.2)

When we turn to the Minkowski space, we get the d- dimensional Anti de Sitter
space (AdS).
- X2 - X§+ X7+ ..+ X7, =R (1.3)

We can see clearly now that it has d(d+1)/2 Killing vectors and so AdSy is
invariant under the group SO(d-1,2) which is isomorphic to the conformal group
in d-1 dimensions SO(d-1,2). This AdSq is embedded in the d + 1 dimensional
flat space with the metric

ds? = —dX?| — dX3 +dX? + .. +dX7_,. (1.4)

1.1 COORDINATES FOR AdS

If we take the following parametrization for the AdS; coordinates :-

X_1 = RcoshpcosT,
Xo = RcoshpsinT,

d—1
X; = Rsinhp Q; | Q2 =1,
i=1
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where €2; can be expressed in terms of the d — 2 angular coordinates of the d — 2
sphere S;_o, we obtain the metric for AdS,

ds®> = R%*(— cosh? pdr? + dp* 4 sinh® p dQ3_,), (1.6)

where deii2 is the metric on Sy_s. These coordinates cover the entire AdS
with (p > 0,0 < 7 < 27) and are called as global coordinates. When we unroll
the periodic coordinate 7 such that 7 € (—o0, 00) we get the universal cover for
the AdS.
We can also parametrize AdS in terms of Poincaré coordinates which are given
as

X_1=5(2+R*+2% - %),

XO = &7

Re' (1.7)

XZ‘Z PR, 1217....,d—27
Xor=A(2- R 12?2,

In terms of the Poincaré coordinates the AdS metric is

d—2
ds® = R—z(—dt2 +d2? + dez) (1.8)
= 7). .
i=1

Here, both ¢, x lie in the interval —oo < ¢, < co. The coordinate z behaves as
a radial coordinate lying in the interval 0 < z < oo and dividing the entire AdS
into two regions corresponding to z > 0 and z < 0. Poincaré coordinates cover,
therefore, only a part of the entire AdS.

Another important coordinate system for AdS is the conformal coordinates
which we get by taking sinhp = tané in eq. . We then get the follow-

ing metric
2

ds* = (—d7? 4+ df* +sin® 0 dQ3_,). (1.9)

cos? 0
Here , 6 lies between —5 < 6 < 7. In this case, the AdS has a boundary at
0=+Z.
2

1.2 CONFORMAL COMPACTIFICATION OF
AdS

It so happens that sometimes in order to understand a particular phenomenon,
we need to know it’s asymptotic behaviour. In our case, we are interested in
in the global, causal, structure of the spacetime, in particular of AdS. In order
to describe globally the spacetime we need, in particular, to have under control
the asymptotical properties of the spacetime. Owing to the non-compactness of
AdS, it is not easy to understand what is going on “asymptotically” but fortu-
nately Penrose invented a technique called conformal compactification of space-
time which essentially defines an equivalence class of metrics gap = Q%(2)gap
where Q(z) is a positive scalar function of spacetime that modifies the distance
scale but leaves invariant the causal structure of the spacetime making the

16



asymptotics of the physical metric accessible to study so that one can describe
the global, causal, structure of the spacetime. Often in this procedure, it will
be useful to employ the Penrose diagrams also called as Conformal Diagrams
which are 2 dimensional representations of spacetime which preserve the causal
nature of space-time. In this case, infinity in its three different, causal, versions
(timelike, spacelike and null) is represented as part of the boundary of the dia-
gram.

We need to understand the conformal structure of AdS as it is one of it’s impor-
tant aspects [75] which shows causal and geometric relation with the conformal
structure of the flat space.

The AdS/CFT correspondence employs the idea of the holographic principle,
which states that a (d 4+ 1)-dimensional gravitational theory can be described
by a dual d-dimensional boundary field theory. To better understand this con-
nection between the gravity and conformal field theories, we need to understand
how AdS behaves both in the bulk and at the boundary, where the conformal
field theory lives.

Thus the asymptotic/boundary behaviour of AdS spacetime is important to
understand the boundary on which the CFT lives.

1.2.1 Conformal structure of 2D Minkowski space

So, let us begin by looking at the conformal structure of flat space. We start
with the 2 dimensional Minkowski space R"'! whose metric is given as

ds* = —dt* + da?, (1.10)

where —oo < t,x < 0.
Using lightcone coordinates uy =t + = we get the metric as

ds* = —du du_. (1.11)
We use the following transformations to make them finite

Ut = tan 4, (1.12)

where 14 = TTie.

As a result of these new coordinates, the metric is

1

4 cos? iy cos? U_

ds* (—d7? + db?). (1.13)

Taking hints from eq. using a conformal transformation (Weyl rescaling)
of the metric, which preserves the causal structure of the spacetime if we drop
the conformal factor, then we have a flat 2 dimensional space which is finite in
nature as |G| < 7/2 because |7 £ 0| < 7 and this results in a diamond shaped
penrose diagram [75] as depicted in Fig. 1.
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X=Const t=const

Figure 1: Penrose diagram of 2D Minkowski space. (7,6) = (0, £7) correspond
to the spatial infinities x = £oo.

Since, after conformal compactification the boundary nature is that of flat space,
hence this space-time is called as asymptotically flat.

1.2.2 Conformal structure of higher dimensional Minkowski
space

We will now try to analyse the conformal structure for a higher dimensional
Minkowski space R"¥~1 whose metric is given as

ds* = —dt* + dr® + r?dQ?_,, (1.14)

where dQ3_, is the metric on the unit sphere S92 We also see that there is
an additional radial coordinate r which is defined in the range r > 0. Using the
same transformations, as we had used for 2D Minkowski space, we arrive at the
following form of the metric

1

ds* = 5= 5
4 cos? U4 cos? u_

(—dr? + d6* + sin? 0dQ2_,). (1.15)

From the above eq. (|1.15) if we drop the conformal factor, we get a space-time
whose geometry is R x S9! which is also the geometry of the Einstein Static
Universe.

1.2.3 Conformal structure of AdS;

To look at the conformal structure of AdS;y1 we start with eq. (1.9)
2 R? 2 2 2 2
ds® = m(—dT + df* +sin” 6 dQ3_,). (1.16)

After a conformal rescaling, the above metric can be written as

ds? = —d7? + d6* + sin® 0 dQ3_ . (1.17)
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The penrose diagram in this case is a solid cylinder as shown in Fig. 2 with r be-
ing the radial coordinate and 7,2 on the surface . The penrose diagram for
the Poincaré patch of AdS is a triangle as shown in Fig. 3 . The boundary
is timelike and it so happens that the massless particles can reach the boundary
in finite time whereas the massive particles never reach the boundary. We see
here that the above metric dictates a space-time whose geometry is R x ¢!
which is again that of Einstein Static Universe with 0 < § < 7 /2. Therefore, we
can say that the conformal compactification of AdS441 results in the boundary
structure which resembles half of Einstein static Universe. Now, if a space-time
can be conformally compactified in such a way that the boundary structure
corresponds to half of Einstein Static Universe then such a space-time is called
asymptotically AdS. So we see here that after conformal compactification the
boundary of AdSgy; is R x S?~! which is same as that of conformally compact-
ified Minkowski space on R1:41,

Also, it can be shown that the Euclidean AdS;4+1 can be conformally compact-
ified into a d+1 dimensional disk.

gd-!
/
time
@

Boundary

- -

Figure 2 : Penrose diagram for AdS;41 which is a cylinder.

Poincaré patch

Figure 3 : Penrose diagram for Poincaré patch of AdS which is a triangle.
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1.3 Conformal Group

As we have already seen that the boundary of conformally compactified AdSg1
space coincides with the boundary of conformally compactified Minkwoski space
on RY4~1 it becomes interesting to see if the isometry group of AdSgy; is
isomorphic to that of the boundary of AdS;4; and how is it related to the
group structure of the Minkowskian space. To begin our analysis, we will start
by looking at the group structure of conformally compactified d- dimensional
Minkowskian space and then the group structure of conformally compactified
AdS441 space.

1.3.1 Group structure for Minkowskian space and it’s bound-
ary

We begin with the metric of the d-dimensional Minkowskian space
ds® = —dt* + dr* + r2dQ3_,. (1.18)

For a d-dimensional Minkowski space, there is a d-dimensional conformal group
[78,[79]. Conformal transformations are those transformations which preserve
the angle between the two lines. In the context of general relativity they preserve
the metric upto a scale factor as they preserve the causal structure of space-
time and are given as g.» = Q%(2)gq where Q(x) is a positive function which
is smooth everywhere. By conformal group we also have the following set of
transformations [80]

Translations : ' = " + at,
Rotations : ' = M¥z”,
Dilations : ' = ax*, (1.19)

! —(z.z)b"

Special conformal transformations : x'* = TS0 00 @)

This statement implies that the metric is invariant under Poincaré transfor-
mations. Apart from the Poincaré transformations, the metric is rescaled by a
conformal factor under the action of dilations and special conformal transforma-
tions which acts on it’s conformal boundary. This follows simply from the fact
that the conformal boundary is defined up to a conformal rescaling of the metric.
Thus, conformal transformations acting on the boundary do not change the bulk
metric. The boundary of conformally compactified d-dimensional Minkowski
space is invariant under the action of the Lie algebra for infinitesimal - Poincaré
transformations, scaling and special conformal transformations. Hence, we see
that the boundary of conformally compactified d-dimensional Minkowski space
is invariant under the action of the Lie algebra of SO(d,2) and because of this,
we say that the boundary of conformally compactified d-dimensional Minkowski
space is invariant under the conformal group SO(d,2).

1.3.2 Group structure for AdS and it’s boundary

We begin with the metric for AdS441 space which is embedded in (2,d)-dimensional
Minkowski space [78]

d
ds® = —dXZ —dX3, + ) dX}. (1.20)

=1
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Since, in the bulk AdS;;; is a maximally symmetric space and has therefore
(d+1)(d+2)/2 Killing vectors. Its isometry group is inherited by the embedding
in (2,d)-dimensional Minkowski space and is therefore SO(d,2). Next, we look at
the invariance group of the conformal boundary. After conformal compactifica-
tion one can find out the killing vectors acting on the boundary and it so happens
that this group includes dilations and special conformal transformations apart
from the Poincaré transformations. Thus at the conformal boundary, we have
the same invariance group given by the conformal group SO(d,2).

So, we see that the conformal group SO(d,2) is the symmetry group of both

the bulk and at the boundary of AdS;4; This result also dictates that the the
conformal boundary of AdS;y; has the same conformal group i.e. SO(d,2), just
like the conformal boundary of d-dimensional Minkowski space.
Hence, the conformal symmetries of the boundary of AdS permits a conformal
field theory living on the AdS boundary and as a result there is a correspondence
between the bulk and the boundary as the symmetries of the group structure is
same.

1.4 BTZ black hole

We will now briefly review an important part of 3D AdS space which is the
BTZ black hole. Einstein’s equations in 3 dimensions with negative cosmological
constant has the BTZ black hole solution which is given by [81}-83]

ds* = —N?dt? + N72dr® + r2(N?dt + d¢)?, (1.21)
where N%(r) = —8GM + %2 + wf# and N?(r) = =281 J is the angular

momentum and M is the mass of the BTZ black hole. The horizons are given
by the condition N2(r) =0,

ri = 4GM12{1 +

I 1/2
1 (M) ] } (1.22)
ri4r?

where M = = and J = TZGTI’. From the above expression, we have the
conditions M > 0, |J| < MI for the existence of the horizon. It showcases the
property of a true black hole having an event horizon at r and in the rotating
case, a Cauchy horizon at r_.

The BTZ black hole is asymptotically anti-de Sitter, having no curvature
singularity but rather possessing a conical singularity. Because of the constant
curvature, the BTZ black hole is locally isometric to anti-de Sitter space but
globally they are inequivalent. In the global case, BTZ black hole can be iden-
tified in AdS3 by a discrete subgroup of its isometry group. Also it has been
shown that it can occur as the final state of collapsing matter and can have

2 2

thermodynamic properties having a Hawking Temperature T = % and
_ 27mry
entropy S = T+
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Chapter 2

Conformal Field Theory

When we work with quantum field theories, symmetry plays an important role
[75,[84). Apart from the usual Poincaré invariance, sometimes it is also useful
to hunt for scale invariance to understand physics pertaining to quantum field
theories at different scales. This typically happens when the physical system has
no intrinsic scale, like e.g a mass or a coupling constant with length dimensions.
Examples are free-field theories of massless fields and thermodynamical systems
at the critical point.

Often the scale invariance is broken at the quantum level even though it
might be present at the classical level because of generation of the renormal-
ization scale for instance as a result from a conformal anomaly. Renormaliza-
tion involves a cutoff €, bare coupling constant Ay, bare mass mg, renormal-
ization scale pu and from these quatities we calculate the renormalized coupling
A = Ao, mo, €, ). The 8 function which furnishes information about the run-
ning of the coupling constant is given as

%L\o,mo,e (21)
If we say a quantum field theory is scale invariant it means X in the eq.
is p independent which in turn would lead to vanishing of the 5 function. This
means that scale invariance is related at the quantum level with the appearance
of fixed points, i.e to points in which the renormalized couplings do not flow.

The breaking of scale invariance in a theory can lead to renormalization
group flows. Research in quantum field theories has lead to the fact that there
may exist field theories which have renormalization group flows from a UV
fixed point to an IR fixed point. To have scale invariance in the context of
renormalization i.e. 8 = 0, we have two possible scenarios :-

ﬁ(/\,(f) =

e To have 8 = 0 everywhere implies a trivial QFT, i.e a theory for which there
is no renormalization group flow.

OR

e If 8 is not identically zero and hence the QFT is nontrivial, then it needs to
have a zero(fixed point) away from A = 0 where a nontrivial theory will emerge
i.e. - non-trivial CONFORMAL FIELD THEORY.

As stated earlier even though scale invariance is broken at the quantum me-
chanical level, conformal invariance can be still respected as a local symmetry
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near to a fixed point and therefore we also tend to seek for conformal invariant
theories at the quantum scale. It is also been shown that unitary scale-invariant
theories are also conformally invariant i.e the space—time symmetry group en-
larges from the Poincaré to the conformal group of symmetries. So, we see that
study of conformal field theories can be fruitful in various physical situations
and the leading reason for us is the AdS/CFT correspondence as we need to
understand how the conformal field theory on the “boundary” of AdS is related
to the quantities inside the “bulk” of AdS.

2.1 Conformal Group and Algebra

Conformal group transformations are those transformations which preserve the
form of the metric upto a scale factor g, = Q%(2)gas where () is a positive
function [75]. The conformal group is an extension of Poincaré group which
involves the following transfromations [80]:-

Translations : x'* = 2" + a¥,

Rotations : ' = Mx”,

Dilations : z'* = ax',

! —(z.x)b"

Special conformal transformations : x'* = T30 T 0T

and the corresponding generators are

Translations : P, = —i0,,

Rotations : L, = (2,0, — 2,0,),

Dilations : D = —ixz*0,,,

Special conformal transformations : K, = —i(2z,x2"0, — (x.z)0,).

These generators obey the conformal algebra [75]

My, Pyl = =i(Mup Py — MupPp),

My, Kp] = —i(nup Ky — mupKy),

M, Myo| = —inu,M,s £+ permutations,
M,

v, D] =0,
D,Kﬂ] =iK,,
DaP/t] = 72‘PM7
P, K, = 20M,,, — 2in,, D.

The rest of the commutators vanish.

This algebra can be shown to be ismorphic to SO(d,2) when we use the signature
(- +, +, - - -, +,-) with generators J,, = (p,v = —-1,0,1, - - -, d —1) and
obtaining the following [80]

J;u/ = Mp,l/v
J_10=D,

1
Tt =3 (B~ Ky,
Jop= Lt )
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It is worth noting here that for d=2, the conformal group becomes the two-
dimensional diffeorphim group it has therefore infinite generators which closes
in two copies of the Virasoro algebra, hence it is infinite dimensional.

2.2 Primary Operators

The representations of the conformal group have operators ¢ which are eigen-
functions of the scaling operator D with eigenvalue -iA where A is called the
scaling dimension of the operator |75]. This implies that under a scaling trans-
formation they transform as ¢(x) — ¢'(x) = A>¢(Az). Now, from the commu-
tation relation [77]

[D, Pu] = =iPy = D(Pu¢) = Pu(D¢) —iPup = —i(A +1)(Pug),  (22)

we can see that P, raises the scaling dimension of the operator by 1 whereas
K, lowers it by 1 as we have

DK, =iK,. (2.3)

So we see that P, acts as a creation operator whereas K, acts as an annihilation
operator with respect to the eigenstates of D.

Unitarity conditions puts a lower bound on the dimensions of the operators,
particularly in the case of scalar fields it is A > (d—2)/2 where the equality is for
free fields. Because of such a lower bound, the representation of the conformal
group has an operator of the lowest dimension and which is annihilated by K,
at the origin i.e. at x = 0 and such an operator is called as the primary operator.
They have the following commutation relations :-

[Py, ¢(2)] = i0,¢(x),

My, d(x)] = [i(2,0, — 2,0,) + Zpud(x),

[D, ¢(x)] = i(=A + a"0,) (),

(K, 0(2)] = [i(2°0, — 22,270, + 23,A) — 22", ]¢(z).

Here, X,,, are matrices for the representations of the Lorentz group. The repre-
sentation for the conformal group in case of the primary operator is character-
ized by the Lorentz group and the scaling dimension A. Apart from the primary
operator, the descendant operators are generated by acting on the primary op-
erator with P,. In case of conformal group, we use the eigenfunctions of D and
not the eigenfunctions of the Hamiltonian Py or M? = —P*P,.

An important characterization of the conformal group SO(d,2) is in terms of
the maximally compact subgroup SO(d)xSO(2). Here, the generator for SO(2)
is Jo(a+1) = %(KO + Py). This subsgroup is important when we do the radial
quantization of the conformal field theory on S9~! x R which is related to the
AdS space when the metric is written in terms of global coordinates.

When we do radial quantization [84] in Euclidean space then the spin of the
field is given in terms of the SO(d) subgroup whereas the charge in the SO(2)
subgroup is the scaling dimension A of the field. In case of radial quantization,
the Euclidean R? is foliated by (d-1) spheres, S9~1, concentric at the origin and
this configuration defines the Hilbert space for the CFT states at a radial slice.
The operator D is the evolution generator of the states from one radial slice to
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another. This is how we see that there is a state-operator correspondence in the
Hilbert space.

Now, if we define |0) as the conformal vacuum, then each operator ¢(z) can
define a state at the origin by ¢(0)]0). In the context of radial quantization, by
virtue of scale invariance this will also represent a state of any size S4~! around
the origin. On the other hand, using the same scale invariance we can also move
a state at a given radius to the origin by contracting the sphere.

To shed more light on this state-operator correspondence, we see that [75] time
acts as a radial direction in R and the origin corresponds to the past infinity,
using the operator J_; ¢ as the Hamiltonian we can map the opeartor O to the
state as |O) = lim,_0 O(x)|0). So, when we insert the operator at the origin
then the state cooresponding to it is a functional integral on a ball around the
origin. On the other hand, when we want to map state to an operator then we
take the state as a functional of values of field on a ball around the origin, next
shrink this ball to size zero using conformal invariance, this act is equivalent to
insertion of some local operator.

2.3 Correlation Functions

The symmetries of the conformal group puts restrictions on the correlation
functions of primary fields [75,/84] in terms of their scaling dimensions and
spin. It has been shown that the Euclidean correlation functions are also valid
for Minkowski space-time. Correlation functions of descendant fields can be
obtained by taking the derivative of the primary fields.

For a scalar field, where both the operators have the same scaling dimension
A1 = Ay = A, we have the following form of a two point function:-

(O(21)O(ws)) = — 22 (2.4)

- |:171 7172|2A’

where 15 is the structure constant.
The three point function is given as

C1a3
<O(JJ1)O(I‘2)O(Z‘3)> = |1.1 _ 1’2|A1+A27A3‘{E1 _ SU3‘A1+A37A2 Ty — 1~3|A2+A3*A1 ’
(2.5)
where (123 is the structure constant.
The four point function is given as
4
(O(21)O0(22)O(23)O(24)) = crasa(u,v) [ g |58, (2.6)
1<j

where ¢1234(u,v) is now a function of the 2 independent cross-ratios u, v which
are conformally invariant and are given as

_ mioflrsal  |aaal|wes|
|z13][224] |z13]|724]

(2.7)

Now, these conformal invariants increase with the increment in the insertion
points, so the higher n-point functions will have more of these independent
invariants as the constraints imposed by conformal symmetry will be less.
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In the case of conformal algebra, the scaling dimension of only two operators are
determined by the conformal group, the first is the energy-momentum tensor
T,,, which is an operator of dimension A = d and the second is the conserved
current J, which is an operator of dimension A =d — 1.

2.4 Operator Product Expansion

One of the aspects of field theory is the operator product expansion which says
that as we bring two operators O;(x) and Oz(y) close enough to each other such
that x — y i.e. they start acting at the same point, then this act results in a
generation of a local disturbance at that point which in turn can be written as
the sum of local operators whose action is on that same point.

Generally, OPE are written as O1(z)O2(y) — > Ch(z — y)Opn(y). When it

n
comes to conformal field theory [84], for two scalar primaries we have the fol-
lowing form

On, ()04, (0) = Z cij|z| AT RITA (O, (0) + descendants), (2.8)
k

where the sum extends over all primaries and their descendants. The coefficients
for the decendants for each primary is determined by the conformal invariance.
It is also interesting to see that the coeflicients c;;;, in front of the primaries are
similar to the coefficients for the case of three point functions.

So we see that in general any n point correlation can be extracted by using
operator product expansion. Using OPE for any two adjacent points we can
subsitute n point correlators by an infinite sum of n — 1 point function.
Generally using the information related to primary fields like scaling dimension
A, coefficients c;;;, etc we can extract a lot of details about the CFT but then
we have non-trivial relations arising out of unitarity and crossing symmetry of
OPE’s which will serve as a hindrance to a proper understanding of the CFT as
these conditions are very difficult to tackle. Because of this problem, we look for
alternative approaches for CFT and one such way is AdS/CFT correspondence
in which the correlation function is expressed in terms of the partition function
of the bulk gravity theory in the following manner

Zlpa,] = <exp (/ddx on,; ()04, () >> (2.9)

CFT

Here, ¢a,(x) are classical sources associated with each operator and when we
take derivative of Z w.r.t these sources we get the correlation functions as follows

0a, (x1)0dna, (x2).... 2=

(2.10)

When the correlators are conformally invariant, the partion function is also
conformally invariant. For example under the scaling transformation we have

/ddx O (x)Oa(x) = /dd()\m) da(Ax)Oa(Nz) = )\d_A/dd(ac) da(Ax)OA (),
(2.11)
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which implies invariance of Z when the source undergoes a scaling transforma-
tion as follows

da(z) = N2 pa (\x). (2.12)

So we see that even when the source undergoes a transformation of the conformal
group, Z still remains an invariant of the conformal group.
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Chapter 3

AdS/CFT Correspondence

One of the intriguing aspects of theoretical physics are dualities which have
revolutionized perspectives of physics at the fundamental level. Dualities relate
two different facets and thus they leads to an enhanced understanding of physics.
Implication of this duality is that the mathematical structure of the two theories
maybe identical but there may be differences from a physical standpoint. One of
the interesting dualities that we will talk about in this chapter is the AdS/CFT
correspondence which connects conformal field theory on a flat space-time to
string theory. This is interesting because string theory, is a theoretical setup for
quantum gravity whereas quantum field theory is not. Now, even though these
two theories are different, AdS/CFT correspondence assumes the existence of a
correspondence between the two theories and this is one of the most attractive
features of this duality, which pushes research for it’s deeper understanding and
possible applications.

Another interesting feature of AdS/CFT correspondence is the fact that it
is a realization of the holographic principle. The holographic principle says that
for a gravitational theory the number of degrees of freedom for a given volume
V scales as the surface area 9V of that volume. This holographic principle
has it’s roots in the Bekenstein bound which states that the maximum entropy
for a given volume V is given by S < 27}51% where E is the mass-energy of
the system, R is the radius of the sphere inside which the system fits [85]. In
case of AdS/CFT correspondence the quantum gravity theory/string theory is
defined on a manifold, which has the form AdS x X, where AdS is the Anti-de
Sitter space which holds the gravitational theory and X is a compact space and
the “holographically dual” field theory exists on the conformal boundary this
Anti-de Sitter space.

A further rich aspect of AdS/CFT correspondence is that in a certain limit
of string theory it exhibits features of strong-weak coupling duality which means
that when the boundary field theory is strongly coupled, the dual bulk gravi-
tational theory is weakly curved, thus classical gravitational tools become valid
here. The validity of the classical gravity theory further prompts research into
the area of understanding of strongly coupled boundary field theory using clas-
sical gravitational setup.
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3.1 Aspects related to the AdS/CFT correspon-
dence

Before proceeding with the AdS/CFT correspondence, it is worthy to look at
few concepts of physics which are closely related to it and which will be helpful
in understanding the correspondence itself.

3.1.1 Holography

The first important idea that is closely related to the above mentioned corre-
spondence is that of Holography. The idea of holography was motivated by
the result that the entropy of a black hole is propotional to area of the hori-
zon. Before we go ahead, it is important to go through few notions related
to entropy itself. We will essentially talk about Thermodynamic entropy and
Shannon Entropy.

Thermodynamic Entropy, S, in its statistical mechanics interpretation tells
us how many possible microstates are there for a given macrostate and it is
formally given as
AQ
Ta
where () is heat and T is the temperature. In some sense, it measures the amount
of disorder in a system. On the other hand Shannon Entropy was proposed by
a mathematician as a measure of information content and it essentially gives a
measure of no. of bits required for a particular process or a configuration. It
uses bits as it’s unit which are dimensionless.

Generally, it so happens that the thermodynamic entropy is much greater
than Shannon entropy as because the degrees of freedom in both cases are
different. In the first case we deal with atoms, electrons etc, in the later case
we simply deal with electronic stuff. But, for same degrees of freedom they will
be same , so now, we raise 2 questions :-

First- What are the elementary degrees of freedom?
Second - How much information can be there per unit of the elementary degree
of freedom so as to calculate total information/entropy for a given configuration?

The answers to the above two questions are closely related to the idea of
holography. In 1970’s it was proposed that the area of the event horizon never
decreases and using this as a clue Bekenstein proposed that even black holes
have entropy to solve the entropy problem related to the black holes at that
time. Before Bekenstein’s proposal it was believed that black holes have no
entropy and if one throws some matter inside the black hole then it disappears as
because we dont’t know what happens inside a blackhole. As a result, violation
of second law of thermodynamics takes place. Bekenstein’s idea was that the
increase in the black hole entropy compensates more or in same amount for the
loss of matter entropy and this preserves then the 2nd law of thermodynamics.
In generalised fashion, this statement would mean that the black hole entropy
along with the entropy of material outside the black hole never decreases and
this statement is called Generalised Second Law of Thermodynamics. This
law is preserved when Hawking predicted that black holes need to radiated if
they carry entropy and in this case the entropy of thermal radiation more than
compensates for the loss due to black hole entropy.

s = (3.1)
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Next step was taken by Sorkin who related black hole entropy with the area
of the horizon. But, there came another problem-that of black hole information
paradox - loss of information of the material going inside the black hole and in
order to resolve this issue the idea of Holography was proposed which said that
the information content of the infalling material is encoded in fluctuations of
the horizon. Hence, effectively one can say that information/entropy of a given
region of space time depends on its surface area.

We now return to the previous two questions, the answer to the first is maybe
that the elementary degrees of freedom are strings as it was in the context of
string theory that a proposal for solving this paradox has been elaborated and
the maximum information can be known from what is called as Bousso Bound.
Thus we see how Holography nicely explains two very important aspects of
physics finally leading to the idea that quantum gravity in a given d dimensional
spacetime can be described by a theory on it’s d-1 dimensional boundary having
less than one degree of freedom per planck area.

3.1.2 Large N expansion

The large N expansion is the domain where physicists saw initial glimpses of
relation between string theory and gauge theory [86].

String Theory was originally developed to explain strong interactions but
later on it was realised that it was QCD that could describe the strong interac-
tions. However, QCD is not helpful enough to study strong interactions in the
low energy limit and it is here that the concept of “Duality” becomes important,
in particular to study the strongly coupled low energy regime of gauge theory
one can expect a dual description of QCD which will be weakly coupled. There
are indications that this weakly coupled candidate might be string theory and
't Hooft’s large N expansion was one these indications. At low energies, QCD
is a confining theory, in the sense, there are only bound states, i.e mesons and
baryons and no free quarks or gluons and there exists a linear potential between
quark and an antiquark at large distance between them and the flux lines are
confined to a flux tube or string.

It is difficult to explain the low energy regime, as the QCD coupling constant
is not a good expansion parameter, so in a hope to simplify the theory, it was
proposed by 't Hooft to generalize SU(3) to SU(N) so that we have N colours
instead of 3 and then do perturbation in terms of parameter 1/N. Introducing
the 't Hooft coupling which is A = g% ,,N in which X is held fixed as N is taken
to infinity (This limit is called "Hooft limit) and scaling the fields we see that
the entire Lagrangian is

ﬁ:

Tr(F? +...):ﬁTr(F2 +..). (3.2)

2 uv pv
9y m A

As a result each vertex will carry a factor propotional to % and for each prop-
agator %

One can use the pictorial representation of Feynman graphs in what is called
as the “Double Line Notation” . In this, the fields in the fundamental represen-
tation of the SU(N) group are represented by ¢; and fields in the antifundamental
representation of the SU(N) group are represented g; where the bar is used as
the distinguishing factor and i, = 1...N. The fields in the adjoint representa-

tion of the SU(N) group are writen using branching rules as hermitian matrices,
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as a direct product of fundamental and antifundamental fields. Using the Feyn-
man graph notation, the oriented lines are represented using indices 4, j and this
enables us to write the propagators as a double line. So, Feynamn diagrams for
adjoint fields can be represented in terms of Double Lines. On analysing such
diagrams one can think of them in the following manner:-

The Propagators as the edges of some polyhedron(E)
The vertices as the vertices of this polyhedron(V)

The region bounded by the polyhedron (or closed loops) as the face of the poly-
hedron(F)
As a result each Feynman diagram will carry a factor given as

NV*E“:’FAE*V _ ]\/vx/\EfV7 (33)

where x = 2 — 2g is Euler characteristic for the surface corresponding to the
diagram, g being the genus of the surface. Thus we see that the 't Hooft
expansion organizes graphs according to their topology and the perturbative
expansion of the free energy is of the form

F = i NZ729f,(N). (3.4)
0

In the large N limit , it will turn out that only planar diagrams will give a

contribution of order N? while all other diagrams gets suppressed by a factor
1
This expansion turns out to be similar to the closed string perturbative

expansion in string theory which is [87]

Z = Zggg_2Zga (3.5)
920

if we identify g5 with 1/N.
Thus, we see how string theory might be related to gauge theory.

3.1.3 D-brane

In this section we will look at D-branes which are one of the important ingre-
dients of the AdS/CFT correspondence. They play a role in both open string
and closed string scenario.

D - branes in open string setup

In string theory, open strings are allowed for two kinds of boundary conditions -
Neumann and Dirichlet. |77,(88]. Neumann boundary conditions imply the end-
points of the string is free where as the Dirichlet boundary conditions imply that
the endpoints are fixed. Now, we can have p+1 Neumann boundary conditions
where there are p spatial dimensions or d-p-1 Dirichlet boundary conditions
which imply that the endpoints are fixed on p+1 dimensional membrane called
as D-p-brane where p denotes the spatial dimensional extension. So accord-
ingly we have, p=0 called as a point like object, p=1 as string and p=2 as a
membrane. These D-p brane or D-brane (D stands for Dirichlet) are dynamical
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in nature, having degrees of freedom on it. Now, in the regime of small string
coupling constant that is g << 1 when we consider low energy spectrum that
is neglecting massive string excitations, then the open string spectrum corre-
sponds to a supersymmetric gauge theory living on the D-Brane. Open string
excitations which are parallel to the D-brane correspond to the gauge field while
the transverse are related to the scalar fields. Now, if we have N coincident D-
branes then the gauge group is U(NN) and the coupling constant is now gsN.
Hence this N D-brane setup is valid for g5V < 1.

D - branes in closed string setup

When we generalize black hole solutions in higher dimensions allowing for some
flat directions, we call them as p - branes [77,[89,|90]. If there exists a p-brane
solution without charge then it is a Schwarzschild black hole extended on a
flat torus. If they carry charge (extremal/non-extremal) then they extend in
p spatial dimensions and they carry charge due to p + 1-form antisymmetric
tensor field and the metric is dictated by harmonic functions. As these black
branes can live in various dimensions, there can be various names for them
depending on the horizon topology. So for example, p = 0 corresponding to a
horizon is a black hole, p = 1 is called a black string and p = 2 is called a black
membrane.

Now, when we study these p - brane solutions in supergravity setup, then
these solutions turned out to be the alternative description of what is called as
D - Branes. In closed string perspective, D-branes are looked upon as solitonic
solutions in the low energy limit of SUGRA. They are then considered as sources
of gravitational field, bending the spacetime around them. This scenario works
when there is a weak curvature implying the characteristic length scale of AdS
space L to be large. Since in this case we have 5—,42 o gsN, where o/ = 2] I,
being the string length we have the validity condition for a stack of N D-Branes
as gsIN > 1.

3.1.4 Greybody factor

Another important aspect that is closely related to AdS/CFT is the calculation
of the greybody factors for black holes in the setup of D-branes [75]. Now,
generally when one calculates the differential rate of spontaneous emission of
particles from black holes, it so turns out that the absortion cross section for a
particle which is coming in form infinity does not remains constant but rather
varies. Hence, this variational nature of absorption cross section has lead to it’s
name as the greybody factor.

It was observed that the Hawking radiation can also be explained as two
open strings colliding on a D-brane and then forming a closed string which then
propagates in the bulk and that the D-Brane setup can explain the microscopic
aspects of the black hole thermodynamics which can explain these greybody
factor calculations in a neat manner.

This cross section was calculated at the tree level using D3 branes on which
lives the gauge theory and also in the supergravity context. In the both these
setups, the calculations were in agreement with each other. This beautiful
result - that green’s functions for a gauge theory can be calculated using tools
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of supergravity further boosted the research arena to better understand the
connections between gauge theory and string theory.

3.2 AdS;/CFT, correspondence

The bouquet of ideas presented in the above section were put together beauti-
fully by Maldacena in what is now known as AdS/CFT Correspondence [75].

We consider D3 branes in 10 dimensional spacetime on which open strings
end. We consider two types of perturbative excitations in this case. The first
one is that of closed string excitations corresponding to that of excitations of
empty space and in the low energy limit, only the massless states are excited
hence the associated action would be that of supergravity.

Next, there will be open string excitations on the D brane which again in
the low energy limit would correspond to excitations of D brane itself and the
associated action in this case would be that of N' = 4 U(N) supersymmteric
Yang-Mills Theory.

There would be another action term which would correspond to interaction
between the brane and bulk. Therefore the complete effective action of the
massless modes (only massless modes, as we are considering low energy,energies
lower than the string scale 1/1) is

S = Sbulk + Sbrane + Sinta (36)

where Spy 1 corresponds to the action related to supergravity, Sprane corresponds
to N =4 SYM on D3 brane and S;,,; corresponds to the interaction between
the bulk modes and the brane modes. Now, the S;,; has terms proportional to
x which goes as gsa’> — 0 as we take the low energy limit by keeping energy
fixed and taking I, — 0 or o/ — 0. So we see that in the low energy limit S;,;
goes to zero and we are left with two decoupled systems - supergravity in the
bulk and SYM theory on the D3 brane.

Now, another aspect D3-branes is that they also behave like solitons in string
theory as mentioned above and it has been shown that they satisfy extremal
solution of supergravity, in the strong string coupling regime. Looking at the
metric of black brane which is

ds? = f~V2(=dt? + da? + dag + dxd) + f1/3(dr? + r2dQ3),
Fy = (1 + #)dtdwidzadasdf L, (3.7)
f=1+ If—:, R* = 4mg,No'?.

Here, again we have two types of excitations in the low energy regime (from
the perpective of an observer at infinity), massless particles in the bulk and
excitations near » = (. But in the low energy regime, because the absorption
cross section goes as w?, these two types of excitations decouple from each
other. This decoupling can be understood as a result of the fact the wavelength
of the particle in the bulk becomes greater than that of brane and excitations
near 7 = 0 find it difficlut to cross the gravitational barrier and escape to the
asymptotic region. Hence, we have two decoupled regions - supergravity in the
bulk and the near horizon geometry region.

33



In the near horizon case when r < R we get,

’f‘2

d82 = ﬁ(

2
—dt* + dai + dz3 + da3) + RQ% +r2dQZ. (3.8)
From the above metric we see that the first two terms are that of AdSs metric
while the last term is that of S°. Therefore the near horizon geometry turns
out to be that of AdSs x S® while asmptotically it is flat.

Now when we compare these two forms of decoupled systems and noticing
that there are free closed strings propagating in the bulk in both cases (or
supergravity), we are led to the conclusion that the N' = 4 U(N) SYM field
theory in 3+1 dimensions is dual to type IIB superstring on AdSs x S°.

Matching of Symmetries

Another piece of supporting evidence for this duality comes from matching the
symmetries from both the sides.

Now, looking at the metric for AdSs5, we can see that the isometry group for
AdS5 is SO(4,2) whereas the isometry group for S% is SO(6). Therefore the
full symmetry group for AdSs x S° is SO(4,2) x SO(6). On the field theory
side we have the conformal group in 4 dimensions. Also, the global internal
symmetry for N'=4 SYM is SU(4) is related to the SO(6) R symmetry, so the
full symmetry group on the field theory side is SO(4, 2) x SO(6) which coincides
with the symmetry group of the string theory on AdSs x S°.

Limits and Validity

Now we will analyze the validity of the above correspondence.
A perturbative analysis for Yang-Mills theory is valid when

2 R
gy N ~ gsN ~ 7 <. (3.9)
On the other side, the supergravity regime is valid when the AdS radius R is
large compared to the string length and this implies

4
Z ~ gsN ~ g%y N > 1. (3.10)
We also require N to be large in the supergravity regime.

So, we see that the correspondence is valid in both the cases for different
strenghths of coupling. It relates the weakly coupled field theory to the strongly
coupled gravity or vice-versa. Hence, we have “duality” here.

There are also various forms of this correspondence, which are :-

e Weak form: Correspondence is valid for large gs/N, thus it is valid in the
supergravity regime but the full string theory might not be mapped to the field
theory.

o Mid-way form: Correspondence is valid for finite g5V, we can take the 't Hooft
limit here, by keeping A = gsNV fixed and taking N — oo limit.

e Strong form: Correspondence is valid for all values of g; and N.
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The Field-Operator Correspondence

This duality, which has been described above, becomes useful if we know how
to setup a map between String Theory or in the large N limit AdS gravity and
Field Theory.

In the bulk, in the large N limit we have the SUGRA fields and their dy-
namics is dictated by the action Ssugrq[@]. Solving their equation of motions
require the boundary value of fields ¢;. The classical on-shell action for SUGRA
is then given as a functional of ¢;. Another way to look at these ¢; will be as
external sources for operators O; of the CFT. So, we see that there is a one to
one correspondence between the bulk SUGRA fields ¢; and the boundary CFT
operators ;. In the general case we will see that the,

String theory partition function

Zstring(¢i) = / D®; e~ Sstrina(@i) (3.11)

D |boundary=>oi

and CFT partition function

<eXp(/ d'z ¢i0z’)>CFT =e W) = Zopr(d:), (3.12)
are related as

DY; e~ Srerina(P1) = / d'z ¢;0; : 3.13
e (ew([d'z0,0)) . (3.13)

éilboundary:d’i
When the SUGRA approximation holds we have

e_ssugra (¢L)

=7 ). 3.14
0Ssugra=0,Pi|voundary=>%i CFT(¢Z) ( )
It is to be noted that on the r.h.s, the required limit for CFT is N — oo and
A — 0.

Using this relation between boundary and bulk, we can calculate correlation
functions for the field theory.

UV-IR relation

Another interesting feature of this correspondence is the scale/radius relation
also known as the UV/IR duality. Now, by analyzing the conformal transfor-
mations on the Poincaré coordinates, we can see that the radial direction in the
bulk corresponds to an energy scale in the boundary field theory. This implies
that high energy(short distance/UV) on the boundary will correspond to large
radius(IR) in the bulk, further, if we have a UV cutoff for the boundary field
theory, then it will map to an IR cutoff in the bulk. This can be seen as follows.
Now, in the case of N' =4 SYM on a unit radius S2, the number of degrees

of freedom scales as
S ~ N?673, (3.15)

where ¢ is the UV cutoff.
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In case of gravity, when we measure the area in terms of planck units, then
we have
Area Vs R3§73
4Gy 4Gy

here, § is related to the radial coordinate r as » = 1 — § and since the area is
given for § < 1, it means large radius cutoff/IR cutoff in the bulk.

The above physics relating UV parameter of the field theory to the IR of
the bulk, also showcased the underlying holographic nature of the AdS5/CFT,
correspondence explicitly.

~ N2573 (3.16)
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Chapter 4

Entanglement Entropy

In this chapter, we will look at the entanglement entropy starting from its
basic, quantum mechanical, meaning and then extending it to various setups
like QFT,CFT and also in the AdS/CFT context.

4.1 Basic concepts

We will start with the review of basic concepts of the entanglement entropy and
it’s related relevant properties [26].

4.1.1 Definition

We consider a quantum mechanical system at zero temperature and divide it
into two parts A and B such that the total Hilbert space can be written as the
direct product of the two subspaces as Hiot = Ha ® Hp where H 4 corresponds
to the subsystem A and Hp corresponds to the subsystem B. Next, we consider
an observer, who has access through measurement only to the subsystem A, such
a quantum system is described by the reduced density matrix p as

pa = Trppiot, (4.1)

where pior = |U)(¥| is the density matrix for the ground state and the trace is
only over Hp.

Next, we use the von Neumann entropy of the reduced density matrix pa
to define the the entanglement entropy of the subsystem A with respect to the
subsystem B where the DOF have been traced out, as follows

SA = —Tl“ApAIngA. (4.2)

The above equation called as the “Entanglement Entropy” , which is an aspect
of the “Quantum” world, gives us a measure of the “entanglement” between the
two subsystems A and B.

Also, closely related to the von Neumann entropy is the Rényi entropy given

as
1

—n

51(4”) =1 In Trp'y. (4.3)
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The two above stated entropies are related as follows

Sa = lim st (4.4)

n—

Renyi entropy is very useful for calculating the entanglement entropy.

If we want to define entanglement entropy for a system at finite temperature
where T = 37! then we need to use the thermal density matrix Pthermal = e*ﬂH,
H being the total Hamiltonian of the system. It is important to stress that for
systems at finite temperature entanglement entropy contains contributions both
from quantum correlations (“quantum entanglement”) and thermal correlations.
An important point, which we will discuss in this thesis is the possibility to distill
quantum correlations out of the entanglement entropy for thermal states.

4.1.2 Properties

Some of the useful and important properties of the entanglement entropy are :-

1. When we consider the density matrix at zero temperature and bipartition of
the system is such that B is the complement of A then we have the following
condition

S4 = S5pB. (4.5)

The above condition holds true for Rényi entropy also as we have 5§ = 5.
This condition showcases the fact the entanglement entropy is “not” an extensive
quantity hence this condition is violated at the finite temperature when the
entanglement entropy contains extensive thermal contributions.

2. If we divide the system A into two subsystems A; and As, which do not
intersect each other then we have the following subadditivity relation

Sa, + S84, > Sa. (4.6)
The above relation can be used to define mutual information 7(A4, As) as
I(A1,A2) = Sa, + 54, —Sa>0. (4.7
This mutual information can also be written in terms of Rényi entropy as follows
1™ (A1, A) = ST + 5§ - 5§ > 0. (4.8)
In case, they do intersect, then we have

SAl + SAQ > SAlLJAQ + SA10A2~ (4'9)

3. If we have three subsystems A, B, C' which do not intersect each other, then
we have the following strong subadditivity inequality

Sat+Brc+S8 < Sayp + Spic- (4.10)

Sa+Sc < Sars+ Sprc. (4.11)
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4.2 Entanglement Entropy in QFT

The features discussed in the previous section holds for a generic quantum sys-
tem. In this section we consider the specific case of a quantum field theory
(QFT). We consider a quantum field theory on a manifold which has d+1 di-
mensions and has the form R x N where R corresponds to the time direction
and N corresponds to the d-dimensional space-like manifold. We then define
the subsystem A, at a fixed time t = ty, as a d-dimensional submanifold of NV,
ie A C N and next we define submanifold B as the complement of A. So,
effectively we have the boundary of A, denoted by 0A, dividing the manifold
N into two submanifolds A and B. Now, using eq. we define, S4, the
entanglement entropy for the subsystem A. As this entanglement entropy has
divergent contributions in the UV, due to the short distance correlations, we
introduce an UV cutoff a. In the expression for the S,, it was found that the
leading term is proportional to the area of the boundary of A, that is 9 A [28]/29]

Area(0A)

Sa =7.—7 tsubleading terms, (4.12)
a

where 7y is a constant, depending on the system in consideration. This expression
for S4 is better known as the “Area Law” and it can be interpreted by arguing
that the area between the region A and B give a measure of the correlations
which have been traced out. Since, this expression for S is dependent on the
geometry of the submanifold A, it is also called as the geometric entropy.

It is worthy to note here that the area law has a strong resemblance to
the Bekenstein-Hawking thermodynamical entropy or the Black Hole entropy
denoted as Spy. The area law, has it’s motivational roots in the Bekenstein-
Hawking entropy which in turn is proportional to the area of the event horizon
and is given as

Area of horizon

= — 4-1
SeH 1Gn ; (4.13)

where G is the Newton constant.

The analogy between eqs. and has inspired several attempts
to give an interpretation of the Bekenstein Hawking entropy in terms of en-
tanglement of quantum fields in the black hole geometry [28}29]. For instance,
if we say that let the subsystem B correspond to the region inside the black
hole horizon and A outside the horizon, then Spy can be looked upon as the
entanglement entropy for an observer who has access only to the region A and
traces over the DOF localized in the region B as it is inside the horizon.

However, there are differences between the Bekenstein-Hawking entropy and
the entanglement entropy. The main difference is that differently from the
entanglement entropy black hole entropy is universal. The entanglement entropy
is proportional to the number of matter fields which is not the case for the black
hole entropy. Also, the entanglement entropy includes the UV divergences which
is again not the case for the black hole entropy. One promising direction for
trying to understand the relationship between Bekenstein-Hawking entropy and
entanglement entropy is to consider entanglement entropy as originated not from
matter fields but from gravitational DOF, like e.g in the framework of induced
gravity. [30}/31,91-94].
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4.3 Entanglement Entropy in two dimensional
CFT

In the previous section we saw the area law for entanglement entropy in a quan-
tum field theory, in d4+1 dimensions. An important particular case of that we
obtain for d = 1. In this case the boundary between the region A and B are two
isolated points for which one cannot define an area. One can show that in the
particular case of 2D CFT’s the entanglement entropy scales logarithmically as
the length [ of the subsystem A and is given as Sy = glog é, where c is the
central charge for the corresponding CFT. In order to better understand the
entanglement entropy for 2D CFT’s, it is also required to properly comprehend
the calculational mechanism for entanglement entropy in conformal field theo-
ries. So, we now move to the calculational tools for entanglement entropy in
two-dimensional CFT.

4.3.1 Replica trick

In case of two-dimensional CFT’s, entanglement entropy is calculated using the
replica trick [35].

The replica method starts by considering a lattice quantum field theory in
1 space and 1 time dimension. The lattice sites are denoted by x, which is a
discrete variable and a denotes the lattice spacing. Observables are given by
(Z)(:r), eigenstates are given by |¢(z)) which spans the basis of the Hilbert space
and the corresponding eigenvalues are given by ¢(x). H being the Hamiltonian
of the theory, the partition function at an inverse temperature 3 is described by
Z(B) = Tr e PH . Next, we work in the Euclidean space and write the thermal
density matrix elements as a path integral on the imaginary time interval (0, )
as follows

plealdl) = 27 / [do(y, )] [ [ 6(6(y,0) = ¢,) [ [ 6(b(y. B) — da)e™ 5=, (4.14)

where Sg is the euclidean action.

When we normalize the above equation, in path integral framework it means
we are joining the two edges along 7 = 0 and 7 = § and this results in a cylinder
whose circumference is 5.

We now consider a subsystem A whose points x lies in the disjoint interval
(u1,v1)....(un,vn). We obtain the reduced density matrix pa by joining points
which do lie in A. As a result of this action, we will end up with an open cut for
each interval on the cylinder. Next, we take n copies of this cylinder and join
all these cylinders along the open cuts in a cyclic fashion, this entire exercise
now gives us Trp’; which can be written as

Zn(A)
VAN

Trp’ = (4.15)
where Z,,(A) is the partition function on this n copies of cylinder. We now move
from the lattice setup to a continuum setup by letting a — 0. When we move to
the continuum limit, we end up with fields ¢(z, 7), the points can now take real
values and the cuts u;, v; now represent branch points and these n cylinders are
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now n sheeted Riemann surface. This n sheeted Riemann surface is denoted by
Rn,n where there are 2N branch points.

It so turns out, that calculating partition functions on this n sheeted Rie-
mann surfaces is not easy, hence we move the calculations to the complex plane
C as follows

IR = / [dp1.....dps,) exp [— /c dxdT(E[(pl](x,T) F oo 4+ Lop] (, T))] )

g vy
(4.16)
where fc means “restricted” path integral having conditions
g1

@i(2,0%) = ip1(2,07), = € fur,v1], i =1...n, (4.17)

where we have n + 17 = 1.

The lagrangian density of the multi-copy model on the complex plane

LM [@1....0n](x, T) is now expressed as a sum of lagrangian’s of the individual
n copies and is written as

L[or...on](z, 7) = Llp1] (@, 7) + ... + Lon] (2, 7). (4.18)

As a result of eq.(d.16]) we have local fields at (u;,0), (v;,0) which are called as
“Twist” fields 7, / “Anti-twist” fields T,. The twist field is associated with
permutation symmetry i — i + 1 whereas the anti-twist field 7, is associated
with 7 + 1 — 4. These fields reflect the symmetry under the exchange of the
individual copies.

So finally, we can write the partition function in terms of these fields as

2R X (Tn(u1,0)Tn(v1,0).. Tn(un; 0) Tn(vn, 0)) £y - (4.19)

More importantly, we have for correlation functions on R, 1

) (Tn(u1,0)Tn(v1,0)0(2, 7)...) £y .
O(x, T;sheet 7)..... N = — 4.20
(O, 73sheet i)....)2 ., (Tn(u1,0)Tn(v1,0)) zov o (420

where O is a field in the multi-copy model £(™) representing £ on the i** sheet.
The above expression takes care of the proportionality constants and the same
will be valid in the case of R, n, with added products of twist/anti-twist fields.
n . .
Going ahead further, we can define ¢ = > eQm%J(pj, k=0,1,..,n—1
j=1
which diagonalize the twist/anti-twist operator as follows

Tafr = €277 Gy, (4.21)

Tnr = 6_27”'%@1« (4.22)

When the various values of k decouple, then the total partition function can be
written as a product of partition function of individual &

n—1

IR = H (Tieon (11, 0) Tin (v1, 0)....) £w).c» (4.23)

k=0
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k

~ ad ~ _ —2ms
" Ok, Thmpr = e ™

. , k.
where we now have Ty, ,Pr = €™ @ and

n—1 n—1
To=[]Tom:  Tu=]] T (4.24)
k=0 k=0

After calculating Trp”; for positive integral n, using twist/anti-twist operators,
the final step to calculate the entanglement entropy S 4, now involves taking the
derivative of Trp" w.r.t n and then take the limit n — 1 and is given as follows

0 n
Sa =~ lim =Ty} = lim st (4.25)

n—1 0n

where 5'1(4”) is the Rényi entropy.

4.3.2 Entanglement entropy for a single interval

We first consider N = 1 and a two dimensional euclidean space with a planar
topology implying that there is a single interval [u, v] of length | = |u — v] [35].
This interval lies on an infinitely long one dimensional quantum system at zero
temperature and one can use w,w as the complex coordinate on this system in
the following manner : w = x 4 i1, W = & — ¢7. So, this system is the n-sheeted
Riemann surface R, 1 and next, we will map this system on the complex plane
C where the coordinates are z, Z.

We start this mapping by considering the holomorphic component of the
stress tensor and the relation is

T(w) = (;%)ZT(,Z) + %{z,w}, (4.26)

where {z, w} is the Schwarzian derivative.
Next, we proceed with the expectation value of this stress tensor and using the
above relation we get

c c(n? — v —u)2
(T, = - fzwy = D W

4.27
w-ww—vz
as (T'(z))c = 0 because of translation and rotation invariance.
Now, using eq. (4.20]), the expectation value of the stress tensor is mapped to
the z-plane C where we have n copies of (T'(w)) and we get

(To(u,0)To (0,007 (W) g ¢ e(n®>—1) (v —u)? (4.28)

(T (u, 0)771(”7 0))zom.c 24n (w —u)?(w—v)?’ '

where we have multiplied the r.h.s of the above equation by n.
Next, on comparing eq. (4.28) with the conformal Ward identity, we will see

that the correlation function of twist/anti-twist fields (7, (u,0)7,(v,0)) ) ¢
behaves like a two point function of the primary operators

(T (,0)T0 (v, 0)) 2o o = Ju— v| 2, (4.29)

where d,, is the scaling dimension and is given as d,, = 15 (n — %)

Now, using eqgs. (4.15)),(4.19) and the above stated behaviour, we get
—c(n—1/n)/6
v — u)

a

Trp = cn< (4.30)
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where a has been used to make the results dimensionless and ¢,, are constants.
We use eq. (4.3) along with (4.30)) to compute the Rényi entropy which is as
follows

n c 1 l
st = G <1 + n) log P s (4.31)

_1
where ¢, = 5.

Finally, taking the limit n — 1, as given in eq. (4.4), we get the entanglement
entropy

l
Sp = glog ot (4.32)

Finite temperature

We can go ahead further and extend this result obtained in the zero temperature
case for a single interval to the case of finite temperature [35]. To do so, we will
now consider a 2D Euclidean space having the toplogy of an infinite cylinder,
with compact euclidean time dimension of circumference 5 and take the single
interval along the axis of this infinite cylinder of circumference 3, which means
the system has periodic boundary conditions for the temporal axis. Here, 3 also
stands for the inverse temperature. To map coordinates from the cylindrical
geometry to the complex plane, we will use the conformal map

w = (8/27) log z, (4.33)

where w lies on the cylinder and z on the plane. This will map the interval
“along the axis” of the cylinder.
To map the two point function we will use the following relation

(Tn(21, 21) T (22, 22)) = W' (21)w’ (22)|*" (T (w1, @1) T (w2, 02)). (4.34)

Using eqgs. (4.33)),(4.34) we can extract Trp”; in a thermal mixed state existing
at a finite temperature 3! and consequently S, as

Sy = glog <7rﬁa sinh 7;) + . (4.35)

For low temperature regime, when [ < (8 eq. (4.35) can be approximated and
we have

l
Sa= gloga +cf. (4.36)

On the other hand, for large temperature regime, when [ > 3, from eq. (4.35)),
we have
el

T3

So, we see that at high temperatures thermal correlations dominates over quan-
tum correlations and von Neumann entropy converts into the expected (exten-
sive) form of Gibbs thermal entropy for a 2D QFT.

Sa + Cll. (4.37)
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Finite size

Let us now consider the case in which the 2D euclidean space has cylindric
toplogy but with a compact “space” dimension and the single interval lies along
the circumference of this infinite cylinder. In this case, the circumference is
denoted by L.; and (8 is now aligned along the axis of the cylinder. So, now we
have an interval of length [ on a finite 1D system whose length is L.;. and this
system has periodic boundary conditions for the spatial axis. Physically, this
means that the subsystem A is at zero temperature and has a finite size since
the interval lies along the circumference.

In this case we have to use the following conformal map

w = (iLir/27) log z, (4.38)

where w lies on the cylinder and z on the plane.

Using eq. (4.34) and (4.38)), we get S as

Lg; l
Sa=Slog (C“” sin Lﬁ ) + . (4.39)

3 ma cir

Notice, that eq. is symmetric under the exchange of | — L;» — [, which
is expected, as this is a pure state and must respect S4 = Sp where B in this
case would be the system with length L.;. —I. We also see from (4.39) that the
entanglement entropy is maximal when [ = % and reduces to e when
we take L. — 0o.

Finite temperature and Finite size

Let us now consider the case in which we have a 2D CFT at a finite temperature
and size. If, we want the underlying geometry of the total system to be finite in
extent and also at finite temperature, then we need to have periodic boundary
conditions for both spatial and temporal axis. This action of imposing periodic
boundary conditions on both space and time means we have the topology of
the torus. Now, differently from the cylinder case correlation function on torus
are not universal, as they depend on the full operator content of the conformal
field theory. Moreover, we don’t have any maps to move from plane to torus
so calculation of correlation function on torus is of non-trivial nature. The
computation has therefore to be performed case by case.

In [32], the authors have calculated the entanglement entropy on a torus for
the case of massless Dirac fermion where [ is the periodicity for the compact
temporal direction and the total/finite length for the non-compact spatial direc-
tion is taken to be 1. The single interval of length L lies along the non-compact
spatial direction. For their calculations, the authors have used the following

relation
n—1

Teph = [[(Tor(z. 2)Tor(0,0)). (4.40)

k=0

This is the representation of the partition function that we had initially seen in
(14.23).
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The form of the two point function is

01

|6.,(0]7)>

27mn(7)3
01(L|T)

(To k() Tn i (0)) = (4.41)

where 6 is the Jacobi theta function and 7 is the Dedekind eta function. This
relation is valid for v = 2, 3,4 fermionic sector. We see that as k enters in the
argument of the theta function, the analytic continuation is difficult and so we
can obtain closed expressions in high and low temperature expansions only. In
case of high temperature expansion for v = 3 we have

7627@//1e—zwm,/ﬁ)(176—2wL//3e—27rm//s)

[es)
1
+% Z log( (1—e—27m/B)2
m=1

Sa= %log lfasinh?

00 ZLL coth ("—L’) —1
t2y E7 A/
=1 sinh %L)
(4.42)
If we take an infinite spatial extent, then we move from torus to an infinite
cylinder and accordingly from eq. (4.42)) we will get the leading term for S4 as
—s
Ta ! S8

Sa= %log [ b inh ﬂ-L] (4.43)

which as expected coincides with the result (4.35). When we try to extract
the finite piece for S4 then as expected, the leading term turns out to be the

thermal entropy %
In case of low temperature expansion for v = 3 we have

. 2.8} _2miL —2nfBmy(q_ ,—2niL —27fm
Sa=zlog [Wla sin(rL)| + 5 > log (A=e™e (1_62(21”,3?,1)2 © )
m=1 (4.44)
o (‘Ulil 1—mlL cot wlL
+2 l; l sinh(wlB)
and at zero temperature, eq. (4.44) reduces to
1 1 .
Sa= 3 log - sin(wL)|. (4.45)

which as expected coincides with the result (4.39).

4.4 Holographic Entanglement Entropy

In the previous sections, we came across entanglement entropy in QFT’s and also
in the context of CFT’s, we now move on to understand entanglement entropy
in the the context of the AdS/CFT correspondence. The holographic setup
for calculations of the entanglement entropy is very useful from two different
perspectives. First, one can use the bulk gravitational theory to calculate the
entanglement entropy of the dual QFT living in the boundary. As we will see
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this is a very powerful tool, which allows entanglement entropy computations
in terms of bulk geometric quantities. Second, one can use the holographic
correspondence in the other direction. One can try to understand quantum
entanglement in the bulk gravitational background by using the dual QFT.
This approach is particularly useful for tackling difficult problems suach as the
above-mentioned problem of the realtionship between entanglement entropy and
Bekenstein-Hawking entropy for black holes.

Using the AdS/CFT duality, the idea to calculate entanglement entropy for a
given CF'T using gravitational tools was originally proposed by Ryu-Takayanagi
[25]. According to their proposal, the entanglement entropy S4 for a subsystem
A on d+ 1 dimensional CFT is given as

Area(ya)
Sa= 7405\‘?"’_2) , (4.46)
where v4 is a d dimensional spacelike surface having minimal surface area in
the bulk AdS442 and 4 is constructed in such a way that, if it’s boundary is
denoted by 9va then we have 9y4 = 0A, where 0A is the d — 1 dimensional
boundary of subsystem A lying on the boundary CFT and Gg\‘,H?) is the d + 2
dimensional Newton constant.

As an explanation of eq. we note that on the CFT4,1, we divide
the system into two parts A, B. S4 then stands for the entanglement entropy
relative to the observer in A for whom the region B is inaccessible as it’s degrees
of freedom have been traced over. The boundary A is then extended inside
the bulk such that we have a manifold v, satisfying 0y4 = A and whose
surface area picks up the minimal value. On the bulk gravity side, y4 serves as
a holographic screen which covers the region B, inside the AdS space. The idea
of saturation of the entropy bound is reflected in the fact that the eq.
picks the surface which has the minimal area [26].

4.4.1 Holographic Entanglement Entropy in AdS;/CFT;

We consider AdS3/CFTs as it is one of the simple and well-understood setups for
calculating the holographic entanglement entropy [25}2642]. Also, AdS5/CFT,
has the advantage that the holographic results can be cross-checked against the
2D CFT results which we have discussed in the previous section. Going by the
AdS/CFT correspondence, the central charge of the 2D CFT is related to R,
the radius of AdSs [95] as

3R

CcC = —av) 4.47

where GS\?,’) is the three dimensional Newton constant.

At the AdS3 boundary, the metric is divergent, so we need to introduce a
cutoff pg for regularization purpose. This means that our physical space is now
restricted as we have p < pg. According to the IR/UV relation discussed in the
previous section, this procedure of introducing cutoff in the bulk corresponds
to having a UV cutoff for the dual CFT [96,97]. If L is the total length of the
system and a is the UV cutoff in the dual CFT then we have

e ~ L/a. (4.48)
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We have seen in chapter 1. that 3D gravity with a negative cosmological
constant allows for three different classes of solutions namely pure AdSs3 in
Poincaré and global coordinates and the BTZ black hole. To these different bulk
solutions there will correspond a dual 2D CFT living on different boundaries.
The use of the Ryu-Takayanagi formula will therefore produce a different
result for the three cases. In case of pure AdSs, the dual 2D CFT lives on an
infinite cylinder with compact dimension along the spacelike direction. Infinite
plane corresponds to a 2D CFT at zero temperature with infinite spacelike
direction. In the case of the AdS3 black hole, the dual CFT lives on an infinite
cylinder with compact dimension along the time-like direction. This corresponds
to a 2D CFT at a finite temperature with infinite spacelike direction. In all of
these cases the minimal surface v4 turns out to be one dimensional spacelike
geodesic connecting the two points on the boundary. So, in order to calculate
S4 we simply need to calculate the length of this spacelike geodesic and use this

length as the Area(va) in eq. (4.46) and later make use of eqgs. (4.47),(4.48)) to
match it against the CFT results. We will discuss the three cases separately.

Zero Temperature - Poincaré Coordinates

We now proceed to calculate the holographic entanglement entropy at zero tem-

perature when the dual boundary CFT lies on a plane, hence we use the Poincaré
metric for AdS3

R2

ds® = ;(—dtQ +d2* + dx?). (4.49)

Here, the space is spanned by (¢,2) and z lies in the range —oco < z < o0.

The subsystem A has length [ and it’s endpoints are (z1,2z) = (—=1/2,a) and

(z2,2) = (I/2,a). The geodesic between these two points is given by the half

circle }
(z,2) = i(COS s,sins), (e<s<m—e), (4.50)

where € = 27‘1 and the length of the geodesic is given as

/2
d l
Length(ya) = 2R —5 = —2Rlog(e/2) = 2Rlog —. (4.51)
sin s a

The holographic entanglement entropy is given as

_ Length(ha) _ e 1 (4.52)

Sa =
4GS 3 Ta

We see that the above eq. (4.52) matches with the CFT result as obtained in
(@32).
Zero Temperature - Global Coordinates

Moving on, we will now calculate the holographic entanglement entropy at zero
temperature when the dual boundary CFT lies on an infinite cylinder with
compact space-like direction, hence we use the AdS3 metric in global coordinates

ds? = R*(— cosh p*dt? + dp® + sinh p?df?). (4.53)
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Here, cylinder is spanned by (¢,6) at the boundary p = py. The subsystem A
has length [ and the total length of the system is L. The endpoints of A are

0 =0and 6= 2%1 The length of the geodesic L., is given as

L . . 7l
cosh ( ;{‘) =1+ 2sinh p? sin® (f) (4.54)

Considering large UV cutoff, we have e”° > 1 and consequently, the holographic
entanglement entropy is given as

R ) 7l c . (7l
Sa ~ W log (62p0 sin? (L)) =3 log (e”o sin (L)) (4.55)
N

Next, using eq. (4.48)), finally we can have

c L . /ml
Sa= 3 log <7ra sin (L)> . (4.56)

We see that the above eq. (4.56) matches with the CFT results as obtained in
@39).

Finite Temperature - Global Coordinates

We now move on to calculate holographic entanglement entropy at finite tem-
perature when the dual boundary CFT lies on a cylinder of circumference 8 and
the length of the total system L is infinite such that /L <« 1. At such high
temperature, the bulk configuration corresponds to the Euclidean BTZ black
hole [81] as discussed in chapter 1, whose metric is

2
)

where ¢ has the periodicity ¢ ~ ¢ + 27 and to obtain a smooth geometry, the
Euclidean time is compactified as 7 ~ 7 + QZT—R. When we take the boundary
limit 7 — oo, we get the relation between the boundary CFT and the bulk BTZ
black hole

ds? = (r* —r3)dr? + dr? + r?dy?, (4.57)

8 R

S =—<x 1 4.58

L T4+ < ( )
The subsystem A has endpoints ¢ = 0 and ¢ = % Now, to find the geodesic

distance we notice that the Euclidean BTZ black hole at a temperature T is
dual to a thermal AdSs at a temperature 1/7T, this duality can be achieved
through a modular transformation on the CFT side [98]. Next, we define new
coordinates

r=rycoshp, ri7=RO, rip=Rt, (4.59)

such that eq. (4.57)) becomes the Euclidean version of the AdS3 metric (4.53)).
Using this Euclidean version of AdSs; metric, the geodesic length L., is given
as

L l
cosh ( }7{“‘) =1+ 2cosh p? sinh® (%), (4.60)
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where we have e? ~ (/a.
Using (4.46)), the holographic entanglement entropy is now given as

c 8 . ml
Sa(p) = 3log (mz smh(6)>. (4.61)
We see that the above eq. (4.61)) matches with the CFT results as obtained in
(4.35). The geodesic for various lengths of A takes shape as shown in

Fig. 4(a) when it coincides with that of normal AdSs. If the subsystem length
becomes very large, then eventually the geodesic will cover a part of the horizon.
When this happens, we start seeing a thermal extensive behaviour because now
1/8 > 1. So, we see that under AdS/CFT duality the thermal entropy for a
boundary CFT is dual to the black hole entropy in the bulk gravity. When there
is a horizon, then geodesics corresponding to S4 and Sp (B is the complement
of A) cover different parts of the horizon, so then, S4 is no longer equal to Sp
as shown in Fig. 4(b). This violation of S4 = Sp is expected as the system
is now composed of mixed states. Also, when the length of A becomes large
enough, such that it equals the total system length then 4 will break into two
pieces, one will wrap the horizon completely and the other will be hinged at the
boundary as shown in Fig. 4(c).

(a) horizon (b) (c)

boundary

Figure 4 : Geodesic nature for various lengths of A.
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Chapter 5

Entanglement Negativity

When we consider entanglement for a quantum system which is in pure state
then the von Neumann entropy or the entanglement entropy serves as a good
measure to capture entanglement. But when we consider mixed state, then
the entanglement entropy contains an extensive thermal entropy term and fails
to give an appropriate measure of quantum correlations [56}/59]. Also, it has
been shown by Werner in [99] that mixed states do no always violate Bell’s
inequality. Because of these issues, there is the need to define a new measure
to characterize entanglement for mixed states and this new measure called as
negativity was provided by Vidal and Werner [54]. We will discuss entanglement
negativity in various setups in this chapter.

5.1 Basic concepts

The starting point for entanglement negativity is the identification of a pa-
rameter analogous to the Bell’s inequality through which we can characterize
quantum entanglement in mixed states. To detect whether a given state is en-
tangled or not, we need a separability criterion and for mixed states we use
positive partial transpose criterion also known as PPT.

For PPT, we consider a bipartite system whose Hilbert space is written as
a tensor product Hy, ® Hg [59]. The basis for Hp is |7,) where
a € {1,2..,dim(Hg)} and basis for for Hy is |ey) where a € {1,2..,dim(H.)}.
The matrix elements for a density matrix p, in this basis can be written as

Pacbs = (Taalp|TER)- (5.1)

We define the partial transpose of the density matrix, p', with respect to the
left subsystem as

P = Papba = (TaslplToeq). (5.2)

If p'' has non-negative eigenvalues, then p has positive partial transpose (PPT).
Then, as put forth by Peres [100] we have that when p has PPT, then p is
separable.

To understand the Peres criterion better, we start with the fact that the
density matrix p and it’s transpose will have the same non-negative eigenvalues.
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Let us now write a two particle state, which is separable, as a tensor product of
two single particles

P12 = an Pin ® P2n- (53)
n

Now, as the single particle states have non-negative eigenvalues, we expect that
the two particle state density matrix p;2 must also have all non-negative eigen-
values.

We now consider another density matrix o which is built by taking partial
transpose of only a single particle state in the two particle state density matrix
P12

O12 = an (Pln)T & pan- (5.4)

n

Recalling, now that the (p1,,)7 has the same non-negative eigenvalues as pi,,
we expect that o12 will also possess all non-negative eigenvalues and in case it
has a negative eigenvalue then oo is not separable. Thus, we see that if p has
PPT then it is considered separable.

Another property associated with the PPT criterion is that p is undistillable
if p has PPT [101]. “Undistillable” here means that it is not possible to extract
any pure entanglement, in case we are able to extract, then we have “distillable”
entanglement and the measure of this “distillable” entanglement is called as
negativity. So, entanglement negativity can be seen a measure of the amount of
violation of the PPT criterion and it is defined as

r
-1
N(p) = L ! ; (5.5)
where ||p"|| is the trace norm and represents sum of the absolute values of the
eigenvalues of ||pU|| i.e. ||p"|| = Tr|p"|. So, if we have
Tr(p") = D A+ 3 AT =1=Tn(p), (5.6)
i J

then going by the definition of negativity we have,

Nip) = ;(Dm +2 1= 1) =27 (5.7)

implying negativity is the sum of the absolute values of the negative eigenvalues
of p.
We also have logarithmic negativity which is defined as

&(p) =log lp" |, (5-8)

which gives an upper bound of the distillable entanglement. Further, we have

5(¢maz) = S(pﬁ’fm), (5'9)

implying that for a maximally entangled state 1,4, present in a bipartite sys-
tem, the logarithmic negativity is equal to the entanglement entropy of the
reduced density matrix pZ:L of one of the subsystems.
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5.2 Entanglement Negativity in CFT

In the previous chapter, we have described the replica trick which is used to
calculate the entanglement entropy in CFT’s. In this section we will see how
to compute the entanglement negativity using a modified version of this replica
trick as in the case of entanglement negativity we have the notion of partial
transpose which is absent for entanglement entropy [56].

5.2.1 & and parity of n

To begin with, we consider a density matrix p for a bipartite system whose
Hilbert space is written as H = H1 ® H2 and |€1('1)> and |e§-2)> are the correspond-
ing bases for each of the Hilbert space. We next define the partial transpose of
p with respect to the second Hilbert space as follows

1) (2 1) (2 1) (2 1) (2
(e el |pT el ef?) = (el el |plefVel?). (5.10)
Let us consider the trace of (p2)™ in terms of the parity of n, as follows

TH(p") = DA = 3 A
i>

3

SRR IY
A <0
(5.11)
(T = A = X N S

[ Ai>0 A <0

where n. stands for even n and n, stands for odd n. If we put n, = 1 in the
above equation, we get the normalization Tr(p?2) = 1 and we put n, = 1, then

we have
Tr(p™) = Y Pl + 3 Il =3 Ini] = Trlp™|. (5.12)
Ai>0 i <0 i

Using the analytic continuation for even n i.e n, — 1, we can get

£ = lim InTr(p™2)™. (5.13)

ne—1

The above equation tells us that only even n needs to be considered for calcu-
lating &.

Moving on, we consider the case of a pure state |¢), which in terms of the
bases is given as

) =3 clelVel?), (5.14)

J

where the coefficient ¢; € [0,1]. The density matrix p = [¢)(¢| is given as
p=>cicjleVelP)eMel)], (5.15)
53

and it’s partial transpose with respect to the second space is

P12 =3 cicjleM ey (elVel?). (5.16)

,J
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The n-th power of p’2 is

ne noi (2) (1 2) (1
Z Ciy G |6£1)6§1)><6§1)6§1)‘, n="To Odd’
11,J1
(o) = (5.17)
Ne MNe 2 1 2 1
Z A, |e§1)e§-1)><e§1)e§-1)\, n = ne even,

11,71

and the resulting trace is
S 2o = Trpy, n = n, odd,
T

Tr(p™)" = (5.18)
Ne 2 _ ne/2 2 _
[Zcr ] = (Trp2 ) , M =n, even,

where p = Tra(p) = Sefley”) e
J

If, we now do the analytic continuation for odd n i.e n, — 1, we have the
normalization Tr(p?2) = Trpp = 1.
For n, — 1, we have the following result for the pure state

£=2Trpy* = 5/ (5.19)

The above equation says that for a pure state the entanglement negativity is
equal to the Rényi entropy of order 1/2 and thus we see a confirmation of the
statement conveyed through eq. (5.9)).

5.2.2 Partial Transpose

We move on with the calculation of entanglement negativity for a ground state
in a one dimensional system when we have the tripartition of the system into
Ay, A2 and B as shown in Fig. 5 below [56].

B A B A2 B

ui Vi u2 V2
Figure 5 : Tripartition of the system into A;, A; and B.

We consider the entanglement between A; and As whose union is A i.e. Ay U
As = [ug,v1] U [ug, v2] = A and the complementary is B. We have the following
reduced density matrix

p1 = pa, = Tra,(pa) = Trpua,(p),

5.20
p2 = pas = Tra, (pa) = Trpom, (). (5:20)

We denote the form of the reduced denisty matrix after partial transpose with
respect to A; degree of freedom as

T
Pt = o, (5.21)
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and with respect to A degree of freedom as

pa'? =P (5.22)

If we use the replica trick as mentioned previously for calculating entanglement
entropy, for two disjoint intervals we have

Trplh = (T (wr) T (v1) Ta(u2) T (v2))c- (5.23)

In order to obtain partial transpose we need to interchange the upper edge with
the lower edge of the second cut as shown in the middle of Fig. 6 . If we
now join cyclically n copies of such interchanged edges, i.e p?;?, we will have an
n sheeted Riemann surface which will have reversed order of row and column
indices as compared to the initial one, this problem is solved by again reversing
the order of row and column indices in Ay as shown in the bottom of Fig. 6.
This is now called as reversed partial transpose piz and it’s relation with the
partial transpose is pgz =C pﬁZC where C' will reverse the order of indices either
on the upper or on the lower edge and C? = 1.

Figure 6: Top: The reduced density matrix p4 for 2 disjoint intervals.
Middle: The partial transpose with respect to the second interval pﬁz.
Bottom: The reversed partial transpose pi"’.

As Tr(p2)™ = Tr(p5?)", we can join cyclically n of p2, to get Tr(p’2)" as
the partition function on this n sheeted Riemann surface as shown in

Fig. 7 .
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Figure 7: Tr(p2)" = Tr(pG?)™ for n = 3.

Finally, the four point function of the twist/anti-twist fields can now be written
as

Tr(p’?)" = Tr(pS?)"™ = (Tu(us) Tn(v1) T n(u2) Ta(v2))c- (5.24)

We see that as compared to eq. (5.23)), the act of partial transpose exchanges
the twist with the anti-twist field for the second interval. For n = 2, we have
T2 = T2, hence Trp?% = Tr(p’?)2.

5.2.3 Single Interval - Pure state

To move from two disjoint intervals to a single interval for a pure state we let
B — () as we consider uy — v; and vy — w; which results in

Te(p2)" = (T2 (u)T o (v2)). (5.25)

The above equation is dependent on the parity on n as 7,2 connects the

()-th sheet with (i 4+ 2)-th one. So for the even case i.e n = n., the n, sheeted
Riemann surface decouples into two independent n. /2 sheeted Riemann surface
while for the odd case, finally, we have n, sheeted Riemann surface as shown in

Fig. 8 .
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Figure 8 : Left is for even, where we see decoupling. Right is for odd, where
we see reshuffling.

As a result of this parity dependence, we have

Te(p%2)™ = ((Tn, j2(u2) T, j2(v2)))? = (Trplsc/*)2,
(5.26)

Tr(py)" = (To, (u2) T, (v2)) = Tepls,

which matches with the results in eq. . It is worthy to note here that
the above result was obtained in a field theoretic context, showing the relation
between the Riemann surface and the parity of n.

Next, we put [ = v9 — us and use

Trply = (Ta(w)T(v)) = cn(£>—c/ﬁ<n—1/n>

a

: (5.27)
where ¢,, are constants to have
T ne /2 —£(ne/2-2/n¢)
Tr(pl2)™ = ((To, j2(u2) T, j2(v2)))? = (TrpAz/ )2 = 025/2(3) 3(ne/2=2/ne)

Te(p2)" = (Tr, (u2) T, (02)) = Taply, = e, (L) 50777,

(5.28)
where we have used the fact that the conformal dimensions have the following
form

For n = n,, even, 7;26 and T'Zehave dimensions
Az, =87 =§(%5 —2)

(5.29)
For n = n,,odd, T,, and T, have dimensions

Mg, = A7 = &g L):

We do the analytic continuation for even n i.e. n, — 1 to have

. N3 c l
Ifl = lim Te(pf)™ = p(2)" = €= (o) +2meye (5:30)
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The Rényi entropy is

. —c/6(n—1/n)

a

Trplh, = cn

and for n = 1/2, we have (5.31)
—c/6(1/2-2) 5.31
TTP5412/2) =C1/2 é )

So, 2 Tep([/? = §4/? = ¢1n (3) +21ncy 0.

By looking at the egs. (5.30)),(5.31]), we see that for the pure states the loga-
rithmic negativity £ matches with the Rényi entropy of order 1/2, which is the

same result we had obtained earlier in eq. ([5.19).
If we do the analytic continuation for odd n i.e. n, — 1, we get the normal-
ization Trp?;z =1.

5.2.4 Single Interval - Mixed state

Let us now consider the case of a single interval for a CFT at finite temperature,
we therefore consider the mixed state. We take a bipartite system, A having
finite interval and B being rest of the system. We will evaluate the correlation

function, (ﬁ(—L)Ti(—l)ff(O)?n(L)) on an infnite cylinder of circumference
B =1/T, along the imaginary time axis [58]. To move from the complex plane
to the cylinder we use the map

z—=w= (2£) Inz, (5.32)

™

where z is the coordinate on the complex plane and w is the coordinate on the
cylinder. Under the map (5.32)), the correlation function transform as

<(I)1(21, 21)@2(22, 22)...> = H |U)I(Zj)‘Aj ((I>1(w1,71)1)(1>2(w27ﬁ)2)...>. (533)

So, effectively our correlation function is

(To(~D) T (~)T2(O0)Tn(L))s

_/2m\2AntAl <7;L(6727rL/6)7*'721(67271'[/6)7;;2(1)*n(627rL/,8)>(C (5.34)
- (F) e2nA /B ’

Now, using the properties of OPE’s one can also have the following form for a
four point function

cncgf) Fulx)

—2 —
(T ()T () T2 (o) T2)) = — =), (5.35)
14 23" %
where z;; = |z; — z;| and x is the cross ratio, given as x = % Using egs.

(5.34) and (|5.35)), we have the following

(To(e 2 E/8YT o (72" B) T2 (1) T o (e27H/%) )
cncg) Fol(z) (5.36)
(2sinh(27wL/B))2An (1 — e=2m1/8)2A57 gAY
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Finally, using egs. (5.36]) and (5.34)), we have
(Ta(=L)T (=D T (0)T n(L))s
)

—2A) —2A, (537)
= cncg) [f sinh (Zl)] [i sinh (?)] Zlii) .

We now take the replica limit

lim In[(T,,(—L)T (=) T2(0)Tn(L)) ]

ne—1

¢ 8. wl
=3 In [m sinh <ﬂ)

where we have introduced the UV cutoff a and f(x) = lim1 In[F,, (z)]. Also,
Ne—>

. (5.38)
+ y In(z) + f(z) + constants,

for the above equation, we have used the fact that in the replica limit n. — 1,

A,, — 0and Aﬁ?j — —%. If we now take the limit L — oo for eq. (5.38]), we
have

l {
&= gln [751 sinh (;)] — % + f(e72™/B) 4 constants, (5.39)
where we have Llim x = e 27/#_ The above equation maybe rewritten as
— 00
3
£ = 3 lSA — Sﬁ;h + f(ef%l/ﬁ) + constants, (5.40)
where Sy = £1n %sinh %l is the entanglement entropy and S%' = 73%

is the thermal entropy. So, we see that at finite temperature £ separates out
the quantum and the classical thermal correlations as expected. Also, at large
temperature, as the first two terms cancel each other, we will be left with no
quantum correlations, hence £ = 0.

5.2.5 Holographic Entanglement Negativity for Single In-
terval - Mixed State

Recently, a holographic form for the single interval entanglement negativity
in a 2D CFT at mixed state has been proposed in [61,62]. Similarly to the
Ryu-Takayanagi proposal this conjecture allows us to compute entanglement
negativity for intervals in the dual CFT in terms of geodesic lenghts in the bulk
gravity theory. In this section, we will describe their conjecture and review the
holographic calculations for AdSs/CFT, which reproduces the leading term in
eq. (5.40) in the large central charge limit.

Conjecture

On the boundary CFTs, we consider the partition of the system into spacelike
slices A and A° = B. We have B; and By, such that B = By U By. These are
two finite intervals, present on the two sides of A as shown in Fig. 9 [61].
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Figure 9 : Partitioning of the system alongwith the corresponding geodesics.

Now, the two point function in terms of twist fields can be expressed as
(5.41)

— Cne

(T (20) T, (2))c = Ao

)

Using the AdS/CFT correspondence, we can relate the two point function in
the above equation with the length of the geodesic £;; in the bulk AdS3 whose

endpoints are (z;,z;) on the boundary CFT as follows

— —AneLij
(T (2)Tn.(2))c ~ e 7 (5.42)
Looking at Fig. 9, we have
L2 = Lp,,
£23 = LA)
L34 = Lp,
’ 5.43
L13 = LauB,, (5.43)
Loy = LAuB,,
L14 = LauB-
Using eqs. (5.35),(5.42) and (5.43), we obtain
—An Laup —ADEa 1 (5 44)

e R —_—
@
xAwe

(Tno (20) T, (22) T2 (23) T, (20))c ~ €

where we have neglected in the large central charge limit, the subleading terms
like the constants and F,,, (z) and where 220 s

2
Ane)(CBl +LBy—LAUB; —£AUB,)
2R

(5.45)

(2)
.Z’A"e =€

We now take the replica limit n, — 1 of eq. ([5.44)), to obtain

c(2LA+LB +£By, —LAuB; —£AUB,)
SR ,

(5.46)

lim (T, (21) T, (22) T2 (23) T . (24))c ~ €

ne—1
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where we have used the fact, that when ne —1,A,, — 0 and A%Ze) - 7.
Using the Brown-Henneaux formula ¢ = G3 where G, is the three dimensional

gravitational constant [95] and taking the Mlimit B — A (L — o0) implying
By, By — oo for the eq. (5.46]), we have & as

£ = lim

Bos Ac [16G3 (2La+Lp, + Ly, — Laup, — EAUBQ)}- (5.47)

Using the Ryu-Takayanagi formula (4.46)), we can express the above equation
as

3
&= lim |° (I(A, By) + (A, BQ)) , (5.48)
B—Ac | 4
where 7 is the holographic mutual information and is given as
I(A,B1) = Sa+ S, — Saup, = ﬁ(ﬁA +Lp, — Laus,);
(5.49)

Z(A,B2) = Sa + Sp, — Saus, = 4G3 (La+Lp, — Laus,)-

Eq. (5.48)) gives a general expression for entanglement negativity of a 2D bound-
ary CFT in the case of a tripartite system and single interval, in terms of geodesic
lengths in the bulk .

Holographic Entanglement Negativity in AdS3;/CFT; for a Single In-
terval - Mixed State

We will now review the calculation of holographic entanglement negativity for a
single interval at mixed state in the setup of AdS3/CFT5 as considered in [61162].
According to the AdS/CFT duality, 2D CFT at a finite temperature (7' = 3~1)
is dual to an Euclidean BTZ black hole having the same Hawking temperature.
The metric for the Euclidean BTZ black hole is

2
GE

where the periodic Euclidean time 7 satisfies 7 ~ 75+ &2 T and the coordinate
¢ is also periodic. The length of the geodesic for an interval of length [, on the
boundary is £, and is given as

ds* = (r* —r})drg + dr? + r*d¢?, (5.50)

2R

£, =2RIn {% sinh(%)}, (5.51)

where a is the UV cutoff and R is the AdS3 radius.

Now, using eqs. (5.43)),(5.47),(5.51)), we have

( ) : ml
3R sinh 2 sinh( %
£=lim |“=In '8 C L) : () . (5.52)
L—oo | 4G Slnh(ﬂ( g'a))
Finally, after taking the limit L — oo, for the above equation, we have
c B 7rl el
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Comparing the above equation ([5.53)) with eq. (5.39), we see that the holo-
graphic entanglement negativity quite remarkably reproduces the leading terms
in the large central charge limit. We can re-express the above equation as

E= g lsA — gh] : (5.54)

where S4, SY! is the same as expressed in eq. .

We see that even the holographic entanglement negativity separates out clas-
sical and quantum correlations as expected, capturing the distillable quantum
entanglement.
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Chapter 6

How is the Presence of

Horizons and Localised
Matter Encoded in the
Entanglement Entropy?

Our theoretical knowledge of black holes is incomplete without understand-
ing the various aspects of black hole entropy like the microscopic origin of the
Bekenstein-Hawking entropy [23}/102], information puzzle aspects like firewalls
and complementarity [15,27]. In this context, one of the most intense areas of
research, nowadays, is to explore the relation between entanglement entropy and
black hole entropy as it has been found that both these two types of entropies
might be connected [25}[33|91}{103H107].

Research along this line is very promising because entanglement is a quantum
phenomenon while black hole entropy has thermal nature.
So, it is important to understand in a deeper manner that how is entanglement
related to the black hole entropy. To hunt answers, we begin with the question:
How does entanglement entropy differentiates between black hole horizon and
conical singularity? [108].

We will begin this chapter by reviewing some features of AdSs which are
relevant for our purposes and then modular transformations of the dual 2D CFT.
Next, we will see how to use the modular transformation on the torus to obtain
entanglement entropy for various configurations of the boundary 2D CF'T which
lies on the cylinder and are dual to the bulk gravity configurations like black
holes, AdS space and spacetimes with conical singularities. Moving on, we will
discuss the holographic entanglement entropy for the same boundary 2D CFT
configurations and the leading terms in this holographic entanglement entropy.
We will then extend the discussion to the 3D gravity bulk configurations. Next,
we will also see aspects of entanglement entropy in Minkowski spacetime and
issues related to causality of holographic entanglement entropy. Finally, we will
end this chapter trying to answer the question: How does entanglement entropy
differentiates between black hole horizon and conical singularity? [108].
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6.1 3D AdS gravity

3D AdS gravity is described by the action

1
o 167TG3

/d%\/?g <R + L22> , (6.1)

where L is the radius of the anti-de Sitter space and Gj is 3D Newton con-
stant. All the solutions of this action are locally equivalent to 3d AdS spacetime
(AdSs3).

As governed by the AdS3;/CFTy correspondence [24], in the large A limit,
3D AdS gravity is dual to the two dimensional conformal field theory on the
boundary, so we have [95]

3L
C—C—2G3 > 1, (6.2)
where ¢, ¢ are the central charges for the corresponding CFT5.
3D AdS gravity has no propagating degrees of freedom and in the absence
of matter sources, the spacetime appears locally equivalent to AdSz. The global
properties of the solutions of the action are affected by the localized matter.
For AdSs, there are three types of geometries on the basis of the orbits (elliptic,
hyperbolic, parabolic) of the SL(2, R) group manifold [81H83]. The first of
these three types of geometries is the BTZ black hole which gives the positive
mass excitations. This geometry is asymptotically AdS having an event horizon,
positive mass and is at finite temperature T'. The second geometry pertains to
the vacuum, having zero mass and in our case we consider the AdS3 vacua in
Poincaré coordinates as there two possible representations for the vacua, the
other being in the global coordinates. The third geometry is that of conical
singularity which separates these two vacuum solutions. This geometry has
pointlike particles of positive mass as its source. In our case, we consider conical
singularity in both space and time.
So, we will now have a look at all the four possible geometries.

e AdSj3 vacua
AdS3 has two vacua, one represented in global coordinates, the other in
the Poincaré coordinates. In global coordinates it is given as

—1
ds> =— (1 ~ dt? 1 "~ dr? ﬁdz 6.3
5% = + 73 + {1+ 13 r°+ 7d¢”, (6.3)

where the coordinates range are ¢t € [—o0, 0], ¢ € [0,27L],r € [0, 00).

When we restrict ¢ € [0, 5] we have AdS3 at finite temperature 7' = 1/p.
This bulk configuration is dual to a CFT having the same temperature.
This boundary CFT lives on the torus 7(8,2wL), where 8 and 2rL are
periodicities for the time and space direction respectively.

If we take the limit » — oo in eq. (6.3)), then we the AdSs vacua in the
Poincaré coordinates.

-1
dszﬁdz ~ dr? ﬁdZ 6.4
s° = I t+L2 T+L2¢, (6.4)

63



where we don’t have a periodic ¢, as ¢ € [—o00, 0], t € [—00,00]. The
CFT dual to this configuration lives on a plane.

For our case, the physical vacuum is AdSs in the Poincaré coordinates as
it is continuously connected with both the BTZ black hole and conical
singularities. Hence, we can take into account the thermal excitations of
the vacuum produced by the black hole with positive mass and also conical
singularities which are sourced by pointlike masses.

BTZ black hole
The BTZ black hole is a solution of the action (6.1) and is given by the

metric

T2

A = — 0 (P =)+ (P — ) P+ T

L2 d¢27 (65)

where r is the horizon radius. The inverse Hawking temperature (G ),

mass and the Bekenstein-Hawking entropy given by

1 2r7L? r? A g
=5 = ; =575 SBH= A+ =54
Ty T4+ 8GsL 4G5 2G3

B (6.6)
This bulk configuration has a compactified ¢ direction and for general val-
ues of the periodicity it possess a conical singularity along this ¢ direction.
This conical defect is eliminated when 8 = (g, resulting in a dual CFT
at a finite temperature which lives on the torus 7 (8, 27w L) having cycles

BH, 27 L.

The ground state of this BTZ black hole, which has ry = 0, M = 0 and
Ty = 0 is represented by the Poincaré patch of AdSs.

AdS; with conical singularity in space
When we rescale the coordinates in eq. (6.3)) as follows

t Tt ¢—=T¢ and r—r/T, where r:%, (6.7)

we get the following metric:

2 o T 2 2 T o 2, T
ds (I‘ +LQ)dt+(F +LQ) dr +ﬁd¢, (6.8)
where the range of the coordinates is t € [0,00],¢ € [0,27L],r € [0, 00].
The parameter I' ranges from 0 < I" < 1 where physically it means from
Poincaré AdS (T' = 0) to global AdS (I' = 1). When T" # 1,0, then the
spatial ¢ direction, is compactified in nature. If the periodicity of ¢ is
restricted as 0 < ¢ < 2aT'L where I' = r, /L, then we have a conical
singularity in the spatial direction where the deficit angle is given as

0¢p=2m(1-T)=27(1—ry/L) =27(1 — 2 L/Beon). Here, we have SBeop
which is similar to the inverse Hawking temperature and is given as

2 L?
Bcon = =

Bu. (6.9)

T+

Now, whenever we restrict the coordinates as t € [0,T8eon = 27L|, ¢ €
[0,27TL],r € [0,00), we obtain AdS; with a conical singularity whose
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conformal boundary is the torus 7 (I'S.on,27'L). Accordingly, we also
have a dual CFT which lives on the this torus.

Whenever, I" # 0, 1, we have a conical singularity which is like a geometric
distortion produced by the pointlike particle of mass m = (1 — TI")/4G3
[95{109,/110]. Indeed, if we have a stress tensor for a a pointlike mass m,
then the eq. serves as a solution for the Einstein equations in 3D.
It is worthy to note here that our physical vacua of the theory - AdSs
in the Poincaré coordinates can be extracted from AdSs with a conical
singularity by putting I' = 0, which in turn would imply that B.,, = oo
as we have decompactified the ¢ direction.

e AdS3 with conical singularity in time

When we have a Euclidean version of the eq. , then for the peri-
odicities other than [z, we will have a conical singularity in the time
direction. Here, the conical singularity in time is similar to the one in
space as we simply exchange the temporal and the spatial direction by
having ¢ € [0,27r; = 2n'L]. The conformal boundary of this space is
the torus 7 (2aTL, 'S0 ), which we obatin when we exchange the cycles
for the torus related to the conical singularity in space. Accordingly, this
spacetime, which is AdSs with conical singularity in time also has a dual
CFT living on the associated torus.

6.2 Modular transformations

When dealing with 2D CFT lying on the torus, one of the important aspects
is invariance of the partition function under the modular transformations [111}
112].

The important part for this modular invariance is the modular parameter
T = wy/wy where wy o are cycles of the torus. Using this modular parameter
T, we can obtain the various modular transformations, which when combined
together, define the modular group PSL(2,Z): 7 — (a7 + b)/(ct + d) with
ad —bc = 1.

The three kinds of modular transformations are [111},/112]

T:17—>71+1,
S:t— -1, (6.10)

. T
U.T—>T+1.

We can also have the above transformations by using compositions as follows

T =usu,
U=TST,

S=uT U, (6.11)
(ST =82 =1.

One can also use the lattice representation for the modular transformations.
In this representation, the torus is represented using vectors in the complex plane
(w1,2) and the modular parameter in this representation is 7 = :—f =7 +ir. If
we now consider the action of the modular transformation on a unit cell, then
for the purpose of simplification we can have wy = 7 and w; = 1.
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Out of all these transformations, it is the modular S transformation which
is important for us and which acts on the complex coordinate present on the
torus, z = tg + ixg (where zg,tg are Euclidean space and time) and on T,
which is the modular parameter for the torus, as follows

1
v =2, T == (6.12)
T T

This S transformation has been used in the AdS3/CFTsy correspondence to
show that the modular parameter 7445 corresponding to the 2D CFT dual to the
thermal AdSj3 is associated with the modular parameter 77z corresponding to
the 2D CFT dual to the BTZ black hole as 7445 = —1/75717 [75L[L13]. Further,
it has also been shown that the modular parameter 7., corresponding to the
2D CFT dual to the AdS3 with spatial conical singularities is also related to
TBTZ 88 Teon = —1/TBT2Z [33,45].

If we look at the 2D CFT, living on the boundary torus, dual to the AdS
space with spatial conical singularity T (I'Beon,27T'L) and with the temporal
conical singularity 7 (27T'L, I'Bcon), then we can see clearly that as their cycles
are exchanged, they are related to each other by the modular transformation,
S. As we now know that the boundary tori for the various configurations of 2D
CFT dual to the AdS3 space are related to each other by the S transformation,
we can conclude that apart from the vacua, the other four configurations i.e
AdS3 at finite temperature, BTZ black hole, AdSs with conical singularities
in space, AdSs with conical singularities in time need to be in the physical
AdSs3 spectrum. This is a non-trivial statement as because generally, AdSs with
spatial /temporal conical singularity are not included in the spectrum.

When we consider the entanglement entropy for a given subsystem on the
torus, as in our case, then we need to consider the action of the S transformation
eq. (6.12)) not only on 7 but also on z. This happens, because in our case, as
dictated by the von Neumann entropy, the accessible subsystem, given by the
length [ can be either along the spatial or the temporal direction and so, the
partition function depends on both 7 and z. Infact, using the S transformation
we can exchange the accessible slice [ either along the space or the time direc-
tion. This happens because, this modular transformation S, when acting upon
complex coordinate z can exchange the real with the imaginary part. So, if we
take w; = 1, 7 = wy = i (where « is a real number) and z = [ along Euclidean
time direction, then by using eq. (6.12)), we have

gl (6.13)
e @
So, we see by using S transformation, we can move from real to the imaginary
part of z, hence we can move from Euclidean time to Euclidean space direction
and vice-versa. It is possible to have | possessing both real and imaginary part
but for simplification purpose, we choose [ having either real or imaginary part,
meaning it will have either spatial or temporal part.

6.3 Modular transformations for Boundary Cylin-
ders

We start this section by considering the cylinder approximation for the torus
T(B,a) (where § is the length of the temporal cycle and « is the length of
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the spatial cycle), such that either of the two cycles decompactifies. We do so,
because entanglement entropy for CF'T on torus does not has a universal form
as it depends on the field content of the underlying theory but on the other hand
if the CFT lies on an infinite cylinder, then we can have a universal expression
for the corresponding entanglement entropy.

This cylinder approximation can be done in the following two ways.

1. When £ > «, then the cycle representing the time direction decompactifies
leading to the cylinder C(«). This cylinder, has a compactified space direction
whose length is a and a noncompactified time direction.

2. When a > 3, then the cycle representing the space direction decompactifies
leading to the cylinder C'(3). This cylinder, has a compactified time direction
whose length is § and a noncompactified space direction.

We will now proceed to the see how the S transformation can be applied to
the above obtained cylinders. When we use eq. for the torus T (5, ),
then we get the modular parameter as 7" = i3/, hence the result is the torus
T(a,B).

1. In the first case, when we apply the limit 8 > «, then the S will take us
from C(a) — C(a).

2. In the second case, when we apply the limit o > 3, then the S will take us
from C(B8) — C(B).

Hence, we see that in the cylinder approximation, the modular transformation
S exchanges the compact with the non compact direction.

As the periodicity of the compact euclidean time direction /3 gives the inverse
temperature for the thermal correlations 5 = 1/T, we can say that analogously
the periodicity of the compact euclidean space direction « gives the inverse
temperature for the quantum correlations o = 1/T(,.

It is worthy to note here the physical relevance of the action of the modular
transformation on the cylinders. The map C(o) — C(«) takes us from T' << Ty
where we have the domination of quantum correlations to 7' >> Ty where we
have the domination of the thermal correlations and vice-versa for the map
C(B) = C(B).

Now, when we use the S transformation for the cylinders, like C(5) into C(3)

then it is important to see that this transformation also maps the inaccessible
region B from the “compact” space to the “compact” time direction whereas the
vice-versa is true for the other mapping. Here, the inaccessible region remains
in the compact/non-compact direction.
But, if we want to move the inaccessible region from the compact to the non-
compact direction, then we first need to use the modular S transformation on
the torus and then take the appropriate limit. The cylinders in this case are not
connected by the S transformation.

6.4 Entanglement entropy for CFT on the infi-
nite cylinder

We will now proceed to calculate the entanglement entropy when the boundary
CFT lies on the infinite cylinder. We will calculate the entanglement entropy
for four different cases as we put the slice in both the Euclidean space and the
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Euclidean time direction along both compact and non-compact direction. As
stated earlier, we consider the infinite cylinder as results have a universal form
unlike the torus where the results depend on the field content of the theory.

To begin with the calculations, we consider the case of free Dirac fermion on
the torus and use the S; term in the entanglement entropy expression as given
in [32]. We consider the S; term because when we take the limit for the infinite
cylinder, then this term gives us the leading universal contribution. Next, we
will use the modular S transformation to obtain the four different configurations
of the slice and the corresponding entanglement entropy on the cylinder.

To obtain the entanglement entropy, we use the von Neumann entropy for-
mula which is obtained by splitting the region of degrees of freedom into two
disconnected parts A and B. We then obtain the reduced density matrix for the
subsystem A from p, which is the density matrix for the entire system by tracing
the degrees of freedom in B as pp = Trgp. Entanglement entropy is then given
by the von Neumann entropy as Sg = —Tr(palogpa) [34,35]. For our case, we
start by considering the S7 term as given in [32] to extract the leading universal
term, when we take the limit for the infinite cylinder.

01(z|7)

2mn(7)?

S1 = < log

=< , (6.14)

where (z = tg +ixp = ity +ixpy) is the complex coordinate for the subsystem
A (tg,zp denotes the Euclidean coordinates, tys, zps denotes the Minkowskian
coordinates) and (7 = 8 + i) is the modular parameter for the torus. It is
important to note here that our z is defined as (z = tg + ixg) compared to
it’s definition in [32] which is (z = zg + itg). The periodicities of tg is
and for xpg, it is «a respectively. By 6, we mean the theta function and the
Dedekind eta function is given by 7. Below, in the figures, when we use the
lattice representation for the torus, then the vertical axis gives the real axis and
the horizontal axis represents the imaginary axis. It is worth mentioning here,
that we are using the formula for the entanglement entropy as given in [32] for
both space and time coordinates as compared to it’s use in [32] which is only
for spatial coordinates.

e Single interval along the compact time direction

We consider a single interval of length [; along the compact time direction.
So, as a result we have z = Il;, = 1 and 7 = ia. Hence, the value of ¢
and y for the purpose of the theta function is now given as

2miT —27T
’

q=e =e
y = 627riz — 627rilt. (615)

The pictorial representation of this configuration is

( Blt) D where the symbol = stands for a single interval.

(icv)
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Now, making use of the above stated values of ¢ and y, we obtain S; as

o) T L0

We now take the limit o >> 1 for the eq. (6.16]). Physically, this corre-
sponds to T' >> Ty and the infinite cylinder configuration after the limit
is C(B). The entanglement entropy for the CFT on this cylinder C'(f) is

now given as
6 . 7Tlt
—sin{ —
am I}

where a is the UV cutoff and we have restored 8 as the periodicity for tg.
The above equation gives the entanglement entropy for a single interval
along the compact time direction on an infinite cylinder.

S) = glog (6.16)

Ste) — Elog

. : (6.17)

Single interval along the noncompact space direction

Applying the modular transformation S on the above values of z and 7,

e get z and 7 as
we get 2z’ and 7/
Iz _ il
T a
(6.18)

/I 1 4
T=-r=0
where there has been a change in the subscript from [; to I as the interval
is now along the spatial direction.

We now have the new values of ¢ and y as:

— p2miTt 2
g=€""T =¢ 7r/o¢7

2miz 27ls o

) — i — ¢ (6.19)

As the the S transformation has moved the interval from real axis to
imaginary axis, the pictorial representation of this configuration is

(i5)

As a result of this modular transformation, the expression for Sy is now
given as

mls. o (1—yg™)(1—y g™
Q)H( y«é A —ylq™)|

¢, |a _zx2 |
Sy = glog —e o sinh( T g2 (6.20)

m=1

We now take the limit o« << 1 for the eq. (6.20). Physically, this corre-
sponds to T' >> Ty and the infinite cylinder configuration after the limit
is C(a). The entanglement entropy for the CFT on this cylinder C(«) is

now given as
ls
- sinh(ﬂ )‘ (6.21)

aTm «

S(snc) — glOg
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The above equation gives the entanglement entropy for a single interval
along the non-compact space direction on an infinite cylinder.

Single interval along the compact space direction

We now use the modular transformation S to move from the cylinder
C(p) where the interval is along the compact time direction, to go to the
cylinder C(B) where the interval is along the compact space direction.
This new configuration looks like

(@)

ils

)

where, in this new configuration we have [, instead of ;.

This cylinder configuration is true for a > § which physically means

T <« Tg. The eq. remains invariant under the modular map
C(8) — C(B) and as a result we obtain the entanglement entropy for
a single interval along the compact space direction as

Cirsin(WBlS) ‘ (6.22)

Single interval along the noncompact time direction

§¢9) = Zlog

We now use the modular transformation S to move from the cylinder C(«)
where the interval is along the non-compact space direction, to go to the
cylinder C(«) where the interval is along the non-compact time direction.
This new configuration looks like

ly

(icv)

where, in this new configuration we have [; instead of I;.

This cylinder configuration is true for 8 > a which physically means

T <« Tg. The eq. remains invariant under the modular map
C(a) — C(a) and as a result we obtain the entanglement entropy for
a single interval along the non-compact time direction as

2 Sinh <7rlt> ’ (6.23)
aT Q

S(tnc) _ glog
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The expressions for the entanglement entropy for the four different cases
ie (6.17),(6.21),(6.22)),(6.23) are universal in nature [34H36]. It is important
to note here that the egs. , represent entanglement in time and
space respectively, being valid at large temperature when there is domination
of the thermal correlations. On the other hand, eqgs. (6.22)),(6.23) represent
entanglement in space and time respectively, being valid at small temperature
when there is domination of the quantum correlations

6.4.1 Planar approximation

We can obtain the planar limit, which describes CFT on a plane, for the the
above four cases as follows. For egs. ,, we take the limit [, ; << 8
and for eqs. ,, we take the limit [; ; << . After taking the limit, in
all the four cases, we obtain the same expression for the entanglement entropy
which is

ls,t

S = glog zt (6.24)

The above eq. gives the entanglement entropy for a single interval of length
ls/1; at zero temperature having non-compact space direction.

6.5 Holographic entanglement entropy for the
various AdS; configurations

In the previous section we have calculated the entanglement entropy of the 2D
CFT on the cylinder dual to different 3D bulk configurations for different posi-
tions of the interval. In the 2D CFT the information about the actual 3D gravity
bulk configuration is just encoded in the position of the interval (along spacelike
or timelike direction) and the topology of the spacelike and timelike directions.
Our goal is now to associate an entanglement entropy to the bulk gravity config-
urations. There have been some attempts to calculate the entanglement entropy
using holographic methods for various gravitational configurations, but it seems,
that there have always been some issues when they are being reduced to the
dual CFT calculations [32}33}42}/44,/45,49,62,[114-116]. To deal with the issue
of holographic aspect of entanglement entropy, we will use the results of the
previous section, i.e using the entanglement entropy from the CFT perspective,
we will associate the holographic entanglement entropy to the dual bulk AdSs
configurations. To do so, we use the AdS/CFT correspondence, which states
that in the large ¢ limit, the 2D CFT is dual to 3D AdS gravity. Using the
dual 2D CFT for calculating the entanglement entropy for bulk AdSs; configu-
rations has advantages over the other methods, for example when entanglement
entropy for black holes is calculated using quantum fields in the background of
the classical gravity [117,[118], then these results does not seem to be universal
but are dependent on the matter fields and the UV cutoff. On the other hand,
our holographic method is free from this dependency as central charge ¢ (6.2))
of the CFT fixes the number of quantum fields and the UV /IR relation resolves
the UV cutoff problem fixing the UV cutoff a of the CFT in terms of the IR
cutoff of the AdS spacetime [33,45]

A =47°L?/a. (6.25)
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The AdS/CFT correspondence can be used for calculating the entanglement
entropy of bulk gravity configurations as the holographic entanglement entropy
in two ways. First, we use the entanglement entropy of CFT on an infinite
cylinder, as the results are universal and then use the AdS/CFT dictionary
to extract the holographic entanglement entropy for the corresponding bulk
configuration. The second method, which we will use in the later section is to
use the gravitational tools to extract the holographic entanglement entropy for
the various AdS3 configurations [25}26}119}/120]|.

When we use the CFT results to calculate the holographic entanglement
entropy by simply identifying the suitable equations corresponding to the bulk
AdS3 configurations ((6.17)),(6.21)),(6.22)),(6.23])), we encounter the problem of
fixing the arbitrary parameters l;,ls because correlations in the 3D bulk side
are mapped in a non-local fashion onto the boundary CFT and we do no know
of any standard way to fix the values of l;,[s with reference to the bulk AdSs
parameters.

A possible solution to this problem was proposed in [33,|45], where the au-
thors had conjectured I = 27 L for the BTZ black hole, using the UV/IR rela-
tion. We will now validate this conjecture not only for the BTZ black hole but
for also for other configurations when we calculate the holographic entanglement
entropy below.

e AdS; with conical singularity in space

The solution describing AdSs with conical singularity in space is given
by the metric (6.8). It’s dual CFT lies on the torus 7 (2L, 27ry). We
can say here, that for vy < L, the conical defect is a result of having an
accessible interval of length (277 ) in the spatial cycle, when the total
length of the spatial cycle is (2wL) for the torus T (27ry,27L). It is to
be noted that 7 (27ry, 2w L) is obtained by modular transformation of the
original torus. Here, the conical singularity is removed when r, = 0, on
the bulk side it pertains to the AdS3 vacua in the Poincaré coordinates as
it corresponds to T' = 0 state on the boundary CFT.

We can obtain the torus 7°(27L, Beon), when we rescale the lenghts by
L/ry. Further, for ry << L, we get the cylinder C(B.on) with the
interval length now being I, = 2nL. Now, using , we can have the
holographic entanglement entropy for AdS3 with the conical singularity in

space, as
Bcon . 27T2L)
sin
am ﬁCO?L
where we have used 8 = Beon = 2mL?/ry and I, = 27 L.

As expected, this result is true for small temperatures i.e for
T =1/Beon <<Tg=1/(27L).

Sles) — Elog

. , (6.26)

e AdS3; with conical singularity in time

When we apply the modular S transformation to 7 (2wL, Beon ), having
interval of length I, = 27L, we obtain T (Beon, 2w L) having interval
of length Iy = 2xL. This torus T (Beon,2nL) is related to the bulk
configuration of AdSs with conical singularity in time. Also, in the limit
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L >> r,, the cylinder C®(fB.on) having interval of length I, = 27 L related
to AdS3 with conical singularity in space, under S transformation maps to,
C(Beon) having interval of length I, = 2L, associated with AdS3 with
conical singularity in time. Now, using , we can have the holographic
entanglement entropy for AdSs with the conical singularity in time, as

ﬁcon . 2> L
Sin
aTm Bcon

where L; = L as we now have L; as the length for the euclidean time
cycle. This result is valid for T' >> Tq.

Slet) — glog ) (6.27)

It is to be noted that even though for the Euclidean case, L; = L and
the expression for the holographic entanglement entropy for AdSz with
conical singularity in space is same as for AdS3 with conical singularity in
time, their physical meaning is different. The holographic entanglement
entropy for AdS3 with conical singularity in space given by the eq.
is true when the quantum correlations dominate whereas the holographic
entanglement entropy for AdS; with conical singularity in time given by
the eq. is true when the thermal correlations dominate.

BTZ black hole

The boundary torus associated with AdSs with a conical singularity in
space, T (2wL, feon) is related by the modular S transformation with
TBTZ(By,2nL), which is the boundary torus associated with the BTZ
black hole [33,45]. In the limit, ry >> L and using the modular S
transformation we can have the map C®*(Beon) — CB7%(By), where each
of the cylinders have an interval of length 27 L along the compact space
and non-compact space respectively. Now, using , with a = 8y and
ls = 2w L, we can have the holographic entanglement entropy for the BTZ

black hole, as
Bu . < 2712 L )
—— sinh .
am Bu

This result is true for 7' >> T and matches with the result obtained
in [3345).

Next, we again use the modular transformation to move from CPT%(3y)
which has the interval along the non compact space direction to CZ7% (3y)

which has the interval along the the noncompact time direction. Now,
using (6.23), with o = Sy and l; = 2w L, we have

§(BTZ) _

(6.28)

C
4
308

27T2Lt
H

c
SI(EE;TZ) = —log

3 % sinh( ). (6.29)

This result which is valid for T' << T gives the holographic entanglement
entropy for the BTZ black hole for the Euclidean time correlations.

Here, also L; = L for we now have a euclidean time cycle. It is wor-
thy note here that eq. (6.28]) gives the holographic entanglement entropy
of the BTZ black hole for spatial correlations, when thermal correlations

73



dominate whereas eq. (6.29)) gives the holographic entanglement entropy
of the BTZ black hole for temporal correlations, when quantum correla-
tions dominate.

e AdS;3; vacuum

For the holographic entanglement entropy for the AdS; vacua we take the

limit (r4 << L) in egs. (6.26) and in (6.29) and use (6.25) to get

vac € 2rL\ ¢ A
Svee = 3log( . ) = 310g<L>. (6.30)

Another way to get the above result is to put l5; = 2L in the eq. (6.24)
and then use (6.25)). It is to be noted that we cannot get this result from
(6.27)) or (6.28) as they are valid in the large temperature limit (ry >> L).

Summarising the results of this section we can state that from the entanglement
entropy point of view, taking into account modular symmetry of the boundary
CFT, the bulk configurations can be reduced to only three configurations :-

1. Spacetime with an event horizon - BTZ black hole

2. Spacetime with a conical singularity

3. AdS vacuum

When we extract the values for the holographic entanglement entropy for the
above two configurations, we have the following results :-

1. The 2D CFT’s which are dual to the spacetime with an event horizon,
live on the infinite cylinder, in which case the inaccessible region belongs to the
non-compact direction and the corresponding holographic entanglement entropy
, behaves exponentially.

2. The 2D CFT’s which are dual to the spacetime with a conical singularity,
live on the infinite cylinder, in which case the inaccessible region belongs to
the compact direction and the corresponding holographic entanglement entropy
, behaves periodically.

3. The 2D CFT which are dual to the AdS vacuum live on a plane and the
inaccessible region belongs to the non compact dimension. The corresponding
holographic entanglement entropy scales logarithmically.

6.6 Holographic entanglement entropy using grav-
itational tools

As mentioned in the previous section, we can also obtain the holographic entan-
glement entropy for the various AdS3 configurations using direct gravitational
tools and the AdS/CFT dictionary. So, in this section, we will explore the
gravitational route by using various methods so as to cross-check the results
of the previous section. The first of these methods is the Ryu-Takayanagi pre-
scription [25,26]. The Ryu-Takayanagi formula affirms that the holographic
entanglement entropy for a subsystem A belonging to a d-dimensional CFT, is
given by the minimal area of v4 which is a d — 1 dimensional surface in the bulk
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in AdeH
Area(vya)
4Gl]iv+1 ’
where 74 is defined such that A has a d — 2 dimensional boundary 0A which
coincides with the boundary of v4 given by 0v4. The other methods are the
extensions/modifications of this Ryu-Takayanagi formula like differential en-
tropy |119] and complexified geodesics |[120]. Let us now calculate the entangle-
ment entropy for the CFT’s dual to the various 3D bulk configurations, using
the different holographic methods.

Sa (6.31)

e BTZ black hole

The holographic entanglement entropy for the CFT dual to the BTZ
black hole has already been calculated, using the Ryu-Takayanagi pre-
scription [32]. Here, the minimal area Area(y4) is the length of the
geodesic between the two ends of the one dimensional interval [ lying
on the boundary. It was noted that in this case, when the interval length
ls is large, the subsystem A spreads large enough to almost cover the con-
formal boundary. As a result, the geodesic breaks into two disjoint parts,
one piece warps around the black hole and is of finite nature, the other
piece which is o< £ log(e/a) is close to the boundary and diverges. The
term which represents the geodesic wrapping around the horizon gives the
holographic entanglement entropy of the BTZ black hole and the other
term gives the holographic entanglement entropy for the AdS3 vacuum
(16.30)).

In our case for the cylinder approximation, in the limit f << 2L, ¢
can be seen as a coordinate on the universal cover of S!, so the geodesic
wrapping around the horizon corresponds to [; = 2w L. Using this value
of [y = 2w L and o = By in the eq. , we get the holographic entan-
glement entropy for the BTZ black hole as obtained in eq. .

e AdS; with conical singularity in space

The holographic entanglement entropy for CF'T dual to AdS3 with conical
singularity in space has already been calculated in [119]. Considering a
system of size R, we have a subsystem whose size in terms of angular
coordinates is I'¢ and whose holographic entanglement entropy is

Suon = glog sin(To)|, (6.32)

R
m(Lw)

where p is the UV cutoff.

Previously, we saw that when we take the limit r; << L in the cylinder
approximation, conical singularity is the outcome of having an accessible
length 27r, from the total length 27 L.

So, if we put R = 2nL, T'¢p = nry /L, Ty = ary /L in eq. and
use the expression for B, as given in , then we recover the result as

given in the eq. (6.26).

(6]



e AdS3 with conical singularity in time

In the AdS space, it is a well known fact that the timelike geodesics do not
reach the boundary. So, as our interval on the boundary is now having
timelike separated endpoints, we will use the approach of complexified
geodesics [120] to calculate the holographic entanglement entropy.

We consider an interval Atg (tg stands for Euclidean time) in the back-
ground of BTZ black hole, the complexified, renormalized, geodesic length
for this interval is then given as

2L - ’/‘+AtE
L=2 ln{rJr sin( 572 )],
where 27 is the periodicities for the Euclidean time cycle.
The expression in the eq. is true for two cases, first is the regular
Euclidean manifold, i.e the case without the conical defects and after we
rescale t i, the expression is valid for the second case which is the manifold
with the conical singularity.

Now, if we use Atg = 2rL and a suitable UV cutoff ¢ in the eq. (6.33)),
then we recover the result as given in eq. (6.27).

(6.33)

6.7 Leading and sub-leading terms in the entan-
glement entropy expansion

As previously shown, the holographic entanglement entropy for AdSs can be
categorized in three classes including the vacuum. So, in this section we will
analyse the leading and sub-leading terms in the entanglement entropy expan-
sion for the two types of solutions.

We start with the BTZ black hole case, whose holographic entanglement
entropy is given by Egs. . Using the limit /L >> 1 in the eq. ,
we get

L r
AS = BTZ _ gvac _ & = T
§=5 S T N TR )

+ 0(1) = Spy — LhlSBH + 0(1)
2G's
(6.34)
In the above expression, we have already removed the contribution from the
AdS3 vacua S (6.30) and Sppy stands for the Bekenstein-Hawking entropy of
the BTZ black hole.

The above equation showcases the large T behaviour when there is the dom-
ination of the thermal correlations over the quantum correlations. The leading
term which is the measure of the thermal entropy and the subleading In Spp
term are as expected [118}[121}[122].

From the gravitational perspective, the leading term in eq. is positive,
scales like an area term and satisfies the area law for the black hole. Therefore,
we can say that the existence of the horizon in the gravitational configuration
increases the entanglement entropy of the vacua and possess a holographic na-
ture.

From the CFT perspective, using eq. , we have the regulated, leading
term in the large T" regime as

c iy

Sene — 8 :35'

(6.35)
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Now, if we put [y = 27w L in the above equation, we will obtain the Gibbs
entropy Scipps = (2/3)c7r2LT. So, we see that the leading term in this case, has
an extensive, thermal nature. Further, if we put 8 = Sy, then we recover the
Bekenstein-Hawking entropy for the BTZ black hole.

We now consider the second class of solution, i.e the holographic entangle-
ment entropy for AdS3 with a conical singularity in space which is given by the
(6.26). Here, we consider the limit /L << 1, which is below the Hawking-
Page phase transition, where the thermal AdSs is preferred for stability issues.
As we are focussing on conical singularities, we disregard the stability aspect.
So, using the limit r; /L << 1 in the eq. (6.26), we get

cm? 72 72
A= -T2 T % .
S 18 12G5 L (6 36)

The above equation showcases the small T' behaviour when there is the domi-
nation of the spatial quantum correlations over the thermal correlations.

From the gravitational perspective, the leading term in eq. is neg-
ative, scales like a volume term. Therefore, we can say that the existence of
the spatial conical singularity in the gravitational configuration reduces the en-
tanglement entropy of the vacua by contribution a volume term and possess
a holographic nature. This reduction of the entanglement entropy because of
matter contribution has been mentioned in [7]. Further, it has also been seen
that the entanglement entropy can also scale as volume when the subsystem
size is very small in [123].

From the CFT perspective, using eq. we have the leading term as

¢ (wl\’ C 9199
AS = 18( 3 > =" T4, (6.37)

where Tg = 1/ is the “quantum” temperature, as previously introduced.
So, we see that the leading term in this case, has a super-extensive scaling
nature.

For timelike correlations, when we use the limit v, /L >> 1 for the case
considered in the eq. and the limit ry /L << 1 for the case considered in
the eq. , we have non-trivial results, hence discussed in the next section.

6.8 Aspects of the entanglement entropy in the
Minkowski space

As seen previously, we have used the Euclidean time for the calculation of the
holographic entanglement entropy, now we will analyze the effects of the Wick
rotation (tg = it), i.e. when we move from the Euclidean to the Minkowski
space.

When we consider the interval in terms of the spatial coordinates, then the
egs. (6.21)), (6.22)), (6.26)), (6.28) remain invariant under the Wick rotation. The
physical interpretation of such a result is that we are considering correlations in
an equilibrium thermal CFT.

But the situation is different, when we consider the interval in terms of

the temporal coordinates, then the eqs. (6.17), (6.23), (6.27), (6.29) do not
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remain invariant under the Wick rotation. When we are only dealing with the
Euclidean variables where space xg and time tg are looked upon in the same
fashion, then on interchanging (tg <> zg), the eqs. having temporal coordinates
are easily related to the ones having spatial coordinates i.e. egs. , ,
, . When, we are dealing with the Minkowskian variables, then the
Wick rotation (I; — il;) and (L; — ¢L;) affects the equations in the following
manner. When applied to the egs. and 7 their original periodic
nature in the Euclidean spacetime changes to the exponential nature in the
Minkowskian spacetime. The physical interpretation of such a situation can be
that after applying the Wick rotation, the eqgs. and are expressing
correlations in a non-equilibrium thermal QFT, wherein there is the domination
of thermal correlations. This result for the entanglement entropy seems to be
similar to the calculation of the two-point function for the timelike separated
interval [120].

Next, when we apply the Wick rotation to the egs. , , their
original exponential nature in the Euclidean spacetime changes to the periodic
nature in the Minkowskian spacetime. We do not have an explicit physical
interpretation for this case as the egs. are valid for 7' << Ty wherein there is
the domination of the quantum correlations and thermal description will not be
applicable. It seems that in this case, we might be looking at “entanglement in
time” as also discussed in [124}]125]. This aspect requires further study.

6.9 Aspects of causality related to the holographic
entanglement entropy

Calculation of the entanglement entropy in the CFT framework, i.e using the
replica trick ensures locality and causality on the boundary CFT but the same is
not true when we use the Ryu-Takayangi prescription for the calculation of the
holographic entanglement entropy. In the Ryu-Takayanagi picture, the mecha-
nism through which the bulk information is captured by the minimal surfaces
and codified on the boundary is not explicit. An attempt to investigate this
issue was made by the authors in [126]. They constructed the causal informa-
tion surface whose proper area gives the causal holographic information, in a
manner similar to the Ryu-Takayanagi method. It so happens that for two of
the configurations that we are dealing with, in this chapter, i.e the Global AdS3
and the BTZ black hole, the causal holographic information matches with the
holographic entanglement entropy. Hence, we are assured of the preservation of
the causality for these two cases as obtained in our results 7 , where
the result in eq. is related to the Global AdSs by rescaling and planar
approximation.

Going ahead, the authors in [127] have put forward the idea of differential
entropy which combines this proposal of the causal holographic information
with the bulk configuration of a hole in AdS. Further, this differential entropy
method has also been used to calculate the holographic entanglement entropy for
AdS; with a conical singularity in space in [127]. Since, the differential entropy
method takes into account the causal aspects for the holographic entanglement
entropy for conical singularity in space and it matches with our results ,
hence for this configuration also, we are assured of the causality aspects for our
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result.

However, when we consider the holographic entanglement entropy in terms
of the temporal correlations, as given in the egs. and , then these
causality aspects are not completely clear. The authors in [128] have presented
the doubtful picture of causality associated with the approach of the complexi-
fied geodesics as this method does not assures an explicit causal relation between
the bulk and the boundary. So, as a result this approach of the complexified
geodesics, presently, can be considered just as a mathematical way for the cal-
culation of the holographic entanglement entropy in terms of the temporal cor-
relations. Another method to calculate the temporal holographic entanglement
entropy can be the image prescription [128] but unfortunately in this case also,
causality is not inherently present as the method of image prescription is modi-
fied to incorporate causality. It has been put forward that to explore the regime
of physics untouched by the minimal geodesics, for example the interior region
of the black holes, one can use the idea of entwinement as proposed in [119].
While considering the idea of the temporal entanglement entropy, one possibil-
ity is that, it can be seen as a result of entwinement, wherein the embedding
space for AdS may give birth to the internal degree of freedom. This possible
relation between the temporal entanglement entropy and entwinement needs
further investigation.

6.10 Conclusion

In this chapter, which is based on [108], we have explained the mechanism
through which one can make use of the AdS/CFT correspondence and modular
transformations of the torus to calculate first the universal form of the holo-
graphic entanglement entropy for the various bulk AdS3 configurations wherein
the boundary torus was approximated to the cylinder configuration by taking
the appropriate limits. The solutions for the various bulk configurations can be
classified into three main types : One for the BTZ black hole/bulk gravity hav-
ing a horizon, a second for AdS; with a conical singularity/bulk gravity having
localised matter and finally a third for the AdS3 vacuum.

When one considers the bulk gravity solutions with a horizon, then from the
expression of the holographic entanglement entropy, we can extract the following
information:

1. The region which is not accessible to the observer lies along the non-compact
direction of the boundary cylinder.
2. The holographic entanglement entropy has an exponential behaviour.
3. Leading term in the expansion of the holographic entanglement entropy is
positive and scales as area and correponds to an extensive, thermal piece on the
boundary CFT.
4. Presence of the horizon in the bulk enhances the holographic entanglement
entropy of the AdS3 Poincaré vacuum.

On the other hand, when we consider the bulk gravity with localized mat-
ter, then from the expression of the holographic entanglement entropy, we can
extract the following information:

1. The region which is not accessible to the observer lies along the compact
direction of the boundary cylinder.
2. The holographic entanglement entropy has a periodic behaviour.

79



3. Leading term in the expansion of the holographic entanglement entropy is
negative and scales as volume and corresponds to a super-extensive term on the
boundary CFT.

4. Presence of the localised matter in the bulk reduces the holographic entan-
glement entropy of the AdS3 Poincaré vacuum.

It is to be noted here that we have chosen the physical vacuum of the theory
to be AdSs in the Poincaré patch as because, unlike the vacua in global coordi-
nates, it is continuously related to the BTZ black hole spectrum and also with
the spectrum of the conical singularity.

Also, another aspect which is worth noting here is related to the Hawking-
Page phase transition which occurs at the critical point ry ~ L. It is well
known, that below this critical point the gravitational configuration of the BTZ
black hole becomes unstable, hence thermal AdSs is preferred. Now, the two
limits, i.e ry >> L and r; << L, that we use for the cylinder approximation,
are away from the previously mentioned critical point r4 ~ L. So, even though
the physics for the limit r; >> L is clear, as it is dominated by the BTZ black
hole, the physics for the other limit ry << L is not completely understood.
This lack of clarity for the physics in the limit r, << L, is due to the fact
that generally conical singularities are not considered as possible candidates for
the Euclidean quantum gravity partition function. Also, it is not possible to
describe conical singularities in a regular geometric description for spacetime.

As a future development of our investigations, one can analyze the general-
ization from 3D to four or higher dimensions. It would be interesting to see, for
example, how our derivation is affected when we have in 4D naked curvature
singularity produced by the localized sources which have negative mass. We
expect this aspect to be non-trivial as in 3D gravity itself, we have used specific
features for our calculations.
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Chapter 7

Holographic entanglement
negativity conjecture for
adjacent intervals in

AdS;/CFT,

Recently, quantum entanglement has been used in various aspects of theoretical
physics ranging from condensed matter physics to quantum gravity [1}/2,(8}/15,
129]. One of the key features of the quantum entanglement is the entanglement
entropy. If we have a bipartite quantum system in a pure state then the en-
tanglement entropy is given by the von Neumann entropy for the corresponding
reduced density matrix. This entanglement entropy for a 2D CFT has been
calculated by Calabrese et al using the replica trick [34,135]. Futher, it was
put forward by Ryu-Takayanagi that the universal term in the expression for
the entanglement entropy for a CFT can also be obtained using the AdS/CFT
correspondence [251[261[42].

Unfortunately, entanglement entropy fails as a measure of entanglement
when we consider mixed states. In case of mixed states, entanglement entropy
contains information both on thermal and quantum corelations. Therefore a
new quantity is required to have an appropriate measure for the distillable en-
tanglement. To solve this issue, the authors in [54] proposed “entanglement
negativity” which could serve as a measure for the distillable entanglement.
The non convex property for the entanglement negativity was given by Ple-
nio [55]. Entanglement negativity for CFT has been calculated by Calabrese
et al, where they used a modified version of the replica trick. The holographic
version of the entanglement negativity was put forth in [61H63], wherein the
authors have proposed a conjecture for a single interval on the boundary CFT.
This holographic entanglement negativity turns out to be proportional to sum
of the holographic mutual information for the corresponding partitioning of the
system.

Motivated by the holographic entanglement negativity conjecture for a single
interval, we consider here a distinct configuration of two adjacent intervals. Note
that the entanglement negativity for the single interval configuration character-
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izes the entanglement of the interval with the rest of the system and describes
a pure state at zero temperature and a mixed state at finite temperature. In
contrast the entanglement negativity for the adjacent intervals characterizes the
entanglement between the two intervals and describes a mixed state even at zero
temperature due to the information about the rest of the system being traced
over. This makes it an interesting configuration to investigate both at zero and
finite temperatures. Hence the holographic entanglement negativity conjecture
for two adjacent intervals has no advantage or improvement over the single inter-
val conjecture as these two conjectures are dealing with two completely distinct
configurations

In this chapter, which is based on the ref. |[130], we will discuss the holo-
graphic entanglement negativity for two adjacent intervals on the boundary
CF'T, for various cases. We will start this chapter by reviewing entanglement
negativity for two adjacent intervals in the CFT perspective and then discuss
the holographic entanglement negativity for two adjacent intervals in the back-
ground of AdS3/CFTs, finally we will end this chapter with the summary and
some discussion related to our results.

7.1 Entanglement Negativity

We start this section by reviewing the definition of the logarithmic negativity
as presented in [54]. For furture purpose we will use the term “entanglement
negativity” in place of “logarithmic negativity”. We start by considering tri-
partition of a system as A;, A2 and B where A = A; U Ay and B = A€ is
the remaining part of the system. The Hilbert space H for the subsystem A
is given as H = Hy ® Ho, where Hy, Ho are the Hilbert spaces for A; and A,
respectively. Moving on, we define the partial transpose of the reduced density
matrix pa = Trae(p) as

(e eP ok e ef?) = (e ef? |palere), (7.1)

where \egl)) and |e§-2)> are the bases for the Hilbert spaces #; and #s respec-
tively. We can now define the entanglement negativity between the two subsys-
tems A; and A, as

£ =InTr|p’?], (7.2)

where Tr| piz | is the trace norm and is defined as the sum of absolute eigenvalues
T
of py°.

7.1.1 Entanglement negativity in 2D CFT

We will now present the calculation of the entanglement negativity for mixed
states in 2D CF'T when the configuration is of two disjoint intervals [56,(57]. We
consider the tripartition of the system as given earlier and represented by the
Fig. 10 below :
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l
Uy ! U1 U2 2 V2

Figure 10 : Schematic of two disjoint intervals A; and As in a
(14-1)-dimensional CFT .

In the above configuration, A; has length /; and is given as (A; € [u1,v1])
and Ay has length l; and is given as (Ay € [ug, v2]). The remaining system is
given as B = A°. To calculate the entanglement negativity through the replica
method, we need Tr(p’2)™ which is given in terms of the twist/anti-twist fields
as follows

Te(p)" = (Ta, (1) Tn, (01) T, (u2) T, (02)) s (7.3)

where the four point function is on the complex plane.
Now, considering the analytic continuation n, — 1 for the above equation, we
can now define the entanglement negativity as

£ = lim InTr(p’2)". (7.4)
Nne—>1

It is worthy to note here that this analytic continuation is an involved calculation
and is till date possible for some simplified models of conformal field theories
(511[58l[T311[132).

7.1.2 Two adjacent intervals in the vacuum

To calculate the entanglement negativity for mixed states having the configura-
tion of two adjacent intervals in vacuum [56,57], we begin by taking the limit
v1 — uo in the Fig. 10 to obtain the desired configuration in Fig. 11 below :

B A Ay B

U1 h U2 la

Figure 11 : Schematic of two adjacent intervals A; and As in a
(141)-dimensional CFT .

In the limit v; — wug, Tr(p’?)™ (7-3) can now be written as a three point
function of the twist/anti-twist fields as follows

Te(p%e)™ = (Tn. (1) T, (0) T (I2)). (7.5)

We now make use of the egs. (7.4) and ([7.5]) to extract the desired entanglement
negativity as

& lllg
— |2 ¢ .
£ 1 [(ll n lg)a] + const, (7.6)
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where a is the UV cut off and c is the central charge for the corresponding CFT.
It is worthy to note here that the first term is universal in nature whereas the
‘const ’ term depends on the operator content of the theory.

7.1.3 Two adjacent intervals in vacuum - Finite Size

We now proceed to calculate the entanglement negativity for mixed states which
are at zero temperature and having the configuration of two adjacent intervals
when the system is finite and has periodic boundary conditions [56]. For the
calculation of the entanglement negativity, we need the three point function
(7.5) on a system which has finite length L. To realize this configuration, we
use the conformal map z — w = % In z, which takes us from the complex plane,
where we have the coordinates labelled by z to the cylinder having circumference
L, on which the coordinates are labelled by w. Using this map and eq. ,

we can now obtain the entanglement negativity as

_c L\ sin(ZH ) sin(Z2)
5 = 1 hl |:(7m) W —+ COnSt, (77)

where the first term is of universal nature and the ‘const’ term is of non-universal
nature.

7.1.4 Two adjacent intervals - Finite Temperature

We can extend the above analysis to calculate the entanglement negativity for
two adjacent intervals for mixed states which are at finite temperature. For
the calculation of the entanglement negativity at a finite temperature, we need
the three point function on a cylinder, having the circumference 3, where
B = % gives the inverse temperature. To realize this configuration, we use the
conformal map z = w = % In z, which takes us from the complex plane, where
we have the coordinates labelled by z to the cylinder having circumference (3,
on which the coordinates are labelled by w. Using this map and eq. , we
can now obtain the entanglement negativity as

+ const, (7.8)
sinh

sinh(Z4) sinh( =2
= Eln (ﬁ) ( B ) ( B )
4 Ta Tf(llﬁ-i-lz)

where the first term is of universal nature and the ‘const’ term is of non-universal
nature.

7.1.5 Entanglement negativity behaviour in the large cen-
tral charge limit

The AdS;/CFTy correspondence, tells us that when we take the large central
limit i.e. ¢ — oo for the 2D boundary CFT, then this limit corresponds to the
semiclassical regime of the dual bulk gravity i.e we have the Newton’s constant
Gg\g,) — 0. This happens because of the connection between the central charge ¢

and the Newton’s constant GE\B;) which is given by the Brown-Henneaux formula

as c = 22% Note that henceforth R stands for the AdS3 radius as compared to
N

L previously.
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Using the monodromy method, the authors in [133] analysed the large central
charge behaviour of the four point function as given in the eq. , to ascertain
the conformal blocks that provided the dominant contribution. Their analysis
led to the result that in the case of the two adjacent intervals corresponding to
the limit vy — w9, as shown in the Fig. 11, the four point function as given
in the eq. receives the dominant contribution from the conformal block

. . =2 . ..
related to the intermediate operator 7 . Hence, in the limit of the large central
charge, the expression for the entanglement negativity can be given as

£= gln {%} (7.9)

We see that the above result matches with the universal term for the entangle-
ment negativity as given in the eq. .

Also, it was shown that the entanglement negativity goes to zero, as the
disjoint intervals move away from each other. In the next section, we will
talk about the holographic entanglement negativity conjecture for two adjacent
intervals and show that it matches with the CFT results in the large central
charge limit.

It is interesting to note here that the monodromy method has also been
used previously to study the large central charge behaviour of the entanglement
entropy for the case of multiple disjoint intervals in [52](using a different method
in [51]). The analysis led to the result that in the large central charge limit,
the entanglement entropy has a universal nature and matches with the results
of the holographic entanglement entropy conjecture given by Ryu-Takayanagi.

7.2 Holographic entanglement negativity conjec-
ture for two adjacent intervals in AdS;/CFT,

As we had indicated in the earlier section, in the limit of the large central charge,
it is possible to have a holographic description of the entanglement negativity
using the AdS/CFT correspondence. So to begin with, we consider the mixed
state configuration of A; U A5 as shown in the Fig. 11, where we have the two
adjacent intervals A; and Ao, having lengths [y and [ respectively. It is already
known that in this case we need the three point correlation function whose
conformally invariant form is as follows

e Cr 72 T

10| Re [2a] e zg e TR

2

(To. (20)T,, (22) T, (23)) = (7.10)

where the normalization constants are given by ¢, and the structure constant

pertaining to the given OPE is C'. = _ . Also, A7, and A2 represent

the scaling dimensions for the twist operators 7,, and 7:12@ respectively and are
given as

(7.11)



We can now write the leading universal term for the expression given in the eq.

[F0) as

=2  (Tae(21) T (23) (T (20) T 2 (22) ) Te (22) T e (23)) 1
(T T ()T (22) = T () +0[)
(7.12)
where we have used the following equation as given in [56,/57]
(Tt ()T o, () = (Tag ()T 2 () (7.13)

and ignored the contribution from the non-universal terms as we are considering
the large central charge limit.

Using the AdS3/CFT2 dictionary, we can now correlate the two point func-
tion in terms of the twist fields at z;, z; pertaining to the boundary CFT with
the geodesic length in the bulk, £;; whose end points are also anchored at z;, z;
at the boundary, as follows

Ane Ly

(To (21 T (2) ) ~ €= 55, (7.14)

<77le (ZZ)T%e (z))e~ e T (7.15)
Next, we use eqgs. (7.14) and eq. (7.15) in eq. (7.12), to rewrite the the three

point correlation function as

A7, L3 — ATne (L12 4+ Log — L13)

R )
(7.16)

(Tno (20)T . (22) T (23)) = exp

where we have (21 = —l1,22 = 0,23 = l2).

Before proceeding ahead with the replica limit, it is important to mention
here that first, one needs to consider the large central charge limit, as we have
already done and then only consider the replica limit. As seen earlier, the replica
limit is similar to the concept of analytic continuation.

Next, when we consider the replica limit (n. — 1), the scaling dimensions

take up the values as A7, — 0 and A7,, — —¢. Using the above values,
2

we can now obtain the holographic entanglement negativity for the mixed state
configuration of the two adjacent intervals as

3

€= 16G3, (

Lo+ Loz — [:13) (7.17)

wherein we have made use of the Brown-Henneaux formula ¢ = 2G R [95]. Since
N

the above expression is written in terms of the geodesic lengths, we now use the

Ryu-Takayanagi conjecture [25] which states that the holographic entanglement

entropy S4 for a subsystem A in a dual CFTyy; is given as

Area(va)

S = .
4G§3+2)

(7.18)

In the above expression 4 is a co-dimension two space like static minimal
surface in the bulk AdS;42 homologous to the subsystem A and G%H) is the
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d + 2 dimensional Newton constant. Using the Ryu-Takayanagi conjecture, we

can re-express equation ((7.17) as
3 3
EZZ(SAI—FSAZ _SAIUAZ): ZI(A17A2)7 (7.19)
where we have identified the labels 12 with interval A;, 23 with interval A, and

13 with Ay U As and Z(A;, As) represents the holographic mutual information
between the two adjacent intervals. This is depicted pictorially in Fig. 12 below:

B Aq Ay B

l1 lo
Th

La,

[’A1UAQ

Figure 12 : Schematic of bulk geodesics anchored on the subsystems A4; , A
and A; U Az in a (141)-dimensional boundary CFT .

Note here that whereas the mutual information gives the upper bound on the
total correlation existing in a bipartite system, the entanglement negativity
gives the upper bound on the distillable entanglement. However, for the given
case, in the large central charge limit the universal terms from both of these
two quantities turns to be the same. Also, this kind of similarity has also been
seen in the cases of local and global quench problems in [1341(135]

This entire exercise clearly shows that in the setup of AdSs;/CFT,, we can
have a holographic representation of the entanglement negativity for the given
mixed state configuration of the two adjacent intervals. We will now move on
to calculate the holographic entanglement negativity for various scenarios.

7.2.1 Two adjacent intervals in the vacuum

Using the conjecture as proposed above, we will now calculate the holographic
entanglement negativity for the mixed states at zero temperature having the
configuration of two adjacent intervals on the boundary 2D CFT. As dictated
by the AdS3/CFT, correspondence, in this case, the bulk configuration is the
AdS3 vacuum which is described in the Poincaré coordinates as follows

-1
AT r? 2, T o
ds® = 7 dt* + iz dr* + Rde, (7.20)

where the AdSs radius is given by R and for the coordinate x, we have the
condition z € R. For the boundary interval v, whose length is I, on the 2D
CFT, we have the corresponding geodesic whose length £, in the bulk AdSs,
given as [25,/261/33,/45)

l
L£,=2RIn=2, (7.21)
a
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where the UV cut off is denoted by a.
Using eq. ([7.19), we can now obtain the holographic entanglement negativity

as
3R l1l5
= 1 . 22
¢ 8G%, ! [(l1+l2)0j (7.22)

After using the Brown-Henneaux formula in the above equation, the result for
the holographic entanglement negativity matches with the CFT result in the
large central charge limit ((7.6)), hence validating the conjecture in this case.

7.2.2 Two adjacent intervals in vacuum - Finite Size

We will now move on with the calculation of the holographic entanglement neg-
ativity for the mixed states at zero temperature when the system is of finite size
of length L. This pertains to the configuration of two adjacent intervals on the
boundary 2D CFT which lies on an infinite cylinder having the circumference
L. As dictated by the AdS3/CFT, correspondence, in this case, the bulk con-
figuration is the AdS3 vacuum which is now described by the global coordinates
as follows [25]26}33}45]

ds® = R?(— cosh? pdt? + dp? + sinh? pd¢?), (7.23)

where the coordinate ¢ is periodic in nature having a periodicity of 2zw. In
this case for the boundary interval v, whose length is [, on the 2D CFT, the
corresponding geodesic length £, in the bulk AdSs, is given as [25}261[33,/45]

L
L, =2RIn (—a sin L]l;). (7.24)
i

Using the expression for the geodesic length as given by the eq. (7.24]) in the
eq. ([7.17), we can now obtain the holographic entanglement negativity as
7T‘ll ﬂ'lg

g= 30, {( L )Sm(L)Sm(L)} (7.25)

= 3 — )
8G%, Ta sin w

In this case also, after using the Brown-Henneaux formula in the above equation,
the result for the holographic entanglement negativity matches with the CFT
result in the large central charge limit , hence validating the conjecture in
this case also.

7.2.3 Two adjacent intervals - Finite Temperature

We will now proceed with the calculation of the holographic entanglement nega-
tivity for the mixed states at finite temperature. This pertains to the configura-
tion of two adjacent intervals on the boundary 2D CFT which lies on a cylinder
whose spatial direction is non-compactified and infinite in range whereas the
temporal direction which is Euclidean in nature lies along the compactified cir-
cle whose circumference is 8. As dictated by the AdS3/CFTs correspondence,
in this case, the bulk configuration is the (uncharged, non-rotating) Euclidean
BTZ black hole which is at the Hawking temperature T = % and the corre-
sponding metric is given as [25}26}33}45]

(= rf) R :

dr* + dr? + = dg?, (7.26)

2 _
5= " - TR
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where 7 stands for the Euclidean time and the the event horizon is denoted
by r = 7. In this case for the boundary interval vy, whose length is [, on
the 2D CF'T, the corresponding geodesic length £, in the bulk AdSs, is given
as [25},26,,33),45]

B .

Ly =2RIn (% sinh %)7 (7.27)

where 3 = 27w R?/r;, denotes the inverse Hawking temperature. Using the ex-

pression for the geodesic length as given by the eq. (7.27) in the eq. (7.17)), we
can now obtain the holographic entanglement negativity as

&

3R . {( B )sinh(”él)sinh(”é?)} (7.28)

= n
8G%, sinh 7”(115'12)

Ta
In this case of finite temperature, after using the Brown-Henneaux formula
in the above equation, the result for the holographic entanglement negativity
matches with the CFT result in the large central charge limit (7.8). Hence we
get a validation of the conjecture in the case of finite temperature also.

7.3 Conclusion

In this chapter, which is based on the Ref. [130], we have used the AdS3/CFT,
correspondence to establish a holographic prescription for the calculation of
the entanglement negativity for the mixed state configuration of two adjacent
intervals for both zero and at finite temperature. In this case, the entanglement
is between the two adjacent intervals as the degrees of freedom pertaining to
the remaining system is traced over. The holographic prescription makes use
of the lengths of the geodesics in the bulk AdSs whose endpoints are anchored
on two adjacent intervals lying on the boundary 2D CFT and as a result the
holographic entanglement negativity can also be expressed as the holographic
mutual information between the two adjacent intervals.

The calculation for the holographic entanglement negativity is done for 3
cases :-
1. First, when the boundary CFT is at zero temperature and lies on an infinite
plane then the corresponding bulk configuration is the AdSs; vacuum in the
Poincaré patch.
2. Second, when the boundary CFT is at zero temperature and lies on an infinite
cylinder having the circumference L as it’s spatial direction is compactified and
finite in length. This is the case when the system is at zero temperature and
has finite size. The corresponding bulk configuration is the AdSs vacuum in the
global coordinates.
3. Third, when the boundary CFT is at finite temperature and lies on an infinite
cylinder having the circumference § as it’s (Euclidean) temporal direction is
compactified and the spatial direction is infinite in length. The corresponding
bulk configuration is the Euclidean BTZ black hole.
In all the above 3 cases, the holographic results matches with the CFT results
in the large central charge limit.

The holographic entanglement negativity conjecture as proposed in [130] can
be generalized to the AdSyy1/CFT, case. In this case, then we will have two ad-
jacent subsystems on the boundary d-dimensional CFT. The holographic entan-
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glement negativity in this case will now involve an algebraic combination of the
areas of the co-dimension two minimal surfaces residing in the bulk and whose
endpoints are anchored on the two boundary subsystems. In this case also, the
holographic entanglement negativity can be expressed as the holographic mutual
information between the two adjacent subsystems in the following fashion

3
= W(Al + AQ - A12) = ZI(Al, Ag) (729)
N

However, this generalization needs to be validated and maybe one can use the
reasonings similar to [11].

This conjecture for the AdS3/CFT5 setup furnishes a neat way to calculate
the holographic entanglement negativity for two adjacent intervals for both zero
and finite temperature scenarios. This holographic entanglement negativity can
be applied to various fields like condensed matter physics, topological phases,
quantum phase transitions, quantum gravity etc. These applications constitute
an interesting future research arena.
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Chapter 8

Holographic Entanglement
Negativity for Conformal

Field Theories with a
Conserved Charge

Currently, quantum entanglement is playing a major role in many fields of
physics like many body theory, quantum gravity, black hole physics. Quantum
entanglement for pure states is characterized by the measure called entangle-
ment entropy. In quantum information theory, entanglement entropy is given by
the von Neumann entropy of the corresponding reduced density matrix. In con-
formal field theory, entanglement entropy has been calculated using the replica
trick [34,35]. Using the AdS/CFT correspondence, Ryu and Takayanagi had
proposed the holographic entanglement entropy [25,26,/42] which makes use of
the area of the bulk co dimension two minimal surface.

However, entanglement entropy fails as a measure when we deal with the
mixed state configurations. To solve this problem, Vidal and Werner [54] pro-
posed the measure called as entanglement negativity which serves as an upper
bound on the distillable entanglement and this measure was capable to capture
entanglement in a given mixed state. The non-convexity of the entanglement
negativity and it’s monotone nature was shown in [55]. Also, entanglement neg-
ativity has been calculated for conformal field theories using a modified version
of the replica trick [56-58].

As it was already known that the entanglement entropy has a holographic
counterpart, so attempts were made to extract a holographic counterpart for
the entanglement negativity as well [59,/60]. A clear solution to this issue was
given in [61H63] where the authors had proposed the holographic entanglement
negativity conjecture for a given single interval on the boundary CFT. Compared
to the holographic entanglement entropy, this conjecture for the holographic
entanglement negativity involved an algebraic combination of the areas of the
bulk co-dimension two minimal surfaces. The results from this conjecture agreed
with the universal term for the corresponding CFT results in the large central
charge limit, further the reasonings for this conjecture was given a firmer footing
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in [64].

Recently, another conjecture for the holographic entanglement negativity
was proposed in [130]. This conjecture dealt with the case of two adjacent
intervals on the boundary CFT as compared to the single interval case in the
previously stated conjecture. This conjecture for two adjacent intervals involved
lengths of the bulk geodesics and as a result the holographic entanglement neg-
ativity could be expressed as the holographic mutual information between the
two adjacent intervals. Interestingly, this relation between the universal piece of
the entanglement negativity and the corresponding mutual information for the
case of two adjacent intervals has also been noticed in [134}[135]. Similar to the
previous conjecture for a single interval, in this case of two adjacent intervals
also, the holographic result agreed with the universal term of the CFT results
in the large central charge limit.

The generalization for the conjecture of two adjacent intervals to the case
of AdSg4+1/CFT, was put forth in [65]. This generalization involved areas of
co-dimension two bulk minimal surfaces whose endpoints were anchored on the
corresponding subsystem residing on the boundary d-dimensional CFT. The
calculations were done for pure AdS, 1 and AdSg4y1-Schwarzschild black hole. It
was noticed that in the finite temperature case which correponds to the AdS 41-
Schwarzschild black hole in the bulk, in the high temperature approximation, the
volume/thermal terms are cancelled out leaving behind area dependent terms.
Hence, it was concluded that the holographic entanglement negativity scales as
the area and not volume compared to the entanglement entropy [47]. This area
law for the case of entanglement negativity has also been noticed in [66,(67].
Further, a covariant version for the holographic entanglement negativity for two
adjacent intervals was put forth in [68].

In this chapter, which is based on [136], we will study the application of the
AdS44+1/CFT, version of the holographic entanglement negativity conjecture
for two adjacent intervals to the case of RN-AdS black holes. The dual CFT’s
which correspond to the RN-AdS black hole in the bulk have a conserved charge.
We will begin this chapter with a review of the AdSy41/CFTy version of the
holographic entanglement negativity conjecture. We will then move to study
the holographic entanglement negativity for two adjacent intervals for various
configurations of RN-AdS,/CFTj3 setup followed by RN-AdS;.1/CFT, setup.
Finally, we will end this chapter with some discussion on the results.

8.1 Holographic entanglement negativity conjec-
ture for two adjacent intervals

In this section, we will review the holographic entanglement negativity conjec-
ture for two adjacent intervals. We will first begin with AdS3/CFTy case as
described in [130] and then describe the AdSg441/CFTy version [65].

In case of conformal field theories, entanglement negativity is calculated us-
ing a modified version of the replica trick [56458]. We start by considering
tripartition of the system in Ay, As, A where A = A; U As and the remain-
ing part of the system is A° = (A; U A3)°. We then define the entanglement
negativity as follows

1 T2\ne
&= nl:gl InTr(p,2 )", (8.1)
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where the partial transpose of the reduced density matrix ps with respect to
the interval A, is given as p%. Further, n, — 1 is the replica limit, wherein we
consider the analytic continuation for even n i.e. ne.

In the above equation, Tr(p?f)"e is a three point correlation function which
is given as
C

+2 ﬂz?iﬂz
Tr(p?)" = (To. (20)T . (22) T (23)) = ch——5— y
|z12|" e [203] " The

2A7'ne _ATT%,, )

(8.2)
is Arz and A,

213|

where |z;;| = |z — 2;| and the scaling dimension for 7.2 , 7,
respectively.

Now, using the fact that in the setup of AdSs/CFTs correspondence and
in the large central charge limit the above three point function of twist fields
residing on the CFT can be alternatively expressed in terms of the bulk
geodesics whose endpoints are anchored on the intervals, we get [130]

—A7, L1z — AT%‘; (Li2 + Loz — L13)
R b

e

=2

(Tne (21)T,, (22) T, (23)) = exp (8.3)

here the endpoints of the adjacent intervals are (21 = —l1, 20 = 0, 23 = l3). Now,
after making use of the Brown-Henneaux formula ¢ = ?ég [95], the holographic
N

2
entanglement negativity can be written as
3

&€= 16Gi;>v(

Lig + Loz — L13), (8.4)

In the case of AdS,41/CFT,, holographic entanglement negativity will in-
volve A; which is the area of bulk co-dimension 2 static minimal surface and
can be expressed as [65]

3
= ———= (A1 + A2 — Az (8.5)
1664+ ( )
Now, applying the Ryu-Takayanagi conjecture [25] to the above eqs (8.4),
(8.5) we can finally express the holographic entanglement negativity for two
adjacent subsystems as

3 3
&= Z(SAl + SAz - SA1UA2) = Z[I(AlvAQ)]v (86)

where S4, is the holographic entanglement entropy of the subsystem A;. The
expression Z(A;, A2) in the above is the holographic mutual information
between the two adjacent subsystems. Next, we will use this holographic con-
jecture to evaluate the entanglement negativity for two adjacent subsystems in
the subsequent sections.

8.2 Holographic entanglement negativity in the
setup of RN-AdS,/CFT;

In this section we will study the holographic entanglement negativity for two
adjacent subsystems when we have mixed state configuration in the form of
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rectangular strip geometry on the boundary 3 dimensional CFT (having a con-
served charge) which is dual to the RN-AdSy black holes in the bulk. We will

consider both extremal and non-extremal cases.

8.2.1 Area of the minimal surface for RN-AdS, black holes

In this subsection, we will review the perturbative method of calculation of
the area of the bulk co-dimension two static minimal surface in the case of
RN-AdS, black hole [47,49] as it is pertinent to the calculation of holographic
entanglement negativity later.

The metric for the RN-AdSy black hole having a planar horizon is

ds> = —r2f(r)dt* + dr® + r%(dz? + dy?), (8.7)

1
)
fo) = 1- M9 (8:8)

where the AdS radius R = 1.
The lapse function vanishes at the horizon (r = rp) and we get the following
relation between mass, charge and horizon radius

4 2
Frn) =0= M= 2t (8.9)
Th
Effectively, we can now re-express the lapse function (8.8) as
3 2 2
f(r) = ——h—Q—JrQ—. (8.10)

The Hawking temperature in the case of RN-AdSy black hole is given as
f'(r) _ 3rn Q?

= A Q.4
ar |,._,., 47 3ry,

T =

(1- 2. (8.11)

and when T' = 0, we have what is called as an extremal black hole characterized
by the extremality condition
V@

33

We will now move towards the calculation for the area of the bulk co-
dimension two static minimal surface. The endpoints of these surfaces are an-
chored on the boundary 3D CFT which is dual to the RN-AdS, black hole in
the bulk. The subsystems A on the boundary CFT3 have a rectangular strip
geometry and is described as

= (8.12)

rel-5,5, yel-

L1 L
— 1
55 =5 (5.13)

M\h

The area A4 of the bulk co-dimension two bulk static minimal surface is then
given as

Ay = 2L/ : (8.14)
)(1— )

r4
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where 7. is a constant of integration and defines the turning point of the minimal
surface in the bulk and it can be obtained by inverting the equation of motion

which is
2d
/ - (8.15)
)(1— L)

r4

where [ is the length of the rectangular strip along the x direction.

Once we have the value of 7. from (8.15]), we subsitute it in (8.14)) to obtain the
area of the extremal surface. This is the outline of the method to obtain the
area.

Now, for the purpose of the perturbative analysis, using the fact that the
lapse function vanishes at the horizon, we can use instead of in
(8.14)). To solve the above integrals, we change the coordinate from r to u = <,
to get the following expressions

rh3u3 Q2u3 Q2 4

flu) = 1- r3 3rh et (8.16)
_ Pt f(u) "2

b= m (8.17)
_ Yo fw)e

AA = 2L'I"C . mdu, (818)

The required area of the minimal surface can now be obtained by using the
above equations and doing a perturbative analysis in the various limits of the
charge ) and the temperature T'.

In the following section, we will calculate the holographic entanglement neg-
ativity for two adjacent subsystems having a mixed state configuration for the
RN-AdS,;/CFTj3 scenario. The two adjacent subsystems A, Ao have a rectan-
gular strip geometry and are described as

1, (8.20)

respectively. This configuration is depicted below in the Fig. 13.

In this case of two adjacent subsystems, one can now obtain the turning point
by using /; and Iy instead of [ in the eq. (8.17) and finally obtain the area by
then making using of the eq. (8.18).
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Figure 13 : Schematic of the bulk static minimal surfaces that are anchored
on the subsystems A; , As and A; U A on the boundary CFT3 dual to the
RN-AdS, black hole.

8.2.2 Non-extremal RN-AdS, black holes

We will first consider the case of the non-extremal RN-AdS, black hole which
means that the black hole is at a finite, non-vanishing temperature. At the
boundary CFTj3 which is dual to the RN-AdS, black hole, we will consider the
mixed state configuration of the two adjacent subsystems having rectangular
strip geometries as shown in the Fig. 13. We first use a perturbative method
to calculate the area of the static minimal surface in the bulk and then use the
conjecture to calculate the holographic entanglement negativity. In the following
subsections, we will perform this exercise in the various limits of the charge and
temperature.

Small charge and low temperature

In this scenario we consider the case when the black hole has a small charge and
is at low temperature. In this case rj, can be given as

va
T

> (8.21)

Bl

In this case, because both the charge and the temperature are small, @/ 7‘,21 ~ 1
and using the fact that r, << r. we can do a Taylor expansion for f (u)*%
around & = 0 to the leading order in O[(Z2u)?®]. The approximated form of

the lapse function (8.16) is

3
Fu)a14 1O (r—"> ub, (8.22)

2 Te

Q2
where o = .

Now, using 1'8.22|), (8:17), (8.18)) we get the following expression for the area of
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the bulk co-dimension two static minimal surface [49)
Ay = AGY 4 Al (8.23)

where the A%" is the divergent part and Aﬁimte is the finite part of A4 given
as

, L
A(iw — 2(5)7 (824)
. L

AL = b Tt ko (L4 )l + O(rp ). (8.25)

l

The constants ki, ko in the above equation are expressed as

47TF(%)2

Ky ERYEER (8.26)
L(3)?

ko 321“? 32 (8.27)

Next, using the conjecture (8.5)), we can now obtain the holographic entan-
glement negativity as

3 2L L L L
= (= ki(—+—— ——) —2koML 4l 8.28
oG K a)+ 1(l1 +12 l1+l2) 2 12} +...,  (8.28)

where M =73 (1+a) =r3(1+ %2) and the ellipses denotes sub leading correc-
tions for the given case. "

In the above equation, the first term gives the divergent piece for the holo-
graphic entanglement negativity, the second term gives the finite term for the
holographic entanglement negativity at zero temperature for the given mixed
state configuration of two adjacent subsystems on the CFT3, which corresponds
to the geometry of pure AdSy in the bulk. The third term gives the corrections
due to the presence of charge and the temperature. We see here, that as the
temperature was low, there seems to be no thermal contribution towards the
holographic entanglement entropy, hence the holographic entanglement nega-
tivity in this case does not exhibits thermal piece separation.

Small charge and high temperature

In this case we consider the scenario when the black hole has a small charge
and is at high temperature. Now, as r;, >> 1, we have % << 1 and using
h

this fact we can do a Taylor expansion of f (u)_% around 0 = 0 where § = %
h

The approximated form of the lapse function [49] is

1 1 3 (Th)s 52u3(1—%)

) 2\re) ==y

/1 _ r;;j;ﬂ 2

Now using the egs. (8.29),(8.17) and (8.18)) we get the following expression for

the finite term of the area as [49]

fu)™

(8.29)

Tc

AL — LIr? 4 Ly (ky + 0%ka) + Lirpe {k?, + 6% (ky + ks log e)] + O[€%], (8.30)
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where the value of the constants k1, k2, k3, k4 and k5 for the above equation are
given in the Appendix (A.1l) in the egs. labelled as (A.1)), (A.2), (A.3)), (A.4)
and (|A.5)) respectively. The parameter € appearing in the eq. (8.30]) is expressed
as
1

€= g exp (—\/g(lrh —c — 0252)) ) (8.31)
where the constants ¢, ¢o for the above equation are given in the Appendix (A.1)
in egs. labelled as (A.6) and (A.7)) respectively. Now, using the conjecture, we
obtain the holographic entanglement negativity for the given case as

3 2L
= W |:0, + Lrh{(kl + 62k2) + kS(El + €9 — 612)
N

+0%ky(e1 + €2 — €12) + 6%k (loger + log ez — log 612)}] +...(8.32)

where €1, €2, €12 corresponds to the subsystems A1, As and Ay U As respectively.

We see that in the above equation the holographic entanglement negativity
depends on a single parameter L, which is the length common to both the two
adjacent subsystems on the boundary CFT. On the bulk side this L turns out
to be the area of the minimal surface which in the given case of RN-AdS,/CFT}5
turns out to be the length. It is interesting to compare this to the holographic
entanglement entropy which scales as the volume for the given limit (area in
the case of RN-AdS,/CFTj3) |49] whereas holographic entanglement negativity
scales as the area for the given limit (length in the case of RN-AdS,/CFTj3). In
the case of holographic entanglement negativity, as the temperature is high, even
though the volume terms which represent thermal correlations are present, they
are cancelled out and so we are left with only area dependent terms (length in the
case of RN-AdS,/CFT3). This conforms to the expectations coming from the
domain of quatum information theory. This elimination of the thermal terms is
similar to the AdS3/CFT5 scenario [61,/130] suggesting that maybe the absence
of the thermal terms is an universal aspect of the holographic entanglement
negativity.

Large charge and high temperature

We now consider the case when the black hole has a large charge and is at high
temperature. Now, in this case the turning point of the minimal surface in the
Te

bulk is close to the horizon so we have r. ~ rp, ug = e~ 1 and using this fact

we can do a Taylor expansion of f (u)_% around ug. The approximated form of
the lapse function is [49]

f(u) ~ (3 - Q—j) (1 - 7A—hu) (8.33)

Ty Te

Now, using the egs. (8.33)), (8.17)), (8.18]) we get the following expression for the
finite term of the area as [49)

L’I"h

2¢/6
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ALt — pip? 4 {K{ + Kle + (9(62)] ) (8.34)



where € is as given in the eq. ((8.31))) and the constants K| and K} in the above
equation are given in the Appendix in the eqgs. labelled as and
respectively.

Using the holographic entanglement negativity conjecture, we obtain

3

- .., (8.35)
8GH

(5) + L it s e e o)

where €1, €9, €19 corresponds to the subsystems A1, Ay and A; U As respectively.

In this case also even though because of the high temperature, thermal
contributions from the holographic entanglement entropy are present, they are
removed by the holographic entanglement negativity and the resulting holo-
graphic entanglement negativity then scales as the area (length in the case of
RN-AdS;/CFTj3) of the minimal surface conforming to the expectations from
quantum information theory. As a result we again witness the similarity of
the elimination of the thermal terms between this case and the AdS3/CFT,
scenario, receiving hints that maybe removal of the thermal contribution is an
universal aspect of the holographic entanglement negativity.

8.2.3 Extremal RN-AdS, black holes

We now move on towards the calculation of the holographic entanglement nega-
tivity of mixed states at zero temperature. We consider the configuration of the
two adjacent subsystems having rectangular strip geometries and residing on
the boundary CFTj3 dual to the extremal RN-AdS, black hole in the bulk. We
will perform calculations in a pertubative method for both the limits of small
charge and large charge.

Small charge

In this case we consider the scenario when the black hole has a small charge and
is at zero temperature. We use equation in the lapse function and
then observing the fact that for a small 7, we can do the Taylor expansion of
the f(u)~2 around & =0, we get the approximated form for the lapse function
in the leading order in C’)[(%u)3] as follows [49]

3
_1 Ty s
flu)™2 ~1+ QT—gu‘3, (8.36)

Using the eqgs. (8.36), (8.17)), (8.18) leads to the following expression for the
finite part of the area as [49]

L

Aﬁinite _ kl l

+ ko3 LI* + O(rp1?), (8.37)

where the constants k1, ko appearing in the above equation are given as

4mT(2)2
ki = ——=1o
4r(3)2
AT(5)”
ky = A
320()



Using the holographic entanglement negativity conjecture, we obtain

3 2L L L L
= | S ) Stk Ll | . (8.
& 16G§,\]+1 [( a ) +k1(ll + I +Z2) kory Llyla | + (8.38)

In this case, since the black hole is at zero temperature, no thermal contributions
are present in the holographic entanglement entropy and this fact is clearly re-
flected in the holographic entanglement negativity which shows no thermal piece
separation. The second term in the above equation expresses the finite piece
of the holographic entanglement negativity for mixed state at zero temperature
having the configuration of two adjacent subsystems on the boundary CFTj
which is dual to the pure AdS, in the bulk. The third term gives the correction
due to the presence of the conserved charge of the extremal RN-AdS, black
hole.

Large charge

In this case we consider the situation when the black hole has a large charge

Tc

and is at zero temperature. Now, as r. ~ rp, we have ug = e~ 1 and using

this fact we can do a Taylor expansion of f(u)~2 around ugy. The approximated
form of the lapse function is [49]

Flu) ~ 6(1 . T—hu)z. (8.39)

Te

Now using the egs. (8.39)), (8.17) and (8.18]), we get the following expression for

the finite term of the area as [49)
ALt — L2 4 Ly, (K1 + Kov/e + Kse + O(e%)), (8.40)

where the constants K7, K> and K3 in the above equation are given in the

Appendix (A.3) in the egs. labelled as (A.10)), (A.11]) and (A.12) respectively.

Now, using the holographic entanglement negativity conjecture, we obtain

3 2L
5 = W |:(a)+L7’h{K1+K2(\/a+\/5\/6)+K3(61+62612)}:| + .
(8.41)

where €1, €2, €12 corresponds to the subsystems A;, As and A; U As respectively.

In this case as the black hole is at zero temperature, the volume contribution
(area in the RN-AdS,/CFTj scenario) to the holographic entanglement entropy
comes from the degeneracy of the ground state and finally gets removed by the
holographic entanglement negativity. Hence, the holographic entanglement neg-
ativity scales as the area (length in the RN-AdS,/CFTj scenario). conforming
to the expectations from quantum information theory.

8.3 Holographic entanglement negativity in the
setup of RN-AdS,,;/CFTy

In the previous section, we saw that the holographic entaglement negativity con-
jecture in the case of RN — AdS,4 produces results as expected i.e. whenever the

100



holographic entanglement entropy has thermal contributions for non-extremal
cases, thermal contributions are separated from quantum correlations which in
turn are described by the holographic entanglement negativity. It is interest-
ing to note that the holographic entanglement negativity can also differentiate
between quantum and “unreal” thermal contributions for extremal large charge
case. This separation makes it evident that the CFT dual to extremal black
hole is in a mixed state even though it is at zero temperature. It is the large
charge of the black hole that leads to a large radius of horizon, finally resulting
in an extensive thermal-like term which reflects the fact that the black hole
has an effective thermal-like temperature. The exercise in the previous section
strengthens the validity of the conjecture for RN-AdS,/CFT3 even when the
black hole carries charge and is static. Now, as the authors in [65] have already
proved the validity of the conjecture for the case of AdSq,1 — Schwarzschild, it
becomes important to investigate if this conjecture still holds for charged and
static black holes in AdS;41 and produces results similar to RN-AdS,.

In this section we will proceed towards the calculation of the holographic
entanglement negativity for mixed states having the configuration of the two
adjacent subsystems on the boundary CFT,; dual to the RN-AdS,;; black
hole in the bulk. The boundary subsystems have a rectangular strip geome-
try. This scenario requires a perturbative calculation of the the area of the bulk
co-dimension two static minimal surface in the various limits of the temperature
T and the chemical potential u related to the charge @ of the RN-AdS;; black
hole. However, it turns out that in the RN-AdS,1/CFT, setup it is suitable
to express the holographic entanglement negativity in terms of another set of
parameters called as effective temperature Teg and a dimensionless energy pa-
rameter . Both these parameters T,g and e are functions of the temperature
and chemical potential. The parameter To.g counts the number of microstates
of the system for a specific temperature and chemical potential whereas the
parameter ¢ is a dimensionless measure for the energy of the system [137].

8.3.1 Area of the minimal surface for RN-AdS,,; black
holes

We will start with the metric for the RN-AdSg4+1 (d > 3) black hole which is

W= (—f<z>dt2 T ]il() " d) ,
flz) =1—-Mz"+ WZQM_U’ (8.42)

A =Q( = 277,

where the AdS radius R = 1 and zy is the location of the horizon, given by
the smallest real root when the lapse function vanishes f(z) = 0. Q, M are the
charge and the mass of the black hole respectively. The chemical potential is
given by

— — ().d-2
p=lim A,(2) = Qz . (8.43)
and the Hawking temperature is given as
1d d (d—2)2Q2z5" Y
T=—— = 1- . 8.44
47 dzf(z)‘ drzy < d(d—1) (844)



Next, the lapse function, chemical potential and temperature can be rewritten

2\ @ o\ 261
flz) = 1—¢ (ZH> +(E-1) (ZH> , (8.45)
1 (d-1)
T _ 2(d—1)—(d—2)€. (8.47)
Az

Here, € having limits 1 > ¢ > Q(d:;) is a dimensionless quantity, which repre-
sents energy of the system and is given as [137]

2n
d2 2
1+\/1+2w%0bl(1}2)

Here by, b; are constants which depend on spacetime dimensions and are given
as

e(T, 1) = by — , (8.48)

_2(d-1) _d
b() — ﬁ 5 b1 — m (849)

The effective temperature T¢s; defined earlier is given as [137]

d2 MZ
1 1 —
+ \/ + 27T2b0b1 <T2>

In order to calculate the area of the bulk co-dimension two static minimal
surface we consider a rectangular strip geometry for the subsystems on the
boundary CFT which is defined as

d
TeH(T’ /.L) = 47TZH 2

(8.50)

I 1 , L L
— 1 - ? — e —
T=x E{ 2,2},:17 6[ 2,2], i1=2,..,d—2, (8.51)

where L — co. The radial U.V. cutoff a is given as z(+£/2) = a.
In the first step, we need to find the turning point z, of the minimal surface in
the bulk from the following equation

l #x dz
2 /0 VI@) (/22D = 1]

(8.52)

where we see the relation between the turning point z, of the minimal surface
in the bulk and {, the length of the strip in the x! direction.

We now use the value of the turning point z, in the following expression to
obtain the area of the extremal surface.

dx

A = 9rd—2,d-1 v — 9rd—2,d-1 dz
© o (@)D ’

J 21§ ()[4 — z2-n)
(8.53)

where the UV cutoff is denoted by a.
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Alternatively, we can also express eq. (8.52)) as a double sum [137]

o Lin]T {W} ek (1 — e)k < . )nd+k(d2)
= +n—k]F[k+1]I‘ [W} zm
(8.54)

and as a result we can also express the eq. for the area (8.53)) as a double
sum [137]

2 o\ i [ VA (o)
Amis\e) T (8.55)
#2017 (35
Lo Ld— i Zn: U[L+n]T [W] enk(1 — gt ( . )nM )
(d— n=1k=0 L[l+n—k[[k+1]T -%} ZH

As a result of the above two egs. , , we will now be able to perform
the pertubative analysis in the various limits of the temperature T" and the
chemical potential p to extract the turning point and the area in terms of the
parameters Terr and €.

We will now move on towards the calculation of the holographic entangle-
ment negativity for the two adjacent subsystems having a mixed state config-
uration for the RN-AdS;;/CFTy scenario. For this purpose, we shall use the
above stated perturbative method for the turning point and the area. The two
adjacent subsystems A, As have a rectangular strip geometry and are described
as

L (8.56)
L&, (8.57)

respectively. This configuration is as depicted in the Fig. 13 where in this case
the length L is the length of the strip geometry in the other (d — 2) directions.
In this case of two adjacent subsystems, one can now obtain the turning point
by using {; and I, instead of I in the eq. (8.52) and finally obtain the area by
then making using of the eq. (8.53).

8.3.2 Non-extremal RN-AdS;,; black holes

We will first consider the case of the non-extremal RN-AdS,; black hole which
means that the black hole is at a finite temperature. At the boundary CFTy
which is dual to the RN-AdS4, ;1 black hole, we will consider the mixed state
configuration of the two adjacent subsystems having rectangular strip geometries
as shown in the Fig. 13. We first use a perturbative method to calculate the
area of the static minimal surface in the bulk and then use the conjecture to
calculate the holographic entanglement negativity. In the following subsections,
we will perform this exercise in the various limits of the chemical potential u
and the temperature 7.
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Small chemical potential and low temperature

The case of small chemical potential and low temperature is governed by the
limits pul < 1 and Tl < 1 respectively. Now, it so happens that the area of
the bulk minimal surface is also affected by the length of the strip in the x!
direction wherein the lengths in the remaining z* directions is a constant L. As
a result, we need to modify the limits for the case of small chemical potential
and low temperature as T < g or T > p |137] and hence we will calculate the
holographic entanglement negativity for both these two limits.

() Tl pl <1

We will first consider the case in which 77 < 1, ul < 1 and T < p or alterna-
tively these limits can be combined and re-expressed as T1 < ul < 1.

When T < p, one can use the Taylor expansion for the Tog (T, ) and
e(T, 1) (18'_4_8[) around % = 0 and obtain the following expression in the leading
order [137

1 ud
Tgr-(—E2 1), 8.58
o= 3 (s +7) (559

€%b0—

2 2bpby (T
2n7y/2bob1 () (8.59)
d 7

From the two limits 77 < 1 and pl < 1 one can infer that the turning point
of the entangling surface in the bulk is faraway from the horizon i.e z, < zpg.
Hence, it is now possible to perform an expansion for the eq. (8.54) in the

leading order in (i)d to obtain the turning point as

cottlan] [ a1y
* 2\/7?F[2(%1)} 2(d+1) W%F(%—Fﬁ)r(ﬁ)d zZH
7\ 26D

o (L) ]

(8.60)

Subsequently, one can perform an expansion for the eq. (8.55) in the leading
order in (i)d to obtain the area and then re-express it in terms of Teg and €
as follows [137]

d—2 d—2 d 2(d—1)
Aq = {2 <L> +S <€> +eSpS1 (47T§eff> Ld2l2]+O<Teffl) :

d—2\a
(8.61)

Using the holographic entanglement negativity conjecture, we obtain

3 2 /L\%? 1 1 1
__ 9 | & (E 1,d4-2 _
¢ = Togr [d—2<a> + 5o (zf—2+zg—2 <zl+z2)d—2)

4nTog \ *
—eS5pS1 ( 7Td H) Ld_221112 :| + ... (862)
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The above equation gives the holographic entanglement negativity for mixed
state at a finite temperature. Note that in the above equation the first two
terms pertain to the holographic entanglement negativity for the mixed state
at zero temperature on the boundary CFT; which in turn is dual to the pure
AdS44+1 in the bulk. The third term gives the corrections arising out of the
chemical potential and the temperature of the black hole.

(i) kKTl

We will now consider the second case in which Tl <1, ul < 1 and T > p or
alternatively these limits can be combined and re-expressed as pul < Tl < 1.
When T > p one can use the Taylor expansion for the Teg (T, 1) (8.50) and
e(T, 1) (]@ around % = 0 and obtain the following expression in the leading
order [137]

T =T {1 + m (%)2 +0 (;)1 : (8.63)
e=1+ 1;517r(;(ld_—2)1) (%)2 O (%)4 . (8.64)

As in this case also, we have T < 1 and pul < 1 one can infer that the turning
point of the entangling surface in the bulk is faraway from the horizon i.e z, <
zg. Hence, it is possible to perform an expansion for the eq. to the
leading order in (i)d to obtain the turning point which turns out to be the
same expression as given in the eq. eq..

Subsequently, one can perform an expansion for the eq. in the leading
order in (ﬁ)d to obtain the area and then re-express it in terms of Teg and €
as follows [137]

2 [L\%? L\%? AnTog \ * 2(d-1)
AA:[ ( ) 1S (z) +58081< T “) Ld_2l2}+(9(Teﬁl> ,

d—2\a d
(8.65)
where the value of the numerical constants Sy and S; is given in the Appendix

(B.1) in the eqs. labelled as (B.1)) and (B.2) respectively.
It is important to note here that even though the expression for the area (8.65|)
551),

in this case of ul <« Tl <« 1 is similar to the above case of Tl < ul < 1
the expression for Tog and ¢ is different in both the cases.

Now, using the conjecture, we obtain the holographic entanglement negativ-
ity for the given case as

3 2 /L\%? 1 1 1
__ 2 |« (£ 1d-2 _
¢ 16G4H {d -2 <a> 0 (z;” * 1972 (h+ lz)H)

47TTeff
d

d

—e80851 ( Ld_22[112 :| + ... (866)
The above equation gives the holographic entanglement negativity for mixed
state at a finite temperature. Note that in the above equation the first two
terms pertain to the holographic entanglement negativity for the mixed state
at zero temperature on the boundary CFT; which in turn is dual to the pure
AdSg4y1 in the bulk. The third term gives the corrections arising out of the
chemical potential and the temperature of the black hole.
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Small chemical potential and high temperature

The case of small chemical potential and high temperature is governed by the
limits p <« T and T1 > 1 as given in |137]. When u < T one can use the
Taylor expansion for the Teg (T, 1) (8.50) and e(7', i) around % = 0 and
obtain the same expression for Teg (8.63) and € (8.64) in the leading order in
L as given in the previous case [137].

However, as compared to the previous case, the limit 77 > 1 dictates the
fact that the turning point of the entangling surface in the bulk is near the
horizon i.e z, ~ zy. Hence, in this case one can do a perturbative expansion of

the eq. (8.55)) around Z= =1 and obtain the area as

2 (L\"? arTog \“" o, (4T p
AA[H(G) *V( d> i (d) (7)) @67

where V' = L%72] gives the volume of the strip and m(%) is a perturbative

expression in terms of % as stated in the Appendix (B.2) in the eq. labelled as
B3

Now, using the conjecture, we obtain the holographic entanglement negativ-
ity for the given case as

3 2 (LN (4T \"T
€= 16G4 [de (a) L < d ) 1 (T” (8.68)

In this case, when the temperature is high, mixed state behaviour comes into
play and thermal contributions are reflected in the holographic entanglement
entropy in the form of volume term which gets removed by the holographic
entanglement negativity. Hence, the leading term in the above eq. for the
holographic entanglement negativity is an area term. This exercise reproduces
the result of the RN-AdS,/CFTj3 scenario conforming to the expectations of the
quantum information theory.

Large chemical potential and low temperature

The case of large chemical potential and low temperature is governed by the
limits pl > 1 and T' < p. When T' < 1, one can use the Taylor expansion
for the Teg (T, 1) @) and e(T, p) around % = 0 and obtain the same
expression in the leading order as given by the eq. and eq. respec-
tively. |137]. Using the limit ul > 1, we can infer that the turning point of the
entangling surface in the bulk is near the horizon i.e z, ~ zy. Hence, in this
case one can do a perturbative expansion of the eq. around ZZH =1 and
obtain the area as [137]

2 [/L\“? AnTe \ ", (4T \ 2 T
Ag = {m (a) +V( d ) +L (d) (N0+N1(b0_5))+0 (/J)}’

(8.69)
where V = L%72] gives the volume of the strip and the value of the numerical
constants appearing in the above equation Ny and N7 are given in the Appendix

(B.3)) in the egs. labelled as (B.5)) and respectively.
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Now, using the conjecture, we obtain the holographic entanglement negativ-
ity for the given case as

3 2 L\ a—2 [ A Tes -2
5_W[ﬁ (a) +1L <d> (N0+N1(b0—6))}+....
(8.70)

The above equation gives the holographic entanglement negativity for mixed
state at a finite temperature. We see that in this case also thermal correlations
are contributing towards the holographic entanglement entropy which gets can-
celled out by the holographic entanglement negativity. Hence, the holographic
entanglement negativity depends on the area term. This exercise reproduces
the result of the RN-AdS,/CFT3 scenario conforming to the expectations of
the quantum information theory.

8.3.3 Extremal RN-AdS,,; black holes

In the previous subsection we calculated the holographic entanglement negativ-
ity for the mixed states which were at a finite temperature on the boundary
CFTy which in turn was dual to the non-extremal RN-AdS, 1 black hole in the
bulk. We now move towards the computation of the holographic entanglement
negativity for the mixed states which were at zero temperature on the boundary
CFTy which in turn is dual to the extremal RN-AdS,; black hole in the bulk
which implies we have the following parameters [137]

Q% =d(d — 1)L?/(d — 2)2274" Y, (8.71)
£ =by, (8.72)
L fob 1 fda-
H_ZH 2 o ZH (d—2)2’ (873)
ud

Tt BTN (8.74)
where @ is the charge of the extremal RN-AdSg4, black hole T.;; represents
the effective temperature as described previously. In the case of extremal RN-
AdS4+1 black hole we consider the boundary subsystem having a rectangular
strip geometry. Using the above mentioned parameters we will first calculate
the area of the bulk co-dimension two static minimal surface in a perturbative
fashion and then make use of the conjecture to obtain the corresponding holo-
graphic entanglement negativity. We will do these calculations for the both the
limits of small and large chemical potential.

Small chemical potential

The case of small chemical potential for extremal RN-AdS;;; black hole is
governed by the limit pl < 1. In this limit, the turning point of the entangling
surface in the bulk is faraway from the horizon i.e z, < zpy. Hence, we can do a
perturbative expansion for the eq. 1D in the leading order in (Zi)d to obtain
the turning point as previously obtained in the eq. [137].

Hence, in this case to obtain the area one can do a perturbative expansion

of the eq. (8.55) to the leading order in (I/zg)? and then re-express it in terms
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of p as given in |137]

a d—2

d—2

e { 5 (L)d—2+80 <€)d—2+80812(d— 1) ( (d—2)p )de_ng_’_O[(Ml)%d—l)]}’

d(d-1)
(8.75)
where the value of the numerical constants Sy, S; in the above equation is the

same as given in the Appendix (B.1) in the egs. labelled as (B.1) and (B.2)

respectively.
Now, using the conjecture, we obtain the holographic entanglement negativ-
ity for the given case as

d—2
3 2 (L 1 1 1
E=—— |- (= SoL42 -
16G%H [d -2 <a> oo (zfz * 19=2 (L + lz)d—2>

d
2d—1) [ (d—2)u d—2
~S5oS51= 7 ( d(d_1)> L 21112]+....

(8.76)

Note that the first two terms in the above equation pertain to the holographic
entanglement negativity for the mixed state at zero temperature on the bound-
ary CFTy which in turn is dual to the pure AdS411 in the bulk. The third term
gives the corrections arising out of the chemical potential of the black hole.

Large chemical potential

The case of large chemical potential for extremal RN-AdS;, ;1 black hole is gov-
erned by the limit pul > 1. Hence, from the eq. we can infer that the
value of the horizon radius is large and so the turning point of the entangling
surface in the bulk is near the horizon i.e z, — zg. Hence, in this case one can
do a perturbative expansion of the eq. around z,/zy = 1 and obtain the
area as

d—2 d—1 d—2
an= [ (B) v () e (AE) e

(8.77)
where V = L972] gives the volume of the strip and N(by) gives the value of
N(e) when € = by.

Now, using the conjecture, we obtain the holographic entanglement negativ-
ity for the given case as

d—2
3 2 [L\%? d—2
E=—°" | = (= L2N(by) [ ———2— d-2| (878
16G7\,+1[d2(a) " <0>< d(d—l)) w0 s

In this case as the black hole is at zero temperature, the volume contribution
towards the holographic entanglement entropy comes from the degeneracy of
the ground state and finally gets removed by the holographic entanglement neg-
ativity. Hence, the holographic entanglement negativity scales as an area term.
This exercise reproduces the result of the RN-AdS,/CFTj3 scenario conforming
to the expectations of the quantum information theory.
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8.4 Summary and Conclusion

In this chapter, which is based on [136], we have used the conjecture as given
in [65,/130] to calculate the holographic entanglement negativity for mixed state
having the configuration of the two adjacent subsystems on the boundary CFT
which are dual to the RN-AdS black hole in the bulk. We have considered
both the non-extremal and the extremal RN-AdS black hole. The configura-
tion of the two adjacent subsystems on the boundary is considered to have a
rectangular strip geometry. The calculations are first performed for the case
of RN-AdS,/CFT3 and then for a general RN-AdS;41/CFTy setup. This ex-
ercise showcases the non trivial nature of the perturbative calculation of the
holographic entanglement negativity in the various relevant limits.

In the first case of the RN-AdS,/CFTj3 scenario, we can summarize the results
as follows :-

1. When we have the mixed state at a finite temperature on the boundary CFTj3
dual to the non-extremal RN-AdS, black hole, then we perform the calculations
for various limits of the charge and the temperature of the black hole.

a. When we have the limit of small charge and low temperature, then the leading
contribution to the holographic entanglement negativity comes from the mixed
state at zero temperature on the boundary CFT3 which in turn is dual to the
pure AdS, in the bulk. The subleading term represents the corrections due to
the charge and the temperature of the black hole. This reflects the fact that
in this case the entangling surface in the bulk is faraway from the black hole
horizon, so the leading contributing comes from the near boundary pure AdS,
configuration.

b. When we encounter limits having large charge and/or large temperature,
then the leading contribution to the holographic entanglement negativity scales
as an area (length in the case of RN-AdSs/CFTj3) as the volume terms (area in
the case of RN-AdS,/CFTj3) are completely eliminated. This reflects the fact
that in this case the entangling surface in the bulk is near the black hole horizon,
so the leading contributing comes from the degrees of freedom of the entangling
surface which is shared between the two adjacent subsystems.

2. When we have the mixed state at zero temperature on the boundary CFTjg
dual to the extremal RN-AdS, black hole, then we perform the calculations for
various limits of the charge of the black hole.

a. In the case of small charge, the leading contribution to the holographic en-
tanglement negativity comes from the mixed state at zero temperature on the
boundary CFT3 which in turn is dual to the pure AdSy in the bulk. The sub-
leading term represents the corrections due to the charge of the black hole.

b. In the case of large charge, the leading contribution towards the holographic
entanglement negativity scales as an area (length in the case of RN-AdS,/CFT3)
as the volume terms (area in the case of RN-AdS,/CFTs3) arising out of the vac-
uum degeneracy are completely eliminated.

In the second case of the RN-AdS;41/CFTy scenario, another set of parameters
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called as effective temperature Tog and a dimensionless energy parameter ¢ were
introduced. We can summarize the results as follows :-

1. When we have the mixed state at a finite temperature on the boundary
CFTy dual to the non-extremal RN-AdS,.; black hole, then we perform the
calculations for various limits of the chemical potential and the temperature of
the black hole.

a. When we have the limit of small chemical potential and low temperature,
then the leading contribution to the holographic entanglement negativity comes
from the mixed state at zero temperature on the boundary CFT; which in turn
is dual to the pure AdS44; in the bulk. The subleading term represents the
corrections due to the chemical potential and the temperature of the black hole.
This reflects the fact that in this case the entangling surface in the bulk is far-
away from the black hole horizon, so the leading contributing comes from the
near boundary pure AdS441 configuration.

b. When we encounter limits having large chemical potential and/or large tem-
perature, then the leading contribution to the holographic entanglement nega-
tivity scales as an area as the volume terms are completely eliminated. This
reflects the fact that in this case the entangling surface in the bulk is near
the black hole horizon, so the leading contributing comes from the degrees of
freedom of the entangling surface which is shared between the two adjacent
subsystems.

2. When we have the mixed state at the zero temperature on the boundary
CFT, dual to the extremal RN-AdS441 black hole, then we perform the calcu-
lations for various limits of the chemical potential of the black hole.

a. In the case of small chemical potential, the leading contribution towards the
holographic entanglement negativity comes from the mixed state at zero tem-
perature on the boundary CFTy which in turn is dual to the pure AdSgy; in
the bulk. The subleading term represents the corrections due to the chemical
potential of the black hole.

b. In the case of large chemical potential, the leading contribution towards the
holographic entanglement negativity scales as an area as the volume terms aris-
ing out of the vacuum degeneracy are completely eliminated.

We see that in the case of RN-AdS black hole when the leading term for the
holographic entanglement entropy is a volume term then in the case of the holo-
graphic entanglement negativity the leading term is an area term. This discrep-
ancy between the leading terms is due to the fact that in the case of the holo-
graphic entanglement negativity the volume terms are completely eliminated
due to the specific algebraic combination of the involved holographic entangle-
ment entropies. This dominance of the area term in case of the holographic
entanglement negativity justifies the expectations from the quatum information
theory. Also, it is worth noting that this elimination of the volume terms in the
holographic entanglement negativity is also observed in the AdS3/CF T3 scenario
and so we may think of this “removal of volume terms” from the holographic
entanglement negativity as an universal aspect.

It is interesting to note that even when the black hole is at zero temperature,
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the dual CFT exhibits mixed state nature and this happens only for extremal-
large charge case. The holographic entanglement negativity is able to detect
this mixed state nature for extremal case also as it removes the volume term
from the corresponding holographic entanglement entropy. This extremal state
result holds not just for RN — AdS, but also for RN — AdS4.4; as demonstrated
in this paper. In the future, it would be further interesting to understand
how entanglement negativity is able to differentiate between extensive and non-
extensive terms for the extremal-large charge case as both the terms are facets
of quantum correlations.

This entire exercise further pushes the credibility of our conjecture [65,130]
for a charged, static black hole. In the future, it would be interesting to in-
vestigate the proof for this conjecture similar to the [11] and study further
applications of this conjecture.
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Conclusion

In this thesis we have addressed from a holographic perspective and making large
use of the AdS/CFT correspondence, the problem of the relationship between
thermality and quantum entanglement for a large class of AdS black holes. This
is a crucial issue for understanding many hot open problems in black hole physics
and quantum gravity, such as the microscopic origin of black hole entropy, the
loss of information in the black hole evaporation and the emergence of spacetime
out of an underlying microscopic quantum theory of gravity. The concepts that
are relevant in this framework are those of thermal and entanglement entropy,
entanglement negativity (the amount of distillable quantum information in a
mixed state) and their relationship to spacetime structures like horizons and
minimal surfaces. In our thesis we have investigated these concepts and their
relationship with spacetime structures for the case of 3D AdS gravity (the BTZ
black hole), 4D AdS gravity (RN-AdS, black hole) and also D+1-dimensional
AdS Gravity (RN-AdS,41 black hole).

In the case of BTZ black hole, it has been shown that the horizon and the
conical singularity are related to each other [33|. Hence, it becomes important
to understand how the entanglement entropy differentiates between horizon and
conical singularity and this issue has been dealt in chapter 6. Using the modular
symmetries of the boundary 2D CFT we have extracted the universal part of
the entanglement entropy for the CFT on the torus and we have identified it
as the entanglement entropy of the relevant 3D bulk configurations (the BTZ
black hole and 3D spacetime with conical singularities). We have seen that the
entanglement entropy keeps information of the spacetime structure of the bulk
theory. More precisely, in the black hole case :-

(i) The inaccessible region lies along the non-compact direction of the boundary
cylinder.

(ii) The holographic entanglement entropy shows an exponential behaviour.
(iii) The leading term in the expansion is positive and scales as an area term.
(iv) Enhancement of the holographic entanglement entropy of the AdS; Poincaré
vacuum.

In case of the conical singularity :-

(i) The inaccessible region lies along the compact direction of the boundary
cylinder.

(ii) The holographic entanglement entropy shows a periodic behaviour.

(iii) The leading term in the expansion is negative and scales as a volume term.
(iv) Reduction of the holographic entanglement entropy of the AdSs Poincaré
vacuum.

When we deal with the entanglement for conformal field theories at a finite
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temperature dual to a black hole in the bulk, then it turns out that the “entan-
glement entropy” is not the correct measure as it fails to separate classical and
quantum correlations. It was shown that the correct measure is “entanglement
negativity” which serves as an upper bound on the distillable entanglement and
can separate classical and quantum correlations. The holographic version of
this entanglement negavtivity for two adjacent intervals has been the subject
for the chapter 7. We have used the AdSs/CFTj setup to put forth a con-
jecture for the holographic entanglement negativity for two adjacent intervals
and performed calculations for various scenarios to validate the conjecture. In
this case, the entanglement is between the two adjacent intervals as we trace
over the degrees of freedom for the remaining part of the system. The holo-
graphic prescription involves the lengths of the geodesics present in the bulk
AdS3 wherein the endpoints of these geodesics are anchored on the two adja-
cent intervals lying on the boundary 2D CFT and as a result we can express the
holographic entanglement negativity for the case of two adjacent intervals as
the holographic mutual information between these two adjacent intervals. The
calculations have been performed for 3 cases (i) Mixed state at zero temperature
dual to the AdSs vacua in Poincaré coordinates (ii) Mixed state at zero tem-
perature dual to the AdS;3 vacua in global coordinates (iii) Mixed state at finite
temperature dual to the Euclidean BTZ black hole. We have shown that in all
the three cases the holographic results match with the corresponding CFT re-
sults in the large central charge limit, thereby providing a strong support for our
conjecture. We have also generalized the conjecture for the AdSyy1/CFT, sce-
nario wherein we have two adjacent subsystems on the boundary d-dimensional
CFT and which now involves the areas of the bulk co-dimension two static min-
imal surfaces instead of the lengths of the geodesics as considered previously
for the case of AdSs/CFT5. In this case, we now express the holographic en-
tanglement negativity as the holographic mutual information between the two
adjacent subsystems.

We have generalised the results for the entanglement negativity to the case
of RN-AdS black holes in four and generic D+1 dimensions. We have consid-
ered both the extremal and the non-extremal black holes. We first deal with
the RN-AdS,/CFTj case and then with the generalized RN-AdS ;41 /CFT, case
wherein both the cases the two adjacent subsystems on the boundary have a
rectangular strip geometry. The calculation in both the RN-AdS,/CFT3 and
RN-AdS441/CFTy scenarios involves non trivial perturbative expansion of the
holographic entanglement negativity in different limits of the relevant parame-
ters. In the case of RN-AdS,/CFTs, the parameters involved in the perturba-
tive expansion are the charge and the temperature of the black hole whereas
in the case of RN-AdS;1/CFTy, the parameters involved in the perturbative
expansion are the chemical potential and the temperature of the black hole.

1. For the case of the non-extremal black hole, when the mixed states are
at a finite temperature on the boundary CFT, we have the following results :-
a. In the limit of small charge/small chemical potential and low temperature, the
dominant contribution for the holographic entanglement negativity is governed
by the mixed state at zero temperature dual to the pure AdS bulk configuration.
The subleading terms represents the corrections due to the charge/chemical po-
tential and the temperature of the black hole. The physical interpretation of
this result is that the minimal surface in the bulk is far from the horizon there-
fore the dominant contributions are given by the near boundary pure AdS bulk
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configuration.

b. In the limit of large charge/chemical potential and/or high temperature,
the dominant contribution for the holographic entanglement negativity scales
as area as the volume terms are completely cancelled out. The physical interpre-
tation of this result is that the minimal surface in the bulk is near the horizon
therefore the dominant contributions are given by the degrees of freedom of the
minimal surface shared between the two adjacent subsystems.

2. For the case of the extremal black hole, when the mixed states are at a
zero temperature on the boundary CFT, we have the following results :-

a. In the limit of small charge/small chemical potential, the dominant contribu-
tion for the holographic entanglement negativity is governed by the mixed state
at zero temperature dual to the pure AdS bulk configuration. The subleading
terms represents the corrections due to the charge/chemical potential of the
black hole.

b. In the limit of large charge/large chemical potential, the dominant contribu-
tion for the holographic entanglement negativity scales as area as the volume
terms coming from the vacuum degeneracy are completely cancelled out.

The cancellation of the volume terms representing thermal correlations ob-
served for the RN-AdS black holes has also been noticed in the AdS3/CFT,
scenario and is result of the specific algebraic combination of the involved holo-
graphic entangle- ment entropies. The dominant contribution for the holo-
graphic entanglement negativity for two adjacent intervals scales as area con-
forms to the quantum information theory expectations and stimulates the fact
that this elimination of volume terms might be a universal feature of the holo-
graphic entanglement negativity for two adjacent intervals. This entire exercise
further provides support to the conjecture for the holographic entanglement
negativity for two adjacent intervals when we have a charged, static black hole.

As a plan for future research one can use the results from the chapter 6 to
better understand the aspects related to the Hawking-Page phase transition,
entanglement in time, holographic entanglement entropy of conical singularity
in higher dimensions, entwinement, the leading term in the expansion of the
holographic entanglement entropy for conical singularity being negative, scal-
ing as volume and showing super-extensive behaviour, “quantum” temperature,
Beon- The results from the chapters 7 and 8 can be used in the future to better
understand the aspects related to the holographic entanglement negativity in
the case of extremal black holes, bulk proof of the conjecture whose reasoning
is similar to |11], checking the validity of the conjecture when the CFT lives on
a torus, entanglement negativity for AdS3 with a conical singularity.
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Appendix A

Non-extremal and extremal

RN-AdS,

A.1 Non-extremal RN-AdS, (Small charge - high
temperature)

The constants k1, k2, k3, ks and ks in the eq. (8.30) are given as follows

oo

o 1 F(n—|— l) F(3n+3) 2 7T2 \/EF(—l)
klnzl(%— F(n+i) F(B”}5)3\/§n2)+9\/§+ F(%)“ , (A1)
3T BTN (L D+ HTERE) 1

2= R F(%) — n+2T(n+1) F(%) - 3\/§n>
00 2 F(nJr%)F(S”:—?) 9
_3;1<3"+3F(”+1) r(322) _3\@1)’ (A.2)
—92 2
VRV (A.3)

~ 22 3Vl (3()

k4 =7 log[3] 0 (A.4)
-2
=7 (A.5)

The constants ¢; and c¢p appearing in the eq. (8.31)) are given as follows

IF(B) o) F(TL+ ) F(3n+3) 1
C1 = 2 F(%) +Z (2I‘(n+ )1—\(371}-5) - ﬂn)’ (A.6)
o 1 3 F(3n+6> 9 3. F(n+§) F(3n+7) 9
\/§2ngo< ”+1 (37138)\/§)+2;(F(n+i)r(3n}9)\/§>.
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A.2 Non-extremal RN-AdS, (Large charge - high
temperature)

The constants K| and K in the eq. (8.34) are given as follows

2\/7‘(1 (é) log[4] —-10 1 1 T'(n+ l) 1 (73) 2 m
K/ 4 2 : 2 4
1 2 2 n —"1’5 ’

) 8 —1T(n+1) T(=5) n? 6
(A.8)
, w3
Kb = T3 (A.9)
A.3 Extremal RN-AdS, (Large charge)
The constants K1, Ko and K3 in the eq. are given as follows
2 VAL(3)  logld] 1427 3
Ko ra) T4 2 #vie (3)
VT e, 1 T(22) 2
" 3 G TREn ) )
K, = _2%7 (A.11)
2 3
K; = \@{1—\/7?—1—\/77( (2” (A.12)
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Appendix B

Non-extremal and extremal

B.1 Non-extremal RN-AdS;;; (Small chemical
potential - low temperature)

The constants Sy and S; appearing in the eq. (8.65) are given as follows

d—2

50:2d T (i) <F<2<f—1>)) 7 ’ (B.1)
(d—1T (z(dq)) r (ﬁ)

o (ﬁ)d+1 gd1 1 ( r()  2ma-2r(i+ 2(;_1))) |

r (_ﬁ) * Vr(d+1)

2(d—1)

(B.2)

B.2 Non-extremal RN-AdS;;; (Small chemical
potential - high temperature)

The function fyd(%) appearing in the eq. (8.67)) is given as follows

207 1 T — p2(d-1 — -2
() = s (5 [ (P (S o
(B.3)

where the numerical constant N () is given as

)

_ ‘fr( P 1)) L 1= 2@ )
T [ 2(d-1r (2( 1))]+2/0 “ (xd_l\/f(Z—Hx) N de_l\/l—xm> ’

(B.4)
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B.3 Non-extremal RN-AdS,,(Large chemical po-
tential - low temperature)

The numerical constants Ny, N7 in the eq. (8.69) are given as follows

VT (- 555 1 1 — z2(d-0) 1
Ny =2 ( 2 1)>> +2/ dx T ,
0

2(d—1)r (2(r1_1) 2?=1/1 = boxd + by22(d-1  gd=1y/1 — 22D

(B.5)
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