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Abstract

The holographic Ryu-Takayanagi formula for entanglement entropy connects the
entanglement of a field theory to the geometry of a dual gravitational theory in a
straightforward and universal way.

The first part of this thesis applies this formula to study the entanglement en-
tropy in strongly coupled noncommutative field theories. It is found that the ground
state of these theories have substantial entanglement at the length scale of the non-
commutativity. The entanglement entropy in a different perturbative regime is also
computed, where in contrast it is found that noncommutative interactions do not in-
duce long range entanglement in the ground state to leading order in perturbations
theory.

The second part of this thesis explores some general consequences of this holo-
graphic formula for the entanglement entropy. Identities involving entanglement
entropies are related to nontrivial geometric constraints on gravitational duals. In
particular, the strong subadditivity of entanglement entropy is used to show that
dual three dimensional asymptotically anti-de Sitter gravitational states must obey
an averaged null energy condition. Finally, this holographic formula allows us at
least in principle to express the entanglement entropy of a region in a holographic
field theory in terms of the one-point functions in that theory. This is explored
in the context of a two dimensional conformal field theory where explicit calcula-
tions are possible. Our results in this case allow us to extend a recent proposal that
the entanglement entropy of states near the vacuum of conformal theories can be

understood by propagation in an auxiliary de Sitter space.

ii



Preface

This thesis includes work that has been published. This preface explains my con-
tributions to the research presented here.

Chapter 1 is a review and includes original research only when summarising
the results of the rest of this thesis.

Chapter 2 is published as J. L. Karczmarek and C. Rabideau,“Holographic en-
tanglement entropy in nonlocal theories,” JHEP 1310, 078 (2013). The research
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collaboration between the authors throughout the entire work. I completed the nu-
merical calculations and prepared the figures. The publication was prepared by
J. L. Karczmarek with contributions from notes I prepared.

Chapter 3 is published as C. Rabideau, “Perturbative entanglement entropy in
nonlocal theories,” JHEP 1509, 180 (2015). I am the sole author of this work. This
work was completed with the advice and supervision of J. L. Karczmarek.

Chapter 4 is published as N. Lashkari, C. Rabideau, P. Sabella-Garnier and
M. Van Raamsdonk, “Inviolable energy conditions from entanglement inequali-
ties,” JHEP 1506, 067 (2015). This work is based on the close collaboration of
these authors under the supervision of M. Van Raamsdonk. I was most heavily
involved in the results of Section 3 and 4 and Appendix B. The publication was
prepared by N. Lashkari and M. Van Raamsdonk with contributions from notes
prepared by all of the authors.

Chapter 5 is published as M. J. S. Beach, J. Lee, C. Rabideau and M. Van
Raamsdonk, “Entanglement entropy from one-point functions in holographic states,”
JHEP 1606, 085 (2016). This work is based on the close collaboration of the au-
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in the work presented in Sections 4 and 5 and the Appendix, which are based on
calculations completed by J. Lee and myself. All the co-authors participated in the
writing and editing of this publication.
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permits reproduction with attribution.

v



Table of Contents

Abstract

Preface

Tableof Contents . . . . . . . ¢ i i i i i it i ittt i vnoeeeenenn

Listof Figures . . . . . . . i i i it it i ittt ittt et ot n s

Acknowl

edgments . . . . . v i i it ittt e et e e e e e e e e

1 Introduction . . . . . . v v v i i i i i it e et et ot oo oo e

1.1

1.2

1.3

1.4

1.5

Entanglement . . . . ... ... ... ... ... .. ... ... .
1.1.1 Fieldtheory . . . . . . ... ... ... ... ... ...,
1.1.2 Relativeentropy . . . . . . . . . .. ... ..
Holography . . . . . . . .. . .. . .
1.2.1 Holographic entanglement entropy . . . . . . . ... ...
Noncommutative gauge theories . . . . . . ... ... ... ...
1.3.1 Summary of results for holographic entanglement entropy
1.3.2  Summary of results for perturbative entanglement entropy
The structure of holographic entanglement entropies . . . . . . .
1.4.1 Constraints on geometry from entanglement . . . . . . . .
1.4.2  Expanding holographic entanglement entropies in terms of

field theory one-point functions . . . . . ... ... ...
Outline . . . ... ... ...

ii

ii

ix

xi

— O N O\ A -



I Entanglement Entropy in Noncommutative Field Theories . . .
2 Holographic Entanglement Entropies in Noncommutative Theories
2.1 Introduction . . . . . . . . ... L.
2.2 Theories considered and their gravityduals . . . . ... ... ..
22,1 NCSYM . .. .. . e
222 Dipoletheory . . . . .. .. . ... ... ...
2.3 Entanglement entropy for the strip . . . . . ... ... ... ...
2.3.1 Review of results for AdSspace . . ... .........
232 Dipoletheory . . . . .. ... o
233 NCSYM . . ... e
2.4 Entanglement entropy for the cylinder in NCSYM . . . . . . . ..
2.5 Mutual informationin NCSYM . . . . . ... .. ... ... ...
2.6 Finalcomments . . . . . . .. ... ... ... ...
3 Perturbative Entanglement Entropies in Noncommutative Theories
3.1 Introduction . . . . . .. .. ... ..
32 Theories . . . . . .. L
3.3 Entanglemententropy . . . . . . . . .. ... ..
3.3.1 mn-sheetedsurfaces . .. ... .. ... ... ... ...
34 Freetheory . . . . . . . ... ...
34.1 Green’sfunctions . . . . ... ... ...
3.4.2 Entanglement entropy in the free theory . . . . . . . . ..
3.5 Firstorder in perturbation theory . . . . . . .. ... ... .. ..
3.5.1 Commutative theory . . . . ... ... ... .......
3.5.2 Noncommutative theory . . ... ... ... .......
353 Complexscalar . . . .. ... ... ... ... ......
354 Dipoletheory . . . . . ... ...
3.6 Finalremarks . . . .. ... ... .. ... ... .. ...
II The Structure of Holographic Entanglement Entropy . . . . .
4 Inviolable Energy Conditions . . . . ... ...............

vi



4.1 Introduction . . . . . . . . . . . ... 81

42 Background . . . .. ... L 86
4.2.1 Entanglement inequalities . . . . . ... ... ... ... 86
4.2.2 Holographic formulae for entanglement entropy . . . . . . 93
423 Energyconditions . .. .................. 93
4.3 Constraints on spacetimes dual to Lorentz-invariant 141D field the-
OTIBS .« v v v e e e e e e e e e 94
4.3.1 An averaged null energy condition . . . . . ... ... .. 96
4.3.2 Non-monotonic scale factors . . . . . ... ... ... .. 98
4.4 Constraints on spacetimes dual to states of 1+1D CFTs . . . . . . 99
4.4.1 Constraints from positivity and monotonicity of relative
ENMTOPY . . v v v v e e e e 99
4.4.2 Constraints from strong subadditivity . . . ... ... .. 106
4.5 Constraints on spherically-symmetric asymptotically AdS spacetimes 109
4.6 Discussion. . . . . ... ... 110
4.6.1 Constraints on entanglement structure from geometry . . . 111

Entanglement Entropy of Holographic States in Terms of One-point

Functions . . . . . . ... i ittt i e e e 113
5.1 Introduction . . . . . . .. ... .. 113
5.2 Background . . ... ... ... 119
5.2.1 Relative entropy and quantum Fisher information . . . . . 119
5.2.2 Canonicalenergy . . . . ... ... ... ... ...... 121
5.3 Second-order contribution to entanglement entropy . . . . . . . . 124
5.3.1 Example: CFT; stress tensor contribution . . . . .. . .. 125
5.3.2 Example: scalar operator contribution . . . . . .. .. .. 130
5.4 Stress tensor contribution: direct calculation for CFT, . . . . . . . 132
5.4.1 Conformal transformations of the vacuum state . . . . . . 133
5.4.2 Entanglement entropy of excited states . . . . ... ... 134
5.4.3 Perturbative expansion . . . . . . .. .. ... .. ... 136
5.4.4 Excited states around thermal background . . . . . . . .. 139
5.5 Auxiliary de Sitter space interpretation . . . . . .. ... .. ... 141

vii



6 Conclusion ... ....... ... ittt 145
Bibliography . . . . . . . . 0 0 i it i it e e e e e e e e 148
A Analysis of the Potential Divergences from the j > 1 Terms ... .. 158
B Modular Hamiltonian for an Interval in a Boosted Thermal State of
al+IDCFT . ... . it e et it et e i et 161
C Variation in Geodesic Length under Endpoint Variation . . . . . . . 164
D Rindler Reconstruction for Scalar Operatorsin CFT, ... ... .. 167

viii



List of Figures

Figure 1.1

Figure 1.2
Figure 1.3

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4
Figure 2.5

Figure 2.6
Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2
Figure 3.3

Example of minimal surfaces used to compute entanglement

BNITOPIES. . . . v v v e e e e e e e e

Holographic entanglement entropy with a disconnected region.

Holographic entanglement entropy with multiple extremal sur-

faces. . . . .

Point of deepest penetration as a function of strip width for the
dipoletheory. . . . . . .. . ...
Area of the minimal surface as a function of the strip width for
the dipole theory. . . . . . . ... ... .. L.
Point of deepest penetration as a function of the strip width for
the noncommutative theory. . . . . .. ... ... ......
Shape of three extremal area surfaces. . . . . . .. ... ...
Area of the minimal surface as a function of strip width for
noncommutative theory. . . . . ... ... oL L.
Extremal surfaces homologous to a cylinder in NCSYM. . . .
Point of deepest penetration as a function of the cylinder’s ra-
dius in the noncommutative theory. . . . ... ... ... ..
Area of the minimal surface homologous to a cylinder, as a

function of the cylinder’sradius /. . . . . ... ... .....

Translations on the n-sheeted surface. . . . . ... ... ...
Non-planar diagrams and non-commutivity. . . . . . . .. ..

Non-planar diagrams for the complex scalar A¢* theory.

ix

35

38

45

75



Figure 4.1

Figure 4.2
Figure 4.3

Figure 5.1

Figure 5.2

Ryu-Takayanagi formula as a map from the space of geome-
tries to the space of mappings from subsets of the boundary to
realnumbers. . . .. ..o oL Lo 82
Spacelike intervals for strong subadditivity. . . . ... .. .. 87
Relative entropy constraints on coefficients in the Fefferman-

Graham expansion of the metric. . . . . . .. ... ... ... 105

Rindler wedge associated to a ball-shaped region on the bound-
ATY. o o e e e e e e e e e e e 122
Feynman diagram which computes §)s. . . . . . ... . .. 143



Acknowledgments

I would like to thank my supervisor Joanna Karczmarek; my collaborators Matthew
Beach, Nima Lashkari, Jachoon Lee, Philippe Sabella-Garnier and Mark Van Raams-
donk; and all of the people I have had the great pleasure of discussing physics with
in my office at UBC and at conferences and summer schools.

To my parents and family, thank you for your constant encouragement through-
out this degree and your unconditional support throughout my life.

I was supported by funding from the Natural Sciences and Engineering Re-
search Council of Canada’s Alexander Graham Bell Canada Graduate Scholarship,
the Izaak Walton Killam Memorial Fund for Advanced Studies, the University of
British Columbia and the Walter C. Sumner Foundation.

My co-authors and I are grateful for helpful discussions with Raphael Bousso,
Daniel Carney, Laurent Chaurette, Keshav Dasgupta, Ori Ganor, Thomas Hartman,
Michal Heller, Juan Maldacena, Don Marolf, Shunji Matsuura, Robert Myers, Fer-
nando Nogueira, Hirosi Ooguri, Ali Izadi Rad, Jared Stang and Brian Swingle.

This thesis is dedicated to Green College and all the wonderful people I have

met there.

X1



Chapter 1

Introduction

The standard model of particle physics has applied the techniques of quantum field
theory very successfully to describe all observed particles and their interactions
with one important caveat: it does not include the effects of gravity. In the classical
limit, Einstein’s theory of general relativity and Maxwell’s equations describe the
behaviour of matter subject to gravity and electromagnetism. At small scales in
laboratory settings on earth, gravitational interactions become weak and can be
ignored, while electromagnetism dominates. At these small scales in the quantum
regime, Maxwell’s classical description breaks down. The study of this regime
lead to the development of the standard model, however as gravity is very weak
in this regime the question of how to include it in the framework of the standard
model could be postponed while still matching the results of experiments in particle
accelerators to exquisite precision.

Applying the techniques of perturbative quantum field theory to general relativ-
ity leads to a nonrenormalisable theory, indicating that general relativity can only
be understood as an effective field theory and does not describe the correct degrees
of freedom to understand quantum gravity at short distance scales. String theory
provides an ultraviolet completion which reduces to general relativity at long dis-
tances, but is not understood in a full nonperturbative sense. A full understanding
of quantum gravity is still lacking and this is especially apparent in the context of
geometries far from flat space such as black holes.

One of the symptoms of the problem of quantum gravity is the information loss



problem for black holes [1]. In classical general relativity no signal can escape the
event horizon of a black hole. However, the study of quantum fields in curved
space near a black hole reveals that black holes emit thermal radiation. As this
radiation carries away energy, the black hole must shrink until it reaches a small
size where the calculation breaks down. This poses a problem for any quantum
theory which proposes to describe this system: time evolution in quantum systems
is unitary and therefore reversible, yet the semi-classical description of the collapse
of matter into a black hole which eventually evaporates away into thermal radiation
is not unitary as the information about the configuration of the initial matter cannot
be contained in thermal radiation. Either the unitarity of quantum gravity or the
validity of the semi-classical approximation near the event horizon of the black
hole must be abandoned.

Another symptom is the holographic bound on entropy in gravitational systems
[2, 3]. In quantum field theories, thermal entropies are extensive. However, gravity
contains black holes which are thermal systems with an entropy proportional to
the area of their event horizon. In fact, in a gravitational system, thermal entropy
in a region is bounded by the area of the boundary of that region. This lead to
the holographic principle, which conjectures that a gravitational system in a region
should be described by degrees of freedom on the boundary of that region.

Taken together, these suggest that we do not understand how to correctly or-
ganise the degrees of freedom of quantum gravity. However, a concrete example
of the holographic principle has been found in the context of string theory where
quantum gravity in an asymptotically anti-de Sitter (AdS) geometry was found to
be dual to a conformal field theory living on its conformal boundary [4, 5]. This
explicit example of holography can be used to shed light on quantum gravity as the
dual conformal field theory is a well defined quantum system. !

Although in order to make contact with reality we might be most interested in
quantum gravity with asymptotically flat or de Sitter boundary conditions, asymp-

totically AdS boundary conditions provide a good starting point for understanding

IThe classical limit of the gravitational description is dual to a strong coupling limit in the confor-
mal field theory, which although well defined in principle is often inaccessible to perturbative field
theory techniques. This presents an obstacle to our original goal of understanding quantum gravity,
but it also opens up new opportunities for understanding strongly coupled field theories by studying
the dual classical gravitational description.



some of the problems of quantum gravity because they simplify the problem of
defining diffeomorphism invariant operators. Diffeomorphisms are a gauge sym-
metry of general relativity and so the physical states and operators of quantum
gravity should be diffeomorphism invariant, which precludes the existence of local
operators in quantum gravity. However, the conformal structure of the asymptotic
boundary of a geometry is invariant under diffeomorphisms and so this boundary
provides a natural setting for diffeomorphism invariant observables. In asymp-
totically AdS spaces, the conformal boundary is timelike and the observables of
quantum gravity can be matched to those of a conformal field theory.

This thesis will focus on a particular diffeomorphism invariant quantity, the
area of the minimal surface anchored on a region of the boundary. The holographic
duality relates this quantity to entanglement entropy in the dual conformal field
theory through the Ryu-Takayanagi (RT) formula [6, 7, 8] and its covariant gener-
alisation given by Huberny, Rangamani and Takayanagi [9].

From topological condensed matter systems, to black holes, to phase transitions
and the emergence of spacetime in holography, the study of entanglement entropy
has proven fruitful across many fields of physics [10, 11, 12, 8, 13]. Entanglement
is one of the principal features distinguishing the quantum from the classical and
entanglement entropy has proven to be an important tool for quantifying entangle-
ment between two systems.

A useful property of entanglement entropy is that its definition is independent
of the details of the theory in question giving us an tool to study universal prop-
erties of field theories and to compare the entanglement structure of very different
field theories. This universality is reflected in the RT formula which relates the
entanglement entropy directly to the geometry of the gravity dual.

Part I of this thesis uses this holographic relation to compute the entangle-
ment entropy in noncommutative field theories using known gravitational duals
and contrasts these results to those found in a different perturbative regime of these
theories.

One of the original motivations for studying noncommutative field theories was
to help regulate divergences in local quantum field theories. Much as introducing
a commutation relation between positions and momenta regulated the ultraviolet

catastrophe in black body radiation by introducing a minimal scale in phase space,



a commutation relation between coordinates can introduce a minimal length scale.
Since this involves quantising coordinates, it was hoped that this might be related to
the quantisation of spacetime required to understand quantum gravity. In addition,
noncommutativity appears naturally in string theory in the context of D-branes.
Part II studies general properties of this holographic relation, with the goal of
better understanding the holographic map and ultimately quantum gravity. Chapter
4 relates universal properties of entanglement entropy to constraints on the classical
limit of dual holographic geometries in the form of gravitational energy inequali-
ties. This tells us that although the effective theory given by general relativity can
describe any geometry given appropriate matter, the ultraviolet completion given
by string theory can only accommodate geometries obeying some constraints.
Chapter 5 uses properties of classical geometries to express entanglement en-
tropy in terms of one-point functions, exhibiting constraints on quantum states
which have a classical gravitational description. The results of this chapter also
extend a surprising connection between entanglement entropy in conformal field

theories and a field propagating in an auxiliary de Sitter (dS) space.

1.1 Entanglement

Given two Hilbert spaces 774 and .73, we can construct a tensor product space
H = 4 @ A% . A state in the tensor product space is called a product state if
it can be written as the tensor product of states in the constituent Hilbert spaces.
|w) € A is a product state if |y) = |ys) @ |yp) for |y;) € . A state which is
not a product state is called an entangled state. Given an operator 4 on 7% and
a product state |y) € 7, (y|04 @1p|y) = (Wa|Os|wa). The expectation value of
Oy in a product state only depends on the state in the A-subspace. This is not the
case in an entangled state.

A density matrix is an operator on . which encodes the state, but which can

also encode classical uncertainty like that found in statistical mechanics. Given an

2Given a basis {|)4)} for .7, and {|&,)} for 5% the tensor product space is the space spanned

by {12a)} < {[6) }-



ensemble of states |y;) with classical probabilities p;, the density matrix is
p =Y pilwi)(wil- (1.1)
i

A density matrix describes a pure state if it can be written as p = |y) (y/| for a single
state, otherwise it describes a mixed state. The expectation value of an observable
istr(p0). Note that p itself is not an observable as it depends on the state.

Given a tensor product space and a basis {|x,)} for %4 and {|&,)} for .#3, the

partial trace is
trp(0) =Y (&1 01&), (1.2)
b

which defines an operator on A.
The reduced density matrix py = trg p reproduces the expectation values of

operators 04 on J¢4,
trpﬁA :trApAﬁ’A. (1.3)

The expectation value of local operators in a subspace can be reproduced with
a state in that subspace at the cost of introducing classical uncertainty when the
original state was entangled.

Quantifying this uncertainty using the von Neumann entropy of the reduced
density matrix leads us to a natural way of quantifying the entanglement of a state.

This is called the entanglement entropy>

S(A) = —tra (palogpa). (1.4)

If p corresponds to a pure state on J# = 4 ® 3, then the entanglement
entropy computed using either subspace must be equal, S(A) = S(B). In this case
the classical uncertainty in the reduced density matrices on either subspace comes
only from the entanglement. If the state is mixed, this equality does not hold as

there is additional classical uncertainty which can be unevenly distributed between

3 A useful reference on the topic of quantum information is [14].



the subsystems.
Of course this one number cannot fully describe the entanglement of a state.

Other useful quantities include the Renyi entropies

1
Sy = - logtra (p4) (1.5)

and the entanglement negativity.
Knowledge of all the Renyi entropies allows one to compute the spectrum of
the reduced density matrix also known as the entanglement spectrum. In fact the

Renyi entropies are often used to calculate the entanglement entropy since

lim S, = S4. (1.6)
n—1

1.1.1 Field theory

The Hilbert space of a field theory can be decomposed into a tensor product of the
degrees of freedom inside a region and those in its compliment. The entanglement
entropy of a region in a field theory is that resulting from this decomposition. This
entanglement entropy is defined for any state of the field theory, but unless oth-
erwise specified we will usually be interested in the entanglement entropy in the
ground state of the theory in question.

Since the von Neumann entropy of the reduced density matrix in a thermal
state* will receive an extensive contribution related to the thermal entropy, some
reserve the terminology of entanglement entropy for the vacuum state where the
entanglement entropy can only be attributed to entanglement. This work will use
the term somewhat more loosely to refer to the von Neumann entropy of the re-
duced density matrix in any state. The entanglement entropy in the ground state is
sometimes referred to as geometric entanglement entropy in the literature.

When decomposing the Hilbert space of a gauge theory there are ambiguities
related to the fact that the physical gauge invariant Hilbert space is not strictly local.

The resolution of these ambiguities has been discussed in detail in the literature

4A thermal state is a mixed state described by a density matrix where every state appears with a
classical probability given by the canonical ensemble, pgermal = e BH.



[15, 16, 17].
In the ground states of local relativistic field theories, the entanglement entropy

usually has an area law divergence.’ In d dimensions,

04|
SA)=C gt (d>2) (1.7)
S(A)=Cloge+..., (d=2) (1.8)

where dA is the boundary of A, |dA| is the area of this boundary, C is a regulator
dependent constant and € is a UV regulator such as a lattice spacing. This area
law divergence reflects the short range entanglement present in local quantum field
theories.

In field theories, the entanglement entropy is often computed using the replica
trick. Computing the Renyi entropies defined in (1.5) requires evaluating the n"
power of the reduced density matrix, which can be computed by appropriately
sewing together along A the boundary conditions of n copies of the theory in a
path integral. Analytically continuing the result for the n'" Renyi entropy to make
n continuous and taking the appropriate limit as n — 1 allows us to compute the
entanglement entropy. This procedure is described in detail in Section 3.3 where it

is used in the context of perturbative quantum field theory.

1.1.2 Relative entropy

The relative entropy

S(p|lo)=tr(plogp)—tr(plogo). (1.9)

provides a measure of the distinguishability between two density matrices as S(p||o) >
0 with S(p||o) = 0iff p = . If p and o are two different pure states this measure
will diverge.

Fixing a state o, the modular Hamiltonian can be defined H; = logo. The

5See [18] for a review of area laws. Exceptions include Fermi surfaces [19].



relative entropy is

S(p||o) =AE — AS (1.10)
AS =S, —So (1.11)
AE =(Hs)p — (Ho)o- (1.12)

The relative entropy is positive and monotonic. For any regions A and B such
that A C B,

S (palloa) >0, (1.13)
S(psllog) =S (palloa)- (1.14)

The relative entropy of a density matrix with itself vanishes. Since the relative

entropy is positive,

d
15 +25pllp) L, =0, (1.15)

which leads to the first law for entanglement entropies: ©

8S = SE, (1.16)

where where 05 and OF are the first order changes under the perturbation of the
state to the entanglement entropy and the expectation of the modular Hamiltonian
respectively.

The monotonicity of relative entropy is equivalent to the strong sub-additivity
of entanglement entropy (SSA), which says that for tripartite systems with .77 =
T @ A Q H, 20, 21]

S(AUB)+S(BUC) > S(B)+ S(AUBUC). (1.17)

This name is in analogy to the first law of thermodynamics.



This can be recast in terms of the mutual information
I(A,B) =S(A)+S(B) —S(AUB), (1.18)
so that strong sub-additivity reads
I(A,BUC) > I(A,B). (1.19)

Restricting ourselves to a subset (B) of a subsystem (B U C) cannot increase our
knowledge about the correlations between this subsystem and a reference subsys-
tem (A).

1.2 Holography

This section will review gauge-gravity duality. The best established example is the
AdSs x Ss—. A =4,d = 4 Super-Yang Mills duality [4, 5]. A number of variations
of this example are also understood, which lead us to some entries in the dictionary
of the duality’ in its most general form.

D-branes are extended dynamical objects in string theory, described in text-
books on perturbative string theory, e.g. [22]. At small string coupling (g,),® their
degrees of freedom can be understood using string perturbation theory. These in-
clude a gauge theory living on the world-volume of the brane. The rank of the
gauge group of this theory counts the number of units of brane charge, so we think
of the low energy excitations of a stack of N branes as including a U(N) gauge
theory. The Yang-Mills coupling of this U (N) gauge theory obeys g7, ~ gs.

A large stack of these branes has a complimentary description at large string
coupling [5]. In this case, the stack of branes represents a large classical source and
can be described using classical gravity. We will focus on the case of D3-branes
which fill 3 spatial directions. The curvature length scale of this classical solution

obeys R* = 4mg,a/’N, where o is the dimensionful string tension parameter in

"The gauge-gravity dictionary is the set of relationships that allows us to convert concepts be-
tween the two sides of the duality.

8String theory doesn’t have externally fixed dimensionless coupling constants. However, in string
perturbation theory amplitudes are expanded in the constant part of the expectation value of the
dilaton field.



string theory which sets the length scale of fundamental strings. For this classical
description to be a good approximation, the curvature must be large compared to
the scale of both gravity and strings. In terms of string parameters, the string scale
is [, ~ v/a’ and the plank length is [, = \/Gy ~ \/0/\/g,. We need that

R4
A
R4
S ~N> 1, (1.21)
lp

where A is the ’t-Hooft coupling. In the low-energy limit of this gravitational
description, the dynamics of a near horizon AdSs X S5 spacetime decouples from
the rest. This is understood to be a complimentary strong coupling description of
the low energy sector of this stack of branes, which at weak coupling is a U(N)
gauge theory.

This example related a specific spacetime to a specific conformal field theory
(CFT). However, by considering different brane configurations, by varying the di-
mensionality of the branes or by turning on other sugergravity fields, many gauge-
gravity dualities can be found [23, 5, 24, 25].

There is an important entry in the holographic dictionary which allows us to
extend this duality. Deforming the action of a conformal theory by an operator
¢ with source J corresponds to adding a scalar field to the gravitational action
[26]. J and (') determine the boundary conditions for the scalar at the conformal
boundary of the asymptotically AdS space. The mass of the scalar field is related
to the conformal dimension of the operator & by R”2m?* = A(A —d).

A general feature of the duality is that to describe a field theory defined on
a manifold M the gravitational description will need a conformal boundary of M.
This means that if the gravitational theory is defined on a manifold N, there must
be a diffeomorphism which preserves the metric up to a local rescaling between
dN and M.° This feature allows us to use local data in the field theory as boundary
conditions for the gravitational theory.

Given a region or a manifold M, dM denotes its boundary.

10



Figure 1.1: Two time slices of asymptotically AdS3; geometries in coordinates
which bring the conformal boundary (in blue) into view. The minimal
surface (in red) homologous to a boundary region (in orange) is shown.
On the left the geometry is empty AdS; corresponding to the vacuum
state of a CF'T;. On the right, the geometry is a BTZ black hole corre-
sponding to a thermal state of a CFT,. The grey region is enclosed by
the horizon of the black hole.

1.2.1 Holographic entanglement entropy

This thesis focuses on a particular entry in this holographic dictionary relating geo-
metric entanglement entropy in a field theory to the area of boundary anchored min-
imal surfaces in its gravitational description known as the Ryu-Takayanagi (RT)
formula [6, 7, 9, 8, 27, 28].

The entanglement entropy of a region A in a field theory in a particular state is
given by the area of the minimal extremal area surface homologous'? to A on the
conformal boundary of the dual gravitational description of that state.

Let A be an extremum of the area functional such that dA = dA, then

_ A

S(A) =
@)= 15

(1.22)

where |A| is the area of A and Gy is Newton’s constant. Figure 1.1 presents a few

examples of such minimal surfaces for asymptotically AdS3 spacetimes.

10Two submanifolds A and B of dimension k of a manifold M of dimension d > k are homologous
if JA = dB and there exists a submanifold C such that dC = AUB. This essentially means that A is
smoothly deformable into B.
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Figure 1.2: When the region A (in orange) is disconnected, there are multiple
homologous extremal surfaces (in red). The extremal surface with the
minimal area should be chosen.

If there are multiple extremal surfaces, the one with minimal area should be
taken. If the gravitational state has a black hole, it may be necessary to include the
area of an unconnected component of A which wraps the horizon of the black hole
so as to obey the homology constraint. In particular, there is no requirement for A
or A to be connected. See Figure 1.2 for an example where A is disconnected and
Figure 1.3 for an example where A is disconnected even though A is not.

For static geometries and regions defined on a fixed time slice of the field the-
ory, the extremal surface is a minimal surface on the extension of that fixed time

slice into the bulk of the dual geometry.

Regularisation

The entanglement entropy in field theories has a UV divergence as was discussed in
Section 1.1.1. In holography this is reflected by the fact that the conformal bound-
ary is at infinite distance, require any surface anchored there to have infinite area.
In order to regularise the entanglement entropy, the surface is instead anchored to a
distant cutoff surface. In this picture, the area law divergence typical of the entan-
glement entropies in field theories arises from the part of the minimal surface near
the conformal boundary. In asymptotically AdS spaces, minimal surfaces quickly
dive into the interior of the space and the divergence in their area comes from a

throat near the boundary of the region (dA) where they must be anchored to the
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Figure 1.3: Two local minima of the area functional (in red) homologous to
the same region (in orange) in an asymptotically AdS; BTZ black hole
geometry corresponding to a thermal state of a CF7; (the conformal
boundary is blue and the interior of the black hole horizon is grey). The
extremal surface with the minimal area should be chosen.

conformal boundary.

Thermal states

In thermal states, for regions A much larger than the thermal scale, the entangle-

ment entropy receives an extensive contribution proportional to the thermal entropy
S(A) =< |Als, (1.23)

where |A| is the volume of A and s is the entropy density in the thermal state.

The gravitational dual to a thermal state is generally a black hole where the
thermal scale is tied to the size of the black hole. The extensive contribution to the
entanglement entropy comes from the minimal surface dwelling near the horizon
of the black hole as can be seen in Figure 1.1.

When A includes the entire boundary, the entanglement entropy is the thermo-
dynamic entropy. In this case, the minimal surface homologous to the boundary
cannot shrink to zero due to the presence of the black hole. Instead it wraps the

horizon, reproducing the well known Bekenstein-Hawking entropy of the black
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hole

Area

S = .
4Gy

(1.24)

1.3 Noncommutative gauge theories

Noncommutative spaces arise naturally in string theory in the context of D-branes.
Noncommutative spaces first manifest themselves in that the coordinates of a stack
of D-branes are given by a set of noncommuting matrices rather than a list of
numbers. In addition, the gauge field living on the worldvolume of a brane in the
presence of a background NS-NS 2 form B field along the brane is a noncommu-
tative field theory. In particular, the gauge theory on a D3-brane is Yang-Mills on
a noncommutative plane. The gravity dual to this theory was found in [29, 30],
which gives us the opportunity on one hand to learn about the application of the
RT formula to new backgrounds!' and on the other hand to study the entangle-
ment entropy of this theory [31]. Part I of this thesis is dedicated to studying the

entanglement entropy of noncommutative theories.

1.3.1 Summary of results for holographic entanglement entropy

In Chapter 2, the holographic RT formula is used to study entanglement entropies
in a class of nonlocal theories related to field theories on noncommutative spaces.
This will draw on my work with Joanna Karczmarek [31].

In a nonlocal theory, the behaviour of entanglement entropy could be expected
to deviate from an area law and this is precisely what was found using holographic
methods at strong coupling. In a simple nonlocal theory with a fixed scale of
nonlocality ay, a dipole deformation of .4~ = 4 SYM, the entanglement entropy
is extensive (proportional to the volume of A), for regions A of size up to ar. At
length scales larger than ay, it follows an area law, with an effective number of
entangled degrees of freedom which is proportional to ay. This is consistent with

all the degrees of freedom within a region A of size a;, or smaller, and not only those

" This gravity dual has a number of unusual properties, including not being asymptotically AdS,
a nontrivial dilaton profile and a nonzero B field.
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living close to the boundary of A, having quantum correlations with the outside of A
due to the nonlocal nature of the Hamiltonian. In contrast, in the noncommutative
deformation of .#” =4 SYM, which is known to exhibit UV/IR mixing and whose
nonlocality length scale grows with the UV cutoff, the entanglement entropy is
extensive for all regions as long as their size is fixed as the UV cutoff is taken
away.!?

Since our theories differ from .#" =4 SYM in the UV, the holographic duals
are not asymptotically AdS spaces. Their non-asymptotically AdS geometry has
an interesting consequence. In previously studied examples of extensive behaviour
of entanglement entropy (for example, in thermal states) this extensive behaviour
was due to the minimal surface ‘wrapping’ a surface in the IR region of the dual,
such as a black hole horizon (see for example [33]). Here, however, the extensivity
arises from the fact that the minimal surfaces stays close to the cutoff surface: the

volume law dependence of entanglement entropy is a UV phenomenon.

1.3.2 Summary of results for perturbative entanglement entropy

A natural question is whether the volume law behaviour found in the holographic
analysis of entanglement entropies is generic to nonlocal theories or if it is confined
to a strongly coupled, large N regime.

In Chapter 3, based on [34], the role of interactions in this question is inves-
tigated by considering field theories at small coupling and with one scalar degree
of freedom and nonlocal interactions. The leading divergence in entanglement en-
tropy of large regions to leading order in perturbation theory is not found to be
proportional to the length scale of the nonlocality, hence no evidence of a volume
law is found. Instead, the leading divergence in both theories has the same form
as the standard local A¢* theory which follows an area law. This result indicates
that, perturbatively these nonlocal interactions are not generating sufficient entan-
glement at distances of the nonlocality scale to change the leading divergence, at

least to first order in the coupling.

12Entanglement entropy in the noncommutative theory was studied before in [32]. Here we extend
and improve on those results.

15



1.4 The structure of holographic entanglement entropies

Part II investigates general features of the RT formula. This has the double goal of
better understanding the two theories involved in the duality as well as clarifying

the structure of the duality itself.

1.4.1 Constraints on geometry from entanglement

Entanglement entropy is a function on the subsets of a spacetime manifold. How-
ever not all such functions can arise as the entanglements entropies of some state.
There are a number of constraints that the entanglement entropy of any state must
obey. Similarly, not all such functions can arise as the areas of minimal surfaces in
some geometry. Holographic entanglement entropy must satisfy both these sorts
of constraints.

Studying these constraints and their translations through the gauge-gravity dic-
tionary can provide new constraints on quantum gravity theories dual to quantum
field theories. A strong form of gauge-gravity duality, where any quantum gravity
theory with asymptotically AdS boundary conditions is dual to some field theory,
would lead us to interpret any constraints following from the axioms of quantum

mechanics as necessary conditions on any consistent theory of quantum gravity.

Constraints on entanglement entropies

The work in Chapter 4 concentrates on particular constraints on entanglement en-
tropies following from the basic laws of quantum mechanics, which where dis-
cussed in Section 1.1.2. See [35] for more details on these constraints and addi-
tional references.

The RT formula gives a geometric interpretation of these entanglement inequal-
ities in terms of the areas of minimal surfaces. The goal is to transform these

constraints on the areas of surfaces into more useful geometric constraints.

Einstein Equations

This approach was used to derive that the holographic duals of states near the vac-
uum must obey the linearised Einstein equations near AdS [36, 37, 38].

Using techniques developed by Wald and Iyer for proving the first law of black
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hole thermodynamics [39, 40], an integral of the linearised Einstein tensor for a
perturbation over a region bounded by a minimal surface can be related to the
change in the area and the energy associated to the asymptotic boost Killing vector.

Through the gauge-gravity dictionary these are related to the entanglement en-
tropy and the expectation of the modular Hamiltonian. In the case of black hole
thermodynamics a first law can be derived starting from the Einstein equations. In
this case the logic can be reversed by using the first law of entanglement entropies
in (1.16) for spherical boundary regions of all sizes to derive the linearised Einstein

equations.

Energy conditions

Once we go beyond first order in perturbation theory, the field theory entanglement
constraints no longer have the form of an equality, but rather of an inequality.

Inequalities that involve the Einstein tensor are referred to as energy or cur-
vature conditions. Conditions of these form are usually assumed to hold for rea-
sonable matter and are necessary to prove singularity theorems. Deriving such
inequalities from the tenants of quantum mechanics would put them on more solid
footing, so these provide a natural target.

Indeed some progress towards relating these constraints to such energy condi-
tions has been made in low spacetime dimensions [41, 35, 42].

Chapter 4 shows that for 1+ 1-dimensional spacetimes which have transla-
tional invariance, strong subadditivity can be related to an integrated null energy

condition of the form
/dsTﬂvu“uV >0 (1.25)
Y

where 7 is an arbitrary spatial geodesic and u* is a null vector generating a light-
sheet of y defined such that translation by u* produces an equal change in the
spatial scale factor at all points.

In addition, a local version of the weak energy condition in the field theory
directions of the dual geometry near the boundary follows from the positivity of
the relative entropy. The near boundary expansion of 7,,yu* 1" must be positive for

any timelike vector u* with components only in the field theory directions, but not
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in the holographic direction.
This chapter based on my work with Nima Lashkari, Philippe Sabella-Garnier
and Mark Van Raamsdonk [35].

1.4.2 Expanding holographic entanglement entropies in terms of
field theory one-point functions

In classical gravitational states, boundary conditions at the conformal boundary
along with the equations of motion determine the geometry. Using the holographic
duality this geometry allows us to compute whatever we wish about the state of
a quantum theory with the boundary conditions at the conformal boundary as the
only input. These are dual to the expectation value or one-point functions of op-
erators in the quantum theory and the sources or coupling constants in its action.
In other words, a holographic state, that is a state which is well approximated by a
classical gravitational dual, is determined by its one-point functions. This can be
contrasted to the fact that in a generic quantum state, knowledge of the expectation
of an operator does not provide any information about the expectation value of the
square of that operator.

Chapter 5 explores methods to compute the entanglement entropy in an expan-
sion of one-point functions of operators in the field theory using both holographic
and field theory methods. In particular, we developed an iterative method to ex-
press the entanglement entropy in a two-dimensional conformal field theory for
states dual to gravity with no additional matter in terms of the one-point function
of the stress tensor.

In [43], it was realised that the leading order contribution to entanglement en-
tropy in this expansion can be understood in terms of the propagation of a scalar
field in an auxiliary de Sitter space. We used our technique to compute the next
order contribution and found that it could be understood by adding a simple inter-
action term to this scalar field.

This chapter is based on my work with Matt Beach, Jaechoon Lee and Mark Van
Raamsdonk [44].
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1.5 Outline

The following four chapters each contain my published work as described above
and as detailed in the preface to this thesis. Each has its own introduction which
introduces the concepts specific to that work and summarises the results of the rest
of that publication. The final chapter is a conclusion which will summarise the
original results contained in this thesis and discuss these results in the context of

existing literature.
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Part I

Entanglement Entropy in
Noncommutative Field Theories
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Chapter 2

Holographic Entanglement
Entropies in Noncommutative
Theories

2.1 Introduction

Geometric entanglement entropy as a tool to characterize physical properties of
quantum field theories has recently received a large amount of attention. One at-
tractive feature of geometric entanglement entropy as an observable is that it is de-
fined in the same way in any quantum field theory: it is simply the von Neumann
entropy, —Tr(palogpa), associated with the density matrix ps describing degrees
of freedom living inside a region A. p,4 arises when the portion of total Hilbert
space associated with degrees of freedom living outside of A is traced over. Uni-
versality of entanglement entropy is reflected in the Ryu-Takayanagi holographic

formula [6] 5
i VOld (A)

4Gy

S[A] @2.1)

Here, we place A, a d-dimensional spacial region, on a spacelike slice of the bound-
ary of the (d+2)-dimensional spacetime dual to the quantum field theory of interest.

A is a minimal area surface in the bulk of the holographic dual spacetime homolo-
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gous to A. Gj(\;Hz) is the (d+2)-dimensional Newton constant and the d-dimensional

volume of A is denoted with Volg(A). !

The Ryu-Takayanagi formula (2.1) is applicable to holographic duals where
the dilaton and the volume of the internal sphere are both constant. However, duals
to the nonlocal theories we are interested in have neither, so the local gravitational
constant G,(GHZ) varies. Thus we must use a generalized version of formula (2.1),

given by [7]

Vol(A .
S[A] = — ((10)) . with Vol(A) = / dboe2,/G) 2.2)
4Gy,
where G,go) = 87%(a')*g? is the (asymptotic) 10-dimensional Newton’s constant

and ¢ is the local value of the fluctuation in dilaton field (so that the local value
of the 10-dimensional Newton’s constant is G,(V]O)ez‘ﬁ). Integration is now over
a co-dimension two surface A that wraps the compact internal manifold of the
holographic dual.

Because A wraps the internal manifold, its boundary is the direct product of
the boundary of A, dA, and the internal manifold. To obtain entanglement en-
tropy, A is chosen to to have minimal area (we will only work in static spacetimes).
Gi(f()i is the induced string frame metric on A. By considering the standard rela-
tionship between local Newton’s constants in different dimensions: GI(\?H)’IOCM =
Gl(vlo)ew /Vs_a, together with Vol(A) = Vg_4 Vol4A, (2.1) can be easily recovered
from (2.2) for a scenario where the dilaton is a constant and the internal manifold
has a constant volume Vg_; (in string metric). The more general formula (2.2)
has been used to study, for example, tachyon condensation [46] and confinement-
deconfinement transition [47]. We will refer to the 8-dimensional Vol(A) as the
area of the minimal surface from now on.

Generically, geometric entanglement entropy has a UV divergence, so it needs
to be regulated with a UV cutoff. Holographically, this is accomplished the usual
way by placing the region A on a surface which is removed from the boundary

of the holographic dual spacetime. Once the theory has been regulated with a

IFor an accessible introduction and some recent developments to holographic entropy, see for
example [8, 45].
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cutoff, geometric entanglement entropy in the vacuum state can be thought to count
effective degrees of freedom inside A that have quantum correlations with degrees
of freedom outside of A. In other words, it measures the the range of quantum
correlations generated in the ground state by the interactions in the Hamiltonian.
For a local theory, degrees of freedom with correlations across the boundary of A
must live near this boundary, which leads to the area law: entanglement entropy
in local theories is generically proportional to the area of the boundary of A, |dA|.
While the area law has not been proven for a general interacting field theory, it is
expected to generically hold in local theories for the reason outlined above (see
[18] for a review, focusing on lattice systems).

In a nonlocal theory, behaviour of entanglement entropy could be expected
to deviate from the area law and this is precisely what we find using holographic
methods at strong coupling. In a simple nonlocal theory with a fixed scale of nonlo-
cality az, a dipole deformation of .4#" =4 SYM, we find that entanglement entropy
is extensive (proportional to the volume of A), for regions A of size up to ar. At
length scales higher than a;, it follows an area law, with an effective number of
entangled degrees of freedom which is proportional to ar. This is consistent with
all degrees of freedom within a region A of size ay or smaller, and not only those
living close to the boundary of A, having quantum correlations with the outside of
A due to the nonlocal nature of the Hamiltonian. In contrast, in the noncommuta-
tive deformation of .4~ = 4 SYM, which is known to exhibit UV/IR mixing and
whose nonlocality length scale grows with the UV cutoff, we find that entangle-
ment entropy is extensive for all regions as long as their size is fixed as the UV
cutoff is taken away to infinity.”

Recent work [48] links behaviour of entanglement entropy to the ability of a
quantum system to ‘scramble’ information. Whether a given physical theory is ca-
pable of scrambling, and how fast it can scramble, has recently became of interest
to the gravity community in the view of the so called fast scrambling conjecture
[49]. It has been suggested that nonlocal theories might emulate the scrambling
behaviour of stretched black hole horizons. While the results of [48] do not apply

directly to quantum field theories, they are quite suggestive. Generally speaking,

2Entanglement entropy in the noncommutative theory was studied before in [32]. Here we extend
and improve on those results.

23



they imply that local (lattice) theories, generally exhibiting area law for entan-
glement entropy at low energies, do not scramble information at these low ener-
gies, while theories with volume law entanglement entropy do. As we summarized
above, we demonstrate here, in the two nonlocal theories we consider, that entan-
glement entropy follows a volume law in the vacuum state. There is no reason
why entanglement entropy would cease to be extensive in an excited energy state;
if anything, high energy states are more likely to have extensive entanglement en-
tropy than low-lying states such as the vacuum state [50, 51]. Thus, the results of
[48] would suggest that our nonlocal theories are capable of scrambling informa-
tion. Combined with such results as those in [52], which shows that timescales for
thermalization in nonlocal theories are accelerated compared to local theories, our
work points towards these nonlocal theories at strong coupling being fast scram-
blers.

Since our theories differ from .4 =4 SYM in the UV, the holographic duals
we use are not asymptotically AdS spaces. Their non-asymptotically AdS geom-
etry has an interesting consequence. In previously studied examples of extensive
behaviour of entanglement entropy (for example, in thermal states) this extensive
behaviour was due to the minimal surface ‘wrapping’ a surface in the IR region
of the dual, such as a black hole horizon (see for example [33]). Here, however,
the extensivity arises from the fact that the minimal surfaces stays close to the
cutoff surface: the volume law dependence of entanglement entropy is a UV phe-
nomenon.

As we were finalizing this manustript, preprint [53] appeared, which also anal-
izes entanglement entropy in the noncommutative SYM and which has some over-
lap with our work.

The reminder of the paper is organized as follows: in Section 2.2 we review
nonlocal theories of interest and their gravity duals, in Section 2.3 we compute
holographic entanglement entropy for a strip geometry, in Section 2.4 we compute
holographic entanglement entropy in the noncommutative theory for a cylinder
geometry, in Section 2.4 we briefly comment on mutual information in the non-

commutative theory, and in Section 2.6 we offer further discussion of our results.
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2.2 Theories considered and their gravity duals

We study the strong coupling limit of two different nonlocal deformations of 4" =
4 SYM in 3+1 dimensions: a noncommutative deformation and a dipole deforma-
tion. Both of these can be realized as the effective low energy theory on D3-branes
with a background NSNS B-field. To obtain the noncommutative deformation,
both indices of the B-field must be in the worldvolume of the D3-brane, while
to obtain the dipole theory, one of the indices must be in the worldvolume of the
D3-brane while the other one must be in an orthogonal (spacial) direction.
Since both of these theories are UV deformations of the ./" =4 SYM, deep in
the bulk their holographic duals reduce to pure AdS:
i:; =u? (—dt* +dx* +dy* +d7*) + a:‘; +dQ2 (2.3)
with a constant dilaton:
e =g2. (2.4)

In our coordinates, the boundary of AdS space, corresponding to UV of the field
theory, is at large u. It is in that region that the holographic duals in the next two

sections will deviate from the above.

2.2.1 NCSYM

Noncommutative Yang-Mills theory is a generalization of ordinary Yang-Mills the-
ory to a noncommutative spacetime, obtained by replacing the coordinates with a
noncommutative algebra. We consider a simple set up where the x and y coor-
dinates are replaced by the Heisenberg algebra, for which [x,y] = i@ and which
corresponds to a noncommutative x —y plane.

One way to define this noncommutative deformation of ./ =4 SYM is to
replace all multiplication in the Lagrangian with a noncommutative star product:

ig( 9 _ 9 9
(Fre)ny) = GG ) fler &y G)ale+ B2+ ) logotmgmo

(2.5)
At low energy, this corresponds to deforming ordinary SYM theory by a gauge

invariant operator of dimension six.
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The holographic dual to this noncommutative SYM theory is given by the fol-
lowing bulk data [29, 30]

ds* ) 2 2 2 2 du? 2
e = gl fu),
1—f(u) R?
By =~ == flu).
1
= 2.6
) = e 2.6)

where By, is the only nonzero component of the NS-NS form background. Note
that x,y,z have units of length, while u has units of length inverse, or energy. ag =
(2)1/*1/6 is the weak coupling length scale of noncommutativity v/6 scaled by
a power of the "t Hooft coupling A and can be thought of as the length scale of
noncommutativity at strong coupling.

In the infrared limit, u < agl, f(u) ~ 1 and the holographic dual appears to
approach pure AdS space (2.3), while the UV region at large u is strongly de-
formed from pure AdS, so the holographic dual is not asymptotically AdS. Let €
denote the UV cutoff and u, = £~ the corresponding energy cutoff. For £ >> agl
(ue K a;l), the deformed UV region of the dual spacetime is removed: noncom-
mutativity has been renormalized away. However, when u, > ae_l, the non-AdS
geometry near the boundary can influence the holographic computations of any
field theory quantities, including those with large length scales. This opens the
possibility of UV/IR mixing, defined as sensitivity of IR quantities to the exact
value of the UV cutoff. Noncommutative theories are known to have UV/IR mix-
ing [54]. The simplest way to understand the mechanism behind the UV/IR mix-
ing in noncommutative theories is to consider fields with momentum p, in the
y-direction in (2.5): f(x,y) = e_ipyf‘yf(x), g(x,y) = e PYg(x). Then fxg(x,y) =
e—ipi+pl)y fx—6p§/2)8(x+6 p§£ /2): the interaction in the x-direction is nonlocal
on a length scale 6p,. We will see that this momentum (or energy) dependence of
the scale of nonlocality is reflected in holographic entanglement entropy.

Finally, we need to understand the geometry of the boundary. The metric on

the boundary of the gravitational spacetime (2.6) is singular since f — O there.
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However, this is not the metric applicable to the boundary field theory, as open
string degrees of freedom see the so-called open string metric. This is the effective
metric which enters open-string correlation functions in the presence of a NS-NS

potential B, first derived in [55]° and given by
Gij=gij— (Bg"'B),; , 2.7

where g;; is the closed string metric. Substituting our holographic data at a fixed
u, we obtain the open string metric, G;; = R*u*(§;;). Removing an AdS conformal
factor, we see that the boundary field theory lives on a space with a conformally
invariant metric ds> = —dt*> 4+ dx*> + dy* + dz>. This is the metric we will use to

compute distances on the field theory side of the holographic correspondence.

2.2.2 Dipole theory

Another theory we will consider is the simplest dipole deformation of .4 =4 SYM
[57, 58, 59]. A dipole theory is one in which multiplication has been replaced by

the following noncommutative product:

(Fre)() = f (*— L{) g <f+ L;) , @8

where L r and Zg are the dipole vectors assigned to fields f and g respectively. At
low energy, this corresponds to a deformation by a vector operator of dimension 5.
To retain associativity of the new product, we must assign a dipole vector L r+ Zg
to f*g. A simple way to achieve it is to associate with each field f a globally
conserved charge Qf and to let Zf = ZQf. This can also be easily extended to
multiple globally conserved charges. We will take L = L& for some fixed length
scale L, so that our theory is nonlocal only in the x-direction. As we saw in the
previous section, noncommutative theory can be thought of as a dipole theory with

the charges being momenta in a direction transverse to the dipole direction.*

3For an interpretation of the open string metric in the context of the AdS-CFT duality, see for
example [56].

4This is not entirely accurate, as a field with transverse momentum p induces a dipole moment
Op in all the fields it interacts with instead of in itself, but this detail will not be relevant to our
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Dipole SYM is a simpler nonlocal theory than the NCSYM. Since the scale of
the noncommutativity is fixed, the theory does not exhibit UV/IR mixing. We will
see a clear signature of that in the entanglement entropy.

The holographic dual to a dipole deformation of .4 =4 SYM theory where
the scalar and fermion fields in .#" =4 SYM are assigned dipole lengths based
on global R-symmetry charges was found, using Melvin twists, in [25]. For the
simplest case, where supersymmetry is broken completely and where all the scalar
fields have the same dipole lengths, the holographic dual is given by the following
bulk data:

ds? du?®
Risz = u’ (—dt2 + f(u) (dxz) +dy* + dzz) + M—L; + metric on a deformed §° |
= g flu,
1—f(u R?
Bxll/ = _ZJj() = _JaLuzf(u) ) (2.9)
1
f(l/t) N 1+ (ClLl/t)z '

Similar to ag, a;, = A'/?L, L = L/(27) is the length scale of nonlocality at strong
coupling. The usual S5 of the gravity dual to a 3+1-dimensional theory is deformed
in the following way: Express $° as S' fibration over CPP? (the Hopf fibration).
Then the radius of the fiber acquires a u-dependent factor and is given by Rf (u).
The volume of the CP? is constant and given by R*x? /2. Thus the compact man-
ifold at radial position u has a volume given by R>7> f(u). y is the global angular
1-form of the Hopf fibration. For details, see [25].

As we did for the noncommutative theory in the previous section, we need to
understand what metric to use for distances in the boundary dipole theory. Unfor-
tunately, it does not seem possible to give an argument similar to the one in [55]
to find an ‘open string metric’ for the D-branes whose low-energy theory gives us
the dipole theory, since (in contrast to the noncommutative case) the dipole the-

ory requires a nonzero NSNS field H and not just the nonzero potential B.> The

reasoning.

5 A constant potential B which has only one of its indices in the worldvolume of a D-brane can
be gauged away completely. It is therefore important that the other index is in a direction of a circle
with varying radius, resulting in a nonzero H. In the holographic dual we consider, this circle is the
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essence of the argument in [55] is that the only effect of the potential B is to change
the boundary conditions for open string worldsheet theory. Thus, the boundary-
boundary correlator is modified in a simple way that is equivalent to modifying the
metric. To understand the open string metric for the dipole set up we need a differ-
ent way to make the NSNS field B ‘disappear’. We can accomplish this following
[25] and using T-duality.

First, let’s see what happens when we compactify the x direction in (2.6) on a
circle of radius R, and T-dualize using the prescription in [60]. The T-dual metric
is

2
(Ru)? (—dt* + (dy— (0/a')d%)* +dz*) + (d5)? + ‘% +dQ%, (2.10)

1
(Ru)?
where ¥ is the T-dual coordinate to x. In the T-dual, B is zero. It has been traded for
the twist around the ¥ circle: we identify (#,y) with (¥+27R,,y+27R,0), R.R, ~
o'. Conformal invariance in the r —y — z directions has been restored by T-duality,
and we recover the open string metric (2.7) in those directions.® At the same time,
the twist encodes the nonlocal structure of the theory. To see this recall that in the
noncommutative theory, fields with momentum p, in the x-direction appear to have
dipole lengths 0 p,. Taking x on a circle of radius R, p = n/R,, with n an integer.
When T-dualized, the corresponding open string mode has winding number 7 in
the X direction. Given the twist, the ends of this open string are separated by Ay =
27tR, (6 /o )n. Substituting n = R, p we get Ay ~ @ p: the twist reproduces nonlocal
behaviour of the noncommutative theory when the distances are measured in the
conformally invariant (or open string) metric.

Returning to the dipole theory, we perform T-duality in the direction of the
Hopf fiber to obtain

(o')?

2
(Ru)? (—dr® + (dx— LdW)* +dy* +d2*) + 75— (dtﬂ)%‘%w(cw) ERT)

Again, the NSNS potential By, has been replaced by a twist. However, due to the

Hopf fiber.
OThis is not a coincidence; the equation for the T-dual metric [60] and the equation for the open
string metric (2.7) are functionally the same.
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twist of the Hopf fibration, in the T-dual there is a new NSNS potential compo-
nent, By, where b lies in the direction of the CP?, resulting in a nontrivial NSNS
field H,p,. Since y was a Dirichlet direction before T-duality, the interpretation is
slightly different than it was in the noncommutative case. After T-duality, we have
a twisted compactification identifying (,x) with ({ +27,x+27xL). The proper
distance between (,x) and (,x + 27L) is therefore &’ /R, which is small on the
boundary in the large u limit. This is a sign of the nonlocality at the dipole length
L = 2xL. More relevant to us at this point is that, just like for the noncommutative
theory, conformal invariance in the t —x — y — z direction has been restored in the
T-dual metric. It seems reasonable then to use the metric —dt? + dx” + dy* + dz*
to compute distances on in the boundary theory. For more details about this argu-
ment, as well as a string worldsheet argument about the origin of dipole theories,
see [25, 61].

2.3 Entanglement entropy for the strip

We will start by studying entanglement entropy for degrees of freedom living on
an infinitely long strip’ —1/2 < x < 1/2, -W /2 < y,z < W/2, W — 0. In this
geometry, entanglement entropy follows the area law if it is independent of the strip
width /. As we discussed in the Introduction, the relevant minimal surface is eight-
dimensional; it wraps the compact (possibly deformed) sphere of the gravity dual
and is homologous to the strip on the boundary in the non-compact dimensions. Its

area is given by

Vol(A) = mR°W? / " i () 14

i fwey &P

where function u(x) specifies the embedding of the bulk minimal area surface. The
above formula for the area in terms of u(x), with the appropriate form for f(u),
is applicable to all bulk metrics we are interested in: while the noncommutative
theory dual has more directions warped by a factor f(u) than the dipole one, in the

dipole theory there is another factor of f(u) accounting for the deformation of the

7 In dimensions three and higher it would be perhaps more accurate to call this region a ‘slab’
rather than a ‘strip’; nevertheless, we will use established terminology.
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sphere on which the entangling surface is wrapped.
Following previous work, we can think of the problem of finding u(x) corre-
sponding to a minimal area surface as a dynamics problem in one dimension: x

plays the role of time, u(x) is the position and u/(x) the velocity. Since the La-

grangian
12
L) =1+ 2.13
() = [1 4 20 13)
does not depend explicitly on the ‘time’ x, there is a conserved Hamiltonian,
0.% / 3
H:M’M—X(u,u’):—ui. (2.14)
aul 1 + (ul)Z
fuut

The Hamiltonian H is equal to —u?, where u, is the smallest value of u(x) on the
entangling surface. This point of deepest penetration of the minimal surface into
the bulk occurs at x = 0 by symmetry. «’(x) vanishes there.

To implement the UV cutoff, the differential equation in (2.14) is to be solved
with a boundary condition

u(x::I:l/Z):ug:é . (2.15)

For some functions f(u), (2.14) can be integrated explicitly. The answer is
a hypergeometric function for f(u) = 1 or f(u) = 1/(agu)*, and an elementary
function for f(u) = 1/(aru)?. For f(u) =1/(1+ (aLu)?) or f(u) = 1/(1+ (agu)*),
(2.14) can only be studied using series expansions in different limits.

To compute the area of the minimal surface, it is useful to solve (2.14) for u/(x)

as a function of u and substitute the result into (2.12). We obtain

6

- e du U ue dyy® u®
Vol(A) = 2 3R8W2/ dau 9 3R8W2/ 2 .
L A L A O[O
(2.16)

To obtain the area of the minimal surface in terms of / from this equation, given ug,

it is necessary to find the relationship between u, and /.

31



2.3.1 Review of results for AdS space

For pure AdS, with f(u) = 1, we can remove the boundary of AdS all the way
to infinity, uz — oo. Then, by integrating (2.14), we obtain a simple relationship
between u, and the width of the strip [:

. _TC/3N(G/6)
BNV

This relationship has a nice interpretation: holographic entanglement entropy for a

~ 0.8624 . 2.17)

structure of size [ is given by the minimal surface that probes AdS bulk from the
UV cutoff down to energy scales of order /~!. Modes with wavelength longer than
[ do not contribute to the entanglement entropy.

To compute the leading order (for us — oo) behaviour of the area of the minimal
surface, we can we can use (2.16). Since u, depends only on / and not on u, (i.e.,
it remains finite in the u, — oo limit), the leading contribution to the area comes
from large values of u. We can thus approximate

_ e w2

Vol(A) = 2n°RW? / duu = m°R® ok (2.18)

A more precise result for the entanglement entropy density is obtained from a next-

to-leading order computation. It gives a universal term which is finite and indepen-
dent of the cutoff:

3
S _ R |1 (rrE) !
— = — |5 — ——25—"2—— + (terms that vanish for € — 0)
2 5) | g2 3/2 2
74 4G1(v) € n3/ l
(2.19)
In terms of field theory variables, we have
RP N?
4G1(\f) =55 (2.20)

so that the divergent part of the entanglement entropy is proportional to N>&~2,
with a numerical coefficient which is specific to strongly coupled ./ =4 SYM.

The entanglement entropy is therefore of this generic form (applicable to 3+1 di-
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mensions):

|0A| w?
ok Neff? (2.21)

S = Nefr
with the number of effective on-shell degrees of freedom N, proportional to N2.
Formula (2.21) supports the following simple picture of entanglement entropy
in theory with a local UV fixed point: A quantum field theory in 3+1 dimensions
with a UV cutoff £~! can be thought of as having on the order of one degree of
freedom per cell of volume £3. The divergent part of the geometric entanglement
entropy computed the vacuum state of such a theory is a measure of the effective
number of degrees of freedom inside of a region A that have quantum correlations
with degrees of freedom outside of A. In a local theory, only ‘adjacent’ degrees
of freedom are coupled via the Hamiltonian and the simple intuition is that there-
fore quantum correlations between degrees of freedom inside of A and outside of
A happen only across the boundary dA. Thus, the dominant part of the entangle-
ment entropy comes from degrees of freedom which live within a distance € of the
boundary of A, with entanglement entropy proportional to the volume of this ‘skin’
region, equal to €|dA|. Dividing this volume by the volume of one cell, €3, gives
(2.21).

2.3.2 Dipole theory

Having briefly reviewed holographic entanglement entropy on a strip in unde-
formed SYM, we will now study it in the dipole theory.

In Figure 2.1, we show the relationship between / and u.. for the dipole theory.
We see that it approaches the AdS result (2.17) for large strip widths / and that it
deviates significantly from it for strips whose width is on the order of and smaller
than ay. For narrow strips, the entangling surface does not penetrate the bulk very
deeply into the IR region. To study these, we assume that u, > aL_1 and write
f(u) ~ (agu)~2. Here we get a pleasant surprise: the exact shape of the minimal

surface can be obtained in terms of elementary functions

Uy
~ cos(3x/ap)!/3

u(x) forx/a; € [-m/6,7/6] . (2.22)

The relationship between the penetration depth of the minimal surface and the
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Figure 2.1: Point of deepest penetration u, as a function of the strip width /
for a minimal area surface in the gravity dual to the dipole theory (solid
red line). The blue dotted line shows the result for pure AdS, given by
(2.17), while the black dashed line shows the narrow strip approxima-
tion, (2.23). In this figure, aru, = 30.

width of the strip is
uy = ug (cos(31/2a.))"3 . (2.23)

This equation is valid as long as u, > a[l, which, in the limit where u, is large, is
true for all strip widths / up to / = (7/3)a,. Notice that, in contrast to pure AdS,
the point of deepest penetration u, depends on the UV cutoff. Thus, if one works
at the limit of infinite cutoff, these minimal area surfaces will be missed.

The area of the minimal surface under the approximation f(u) ~ (aru) =2 is

W2ay, 2sin(31/2ar) 3¢ W2
~T R — ,
e’ 3 €3

Vol(A) = n°R8 (2.24)

where the final approximation is for a small strip width [/ < a;. For narrow strips,
entanglement entropy is extensive, proportional to the width of the strip. The first

part of (2.24) gives the corrections to the volume scaling, controlled by the powers
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Figure 2.2: The area of the minimal surface as a function of the strip width
[ for for the dipole theory (solid red line). The blue dotted line shows
result (2.24), valid for narrow strips < (7r/3)ar. In this figure, apu, =
30.

of the ratio [ /ay..
For surfaces with large 1 (compared to ay ), we can use the same approximation
as in (2.18), with f(u) ~ (ayu) =%

2W?
3R8 ar

Ug
Vol(A) = 2 R¥W? / dui*> =1
ol(A) ar uu 363

(2.25)
We see that this area, which is independent of the width, is the same as the
area obtained from (2.24) at the extremal value of /, [ = a; /3. The situation is
illustrated in Figure 2.2.
To summarize, we obtained the following result for the entanglement entropy

density in the dipole theory:

S N?2 sin(3z/2) forz<m/3,
— = i’; G(l/ar) , where G(z) = G2/2) / (2.26)
W= 2rm 3e 1 forz>m/3.

35



Entanglement entropy is extensive for very narrow strips, depends on the width of
the strip in a nonlinear fashion for widths up to the nonlocality scale and smoothly
goes over to a non-extensive (area law) behaviour for wide strips. For wide strips,
while the entanglement entropy follows an area law, it has a different form than
it would for a a generic local theory (given by (2.21)). To explain this, apply
reasoning similar to that below (2.21) to a theory with a fixed scale of nonlocality
ar. By definition, the Hamiltonian of such a theory couples together degrees of
freedom as far apart at a;, thus, for a large region, the dominant part of geometric
entanglement entropy should be proportional to the volume of a set of points no
more than a; away from the boundary of A. This volume, for a large enough
region, can be approximated by a;|dA|, leading to S =< az |0A|/€3, which is exactly
what we see in (2.26) for a strip with [ > (7w/3)a.

Applying our reasoning to the narrow strip, we see that, for / < a;, all degrees
of freedom inside the strip should are directly interacting with, and therefore entan-
gled with, degrees of freedom outside of the strip. For a very narrow strip, degrees
of freedom inside it will mostly be entangled with the degrees of freedom outside,
and entanglement entropy should be proportional to /, which is exactly what we
see. As the strip gets wider, some of the degrees of freedom inside the strip be-
come entangled with each other, decreasing the entanglement with the outside and
implying a sub-linear growth to the entanglement entropy as a function of /, again
in agreement with (2.26).

The exact way in which § deviates from S o< [ can be viewed as a way to probe
the distribution of quantum correlations in the ground state of this nonlocal theory.
It would be interesting to consider this further.

Finally, notice that above the nonlocality length scale a;, the shape of the min-
imal surface is not greatly affected by the exact value of the cutoff; this is a sign
that the dipole theory does not have UV/IR mixing. We will see a very different

behaviour for the noncommutative theory.

2.3.3 NCSYM

For entanglement entropy of a strip in the noncommutative theory, the situation is

more complicated. As is shown in Figure 2.3, there are as many as three extremal
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Figure 2.3: Point of deepest penetration u, as a function of the strip width
[ for extremal area surfaces in the gravity dual to the noncommutative
theory (solid red line). The blue dotted line shows the result for pure
AdS, given by (2.17), while the black dashed line shows the result of
(2.27). In this figure, ague = 30.

area surfaces for a given width [/ of the strip. At large strip widths there is only
one surface, for which the relationship between [/ and u, approaches that of pure
AdS, given by (2.17). At small widths, similarly to the dipole theory, there is a
surface which stays close to the cutoff surface.® At intermediate [, there are three
extremal surfaces, whose shape is shown in Figure 2.4. As we will see, the middle
of the three surfaces is always unphysical (its area is never smaller than the other
two). As the width is increased from zero, at some critical width /. there is a phase
transition as the area of the surface on the top-most branch becomes larger than the
area of the surface on the bottom-most branch in Figure 2.3.

We start by studying top-most branch, which contains surfaces anchored on

8In [32], this surface was approximated by one placed exactly at the cutoff, at constant u.
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Figure 2.4: Shape of three extremal area surfaces, given as u(x), all anchored
on the same boundary strip.

narrow strips. To study these, we find u(x) as a series expansion for small x. This

allows us to write the relationship between [, u, and u, for small /:

3

mlz +0((1/ag)*) . (2.27)

3 u
Mg—u*zg

The integral in (2.12) can also be expanded and evaluated for small /. Finally,
substituting u, from the expression above into the area integral, we can obtain the

area for small /:

A — 38w L_E 13 4
Vol(A) = ©°R°W = 8a‘(§8(1+(8/a9)4)+ﬁ((l/a6)) : (2.28)

We have kept the sub-leading terms in € for completeness — expression (2.28), as
given, is correct even for large € as long as [ is small.

From (2.27) we see that as we increase u, keeping [ fixed, (ue — ) o< % /u,
so that ug — u, approaches zero: the minimal surface approaches the boundary

surface.
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This result turns out to hold even for large (but fixed) strip width [ in the large
ue limit. In this limit, we approximate f(u) =~ (agu)*. This allows us to obtain [
and the area as a function of u, and u, in terms of hypergeometric functions. We
see that //ue is a function of the ratio u, /ue only. As u, approaches infinity with
[ fixed, this ratio goes to 1, showing that the entire minimal surface stays close to
the boundary and that our approximation f(u) ~ (agu)* is self-consistent even for
large [, as long as [ is held fixed when the UV cutoff is removed. The following
relationship holds under this approximation:

1/2 3 6 _ 6
/ dx = e ueVue — U (2.29)

X
—1/2 4

Thus, the leading order UV divergence of the area of the minimal surface at any
fixed width [ is }
Vol(A) = 7r3R8W28—3 . (2.30)

Having understood the top-most branch of the plot in Figure 2.3 , correspond-
ing to surfaces that stay close to the boundary, we now move to the bottom-most
one. These surfaces penetrate deeply into the bulk and their shape is not affected
by the cutoff point. We can therefore use the same method as before for obtaining

their area: ) s
s Woagp

Ue
Vol(A) = 2’ R*W?aj / wdu=m’R et

2.31)

Since there are multiple extremal surfaces anchored on a strip, we need to find
out which of them have the smallest area at a given /. At very small / there is only
one surface (see Figure 2.3), thus, by continuity, for / less than some critical length
l., the surface of the smallest area corresponds to the top-most branch of Figure
2.3. Its area is given by (2.30). At [, there is a first order phase transition.” Above
l., the surface with the smallest area is on the bottom-most branch of Figure 2.3
and its area is given by (2.31). To compute /., we set (2.30) and (2.31) equal and
obtain that /. = ajug /2.

Since the critical length increases with u,, if we hold [ fixed and take the limit

9This is similar to [62] and to [47], as well as to the recent paper [63]. Entanglement entropy is
continuous across the transition, but its derivative is not.
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Figure 2.5: Area of the minimal surface as a function of strip width [ for
noncommutative theory. Top: Plots with ague = 10, 30, 50 and 70
are shown. Area is scaled by a power of the cutoff to allow functions
for different cutoffs to be plotted on the same set of axis. Dashed line
corresponds to the leading term in (2.28), Vol(A)/u} o I. The range
of validity of this approximate expression increases with increasing ue.
Bottom: Detail of the fish-tail phase transition is shown. The green
dotted line and the blue dashed line correspond to (2.31) and (2.28)
respectively. ague = 30.

ug — oo, I, will diverge to infinity as well and (2.30) will hold for any /.
Our analysis implies that in the limit € — 0, the entanglement entropy density
for a strip of a fixed length / is
S NI 3P -
w2 = e gaé(Tg + terms vanishing for € — 0| , (2.32)
which, to the leading order, is the same answer as for the dipole theory in the
narrow strip limit ( (2.26), [ < ar).

To understand the physics behind this result, we recall that in the noncommu-
tative theory a mode with momentum p, in the y-direction can be thought of as
a dipole field with an effective dipole length 6p, in the x-direction. The high-
momentum modes which dominate the divergent part of entanglement entropy all
have large effective dipole moments. Therefore the entanglement entropy is that of

a nonlocal theory with a large effective scale of nonlocality. This is precisely what
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we see.

In the complementary limit, fixing a (large) UV cutoff first and then consider-

ing wide strips, [ > I, (2.31) shows that entanglement entropy density is equal to
2 2

% = % 2% . (2.33)
We see that the area law applies and the number of degrees of freedom which
are near enough to the boundary of the region to be entangled with the outside
is proportional to a% /€2. This is equal to the scale of noncommutativity at the
UV cutoff (a%usz a% /¢€) divided by the cutoff length scale &, consistent with our
previous discussions.

In the next section, we will compute the entanglement entropy in the noncom-
mutative theory for another geometry: a cylinder whose circular cross-section is in
the two noncommutative directions x and y and which is extended infinitely in the
commutative direction z. We will obtain a result for the entanglement entropy that
is similar to the one in this section, while the geometry of the entangling surfaces

will be very different.

2.4 Entanglement entropy for the cylinder in NCSYM

Consider a region on the boundary extended in the z direction (-W /2 <z < W /2,
W — o) and satisfying x> +y*> < I? in the x and y directions. The area functional
for a surface homologous to this cylindrical region, assuming rotational symmetry

in the x — y plane and translational symmetry in the z direction, is

Vol(A) = 27*R*W /Oldr r(u(r)® 41+ Jm : (2.34)

where r = 1/x2 +y2 and the surface is specified by a function u(r).

Since r appears explicitly in the Lagrangian density, the equation of motion
cannot be integrated explicitly even once. We will therefore have to rely more on
numerical computation.

Figure 2.6 shows shapes of extremal surfaces anchored on a disk in the bound-

ary noncommutative theory. As is easy to check analytically, all these surfaces
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Figure 2.6: Extremal surfaces homologous to a cylinder in NCSYM, pre-
sented as u(r). On the left, the straight dashed line is the asymptotic
behaviour given by agu = v/3r/ag. On the right, surfaces with [ suffi-
ciently smaller or larger than /., = a%,ug //3 to reach the cutoff before
they had time to approach the this asymptote are shown as well.

asymptote at large r and u to a single ‘cone’ given by agu = \/3r/ag. A linear

analysis about this asymptotic solution gives

agu(r) =~ \/3r/ag +1cos (?h’l(?’/d@) + (p) , (2.35)

where ¢ and @ are free parameters, with # small. In principle, a relationship between
t and ¢ could be derived given that u/(0) = 0, but it cannot be obtained within
perturbation theory. It is interesting and perhaps surprising that the fluctuations
about the asymptote are oscillatory in . This behaviour, which can be seen in
Figure 2.6, agrees very well with more detailed numerical analysis.

From Figure 2.6 we see that surfaces with u, relatively close to agl approach
the asymptote u = \/3r/ a29 before reaching the cutoff, while those with large u,
(agu, > 1) or small u, (agu, < 1) do not. At a fixed cutoff, then, we have three
classes of surfaces: shallowly probing surfaces, agu, > 1, with [ smaller than
and bounded away from /. := a% ue /\/3, deeply probing surfaces, agu, < 1, with [
larger than than and bounded away from /. and the intermediate category, for which

[ is approximately equal to /.. In the first and second category, there is a unique
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extremal surface at a given radius /, while for radii close to /. the situation is more
complicated, due to the oscillatory nature of the near-asymptotic solutions shown
in (2.35). Since the cutoff radius /. increases with u. (similar to the behaviour in
the strip geometry), the entanglement surface for a region with any radius / belongs
to the first category for a sufficiently high UV cutoff.

First, let us consider the surfaces with small //ag. These can be studied by
expanding in //ag. We get the following two results:

3

Y P4 6((1)ag)h), (2.36)

3
e e = 41+ (agu,)

_ 2 9 #
_ 4 p8 7 4
Vol(A) = 2m*RéW 26 Rde(iT (e/as) +0((ILJag)H)| . (237

The [ /ag expansion for the area of the minimal surface has a structure which is sim-
ilar to the one we obtained for the strip in the noncommutative theory: organizing
the expansion in powers of /, the term of order /" has as its leading € dependence
1/ €>~" (with n even). Assuming that this analytic structure is valid for finite //ay,
we obtain that in the limit € — 0, the entanglement entropy density for a cylinder

at a fixed radius [ is

S N [n? 314

Wl e T m a‘(Ts + terms vanishing for € — 0] . (2.38)
Qualitatively, this is the same answer as we obtained for the strip: entanglement
entropy is extensive, proportional to the volume of the considered region. Notice
that neither expression has a non-zero universal (independent of € part).

At finite (and large) cutoff, we can consider large radius cylinders. For [/ suf-
ficiently larger than /. we see from Figure 2.6 that u.ag < 1 and the entangling
surface seems close in shape to that in pure AdS (as it approaches the boundary at

approximately the right angle, based on numerical evidence). Thus, u, o [~! and
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Figure 2.7: Point of deepest penetration u, as a function of the cylinder’s ra-
dius / for the minimal surface homologous to a cylinder in the noncom-
mutative theory. The black dashed line corresponds to (2.36). Linear
scale on the left, log-log scale on the right; agu, = 30 for both plots.

the area is approximately

2nIWa’
3R8 ay

4e*
(2.39)

where we have used f(u) ~ (agu)~* and approximated r ~ [ in the region near

- g
Vol(A) = 2n*R*Wa3 / drr i’ u(r) = 2n*R*Wajl / du® =7t

the boundary. Resulting entanglement entropy has the same interpretation as the
one in (2.33), with the area of the strip’s boundary, W? replaced by the area of the
boundary of the cylinder, 27/W.

Having understood the minimal surface in the large / and small / limits, we now
turn to [ near the cutoff radius /. = a%, ug/ /3, which corresponds to u.ag close to
1. Figure 2.7 shows the dependence of u, on [ over the entire range for a finite
cutoff. We notice that near /., there are multiple values of u, at a given /: just like
in the case of the strip, there is a range of radii / for which there exist multiple
extremal surfaces anchored on the same cylinder. This is related the oscillating
nature of the asymptotic solution (2.35). Since taking a large cutoff limit removes
the radius /., at which phase transition take place, to infinity, we will not attempt
a detailed study of the properties of the phase transition, which is complicated by

the oscillatory nature of the minimal surfaces near the critical radius.
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Figure 2.8: Area of the minimal surface homologous to a cylinder, as a func-
tion of the cylinder’s radius /, with both axis shown in logarithmic scale.
agug = 30. The green dotted line and the blue dashed line correspond
to (2.39) and (2.37) respectively.

It is interesting to notice that, apart from the details of the phase transition, the
entanglement entropy for the cylinder has the same qualitative behaviour as it does

for the strip, ever though the geometry of the minimal surfaces is very different.

2.5 Mutual information in NCSYM

To strengthen our discussion of UV/IR mixing in noncommutative SYM theory, it
would be interesting to study the behaviour of an observable that (in the commu-
tative theory) is finite in the large UV cutoff limit. One such observable is mutual
information.

Consider two disjoint regions A and B. Mutual information is defined by
I(A,B) := S(A) + S(B) — S(AUB). Subadditivity implies that mutual information
is a non-negative quantity. For local theories, holographic mutual information is
UV finite, since contributions from the near-boundary parts of the minimal sur-

faces cancels. It is known to exhibit a phase transition [64]: if the regions A and
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B have width [ and the distance between them is x, I(A,B) is nonzero for x less
than some x, and zero for x greater than x,, with x. /I of order 1. The origin of this
phase transition is shown in Figure 1.2: for large x//, the minimal area surface has
the the topology shown on the right of Figure 1.2, while for small x/, it has the
topology shown on the left of Figure 1.2. Behaviour of mutual information and the
existence or disappearance of this phase transition can be used to find characteristic
length scales, see for example [65] and [66]. For NCSYM we find that the mutual
information phase transition is absent for length scales less than /.. The fact that /.
depends on the UV cutoff is then a signature of the UV/IR mixing.

To study the details of this signature, let regions A and B be strips of width
l4 and [p respectively, separated by a distance x. Then, if I, [ and x are held
fixed as the cutoff u, is taken to infinity, entanglement entropies associated with
strips of width x, l4, g and I4 + I + x are all extensive. Therefore, S(I4) + S(/p) <
S(ls+1Ig+x) +S(x), i.e. the surface on the right in Figure 1.2 has a smaller area
than that on the left in Figure 1.2. This implies that /(A,B) = 0 for any x and
there is no phase transition. On the other hand, if /4 and [/ are both larger than
lo, then S(ly) =~ S(Ig) ~ S(l4 + I+ x) because to leading order the entanglement
entropies do not depend on the width of the strip. Mutual information is positive
(and divergent, since entanglement entropy in the noncommutative theory does
not have a UV-finite piece) as long as x is small enough and undergoes a phase
transition as x is increased just like it does for a local field theory.

It would be interesting to study the behaviour of mutual information near the

phase transition in detail. We leave this to future work.

2.6 Final comments

A key ingredient in our analysis was keeping the cutoff finite, if large. Only when
the entangling region A is placed on a cutoff surface at finite # = u, can the correct
minimal area minimal surfaces be found. This is especially true in the noncommu-
tative theory, where UV/IR mixing implies that infrared physics is affected by the
precise value of the cutoff.

We have already discussed the origins of the dependence of the entanglement

entropy on the size (volume or area) of the region A, on the cutoff length € and on
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the intrinsic length scales a; and ag built into our nonlocal theories. The numerical
coefficients we obtain are of physical significance: In the volume law regime, the
coefficient measures whether degrees of freedom inside of A are are entangled
with the outside of A or with each other. Therefore, this coefficient controls the
maximum size of the region over which the theory thermalizes [48]. A similar
statement can be made about the coefficient in the area law regime.

While the open string metric gives distances in the nonlocal boundary field
theory, it is the closed string metric that determines the causal structure of the
theory. In a local field theory, knowledge of the density matrix p4 in the region A is
enough to compute all observables within the domain of dependence of A. While
we don’t know exactly which portion of the total holographic dual spacetime is
dual to py itself [67, 68, 69, 70], the answer must involve the bulk (closed string)
metric and its causal structure. Applying this argument to our nonlocal theories,
we see that it is the bulk metric that determines the extent of the holographic dual
to the density matrix ps. For example, this holographic dual might be bounded
by the minimal surface. Then, the intersection between the AdS boundary and
the lightsheets originating from the minimal surface might be interpreted as the
boundary of the “domain of dependence” of the region A in a nonlocal theory.
We would expect that knowledge of the density matrix ps would be sufficient to
determine all observables within this “domain of dependence”. This new “domain
of dependence” is determined causally not by the open string metric but by the bulk
closed string metric at a fixed cutoff. This closed string metric is not isotropic,
in fact, it has a very large “speed of light” in the nonlocal directions, compared
with the open string metric. Field theory computations show that nonlocal field
theories have large propagation speeds , see for example the behaviour discussed in
[54], or the observations that the propagation speed in the noncommutative theory
is effectively infinite [71, 72]. As a result, in a nonlocal theory the “domain of
dependence” should have a very small time-like extent. This is consistent with
it being bound by lightsheets which originate on a minimal surface which does
penetrate the bulk very far, a feature we have observed.

A related feature of our minimal surfaces is that they are not necessarily or-
thogonal to the boundary at a finite cutoff. Therefore, for example, the two pro-

posals given in [9] for a covariant version of holographic entanglement entropy are
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not necessarily equivalent, raising an interesting question about time-dependent
nonlocal theories. Similarly, arguments for strong subadditivity of covariant holo-
graphic entanglement entropy in time dependent spacetimes, in [73], do not apply
either (however, the simple argument for static spacetimes, in [74], does apply,
and therefore the entanglement entropies computed in this paper do satisfy strong
subadditivity).

Since our computations were done using holography, they are reliable in the
strong coupling limit. It would be interesting to see whether the same results ap-
ply at weak coupling, with the appropriate nonlocal scale, ag or a;, replaced by its
weak coupling counterpart, v/ or L respectively. This might not necessarily be the
case: for example, the enhancement to the rate of dissipation provided by noncom-
mutativity at strong coupling is not seen at weak coupling [52]. The analysis in [52]
points towards strong coupling being necessary for scrambling in noncommutative
theory, and, if the results in [48] can be extended to this situation, strong coupling
being necessary for extensive entanglement entropy. It would be interesting to set-
tle this question by a direct computation of geometric entanglement entropy in a
weakly coupled noncommutative theory. Unfortunatelly, it will not be possible to
learn anything from free noncommutative theories as these are equivalent to their
commutative counterparts.

A simple example of a nonlocal field theory with volume scaling of its en-
tanglement entropy was given in [75]. In that work, it was proposed that volume
scaling was a necessary feature of entanglement entropy in a hypothetical field the-
ory dual to flat space. In contrast to this hypothetical theory, our nonlocal theories
do not have vanishing correlation functions.

Finally, it would be interesting to study other extremal surfaces in holographic
duals to nonlocal theories, following the work for local theories [76], as well as to

extend our results to finite temperature.
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Chapter 3

Perturbative Entanglement
Entropies in Noncommutative
Theories

3.1 Introduction

Local field theories generally exhibit what is know as an area law behaviour, where
the leading divergence in the entanglement entropy of a spatial region is propor-
tional to the area of the boundary of that region. That is, S ~ |0A|A?~2, where S
is the entanglement entropy, |dA| the area of the boundary of the region and A is
the momentum scale of the UV regulator of the theory, for example the inverse of
a lattice spacing.! However, recent holographic studies of strongly coupled non-
local theories have found a volume law behaviour instead [32, 75, 53, 31, 77].
That is, for a nonlocality scale 7, S ~ |A|A?~! for regions much smaller than [ and
S~1 ]8A|Ad ~! for regions much larger than [ [31], as discussed in Chapter 2. Note
that entanglement entropy of large regions is sufficient to differentiate this type of
volume law from an area law, as the entanglement entropy is proportional to the

length scale of the nonlocality times an additional factor of the UV regulator. To

ISee for example [18] for a review of area laws in entanglement entropy.
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summarise,

area law : S~ [0A|AT2, (3.1)
volume law : S~ |A|ATY, (small regions) (3.2)
S~ I|0A|AY, (large regions) (3.3)

These results can be understood intuitively by assuming that all the degrees of
freedom within the range of the nonlocality are equally entangled with each other.
Then, for regions much smaller than [, all the degrees of freedom inside the region,
not only those near the boundary, are entangled with degrees of freedom outside.
For regions much larger than /, all the degrees of freedom within a distance / of the
boundary are entangled with those outside. In both cases, the number of degrees
of freedom strongly entangled across the boundary is proportional to A?~! rather
than the A~ expected from an area law.

A natural question is whether this behaviour is generic to nonlocal theories
or if it is confined to a strongly coupled, large N regime. One approach is to
study entanglement entropy for a free scalar field on the fuzzy sphere [78, 79,
80, 81]. This turns out to be proportional to the area® for small polar caps [80, 81].
However, two issues arise which question whether this should be characterised as a
volume law. First, the dependence of the entanglement entropy on the UV regulator
does not match the volume law described above. Second, the entanglement entropy
does not scale like the number of degrees of freedom contained in the polar cap,
as the degrees of freedom are not uniformly distributed across the sphere. Instead
it scales as the number of degrees of freedom near the boundary [78, 79]. Another
limitation of this theory is that the nonlocality scale is tied to the size of the sphere
so it is not possible to study regions much larger than the nonlocality scale.

Another approach is to study a free field theory on a lattice with a nonlocal
kinetic term, in which case a volume law was found [82].

This paper investigates the role of interactions in this question by considering
two theories with nonlocal interactions: scalar A¢* theory on the noncommutative

plane and A ¢* theory with a dipole type nonlocal modification with fixed nonlo-

The fuzzy sphere is a two-dimensional surface, thus |A| is an area and |0A| is a circumference.
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cality scale. The leading divergence in entanglement entropy of large regions is
calculated to leading order in perturbation theory and is not found to be propor-
tional to the length scale of the nonlocality, hence no evidence of a volume law is
found. Instead, the leading divergence in both theories has the same form as the
standard local A ¢* theory which follows an area law. This result indicates that, per-
turbatively these nonlocal interactions are not generating sufficient entanglement at
distances of the nonlocality scale to change the leading divergence, at least to first
order in the coupling.

The free theory with A = 0 for both of these nonlocal theories is equivalent to
the regular commutative A¢* theory. There is no modification of the entanglement
entropy at this order. Perturbation theory can be used to study the nonlocal theories
at small A.

The entanglement entropy is calculated using the replica trick and the formula
S =—0,[InZ, —nlnZz]
defined on an n-sheeted space [83, 84, 85]. This partition function can be reduced

.—1> Where Z, is the partition function of the field theory
to computing vacuum bubble diagrams and the O(4) contribution in perturbation
theory comes from bubble diagrams with one vertex and two loops. Consistent with
the results of previous investigations of perturbative noncommautative theories [54],
the planar diagrams in the nonlocal theories give the standard commutative result,
which is S ~ G1(0) [ dxd,—1G,(x) ~ A A*In(A/m), where A | is the (infinite) area
of the boundary of our region, A our UV regulator, m our IR regulator and G, is
the Green’s function on the n-sheeted space used in the replica trick [85]. This
contribution follows an area law, as S o< A | A% up to logarithmic corrections.

The nonlocality only affects the nonplanar diagram. This diagram contributes a
term of the form § ~ G (0,Ax) [ dxdy—1 Gy (x,x+ Ax) ~ (%)2 In f(A,m,Ax), where
now Ax corresponds to a translation from the nonlocality.

In the dipole theory, Ax is proportional to the fixed dipole length. Thus the
nonplanar diagram has only a logarithmic IR divergence and is subleading com-
pared to the planar diagrams. In the noncommutative theory the translation along
the noncommuative plane is proportional to the momentum in the other noncom-
mutative direction, so this contribution must be integrated over this momentum.
If we don’t impose an IR regulator, the momentum controlling the translation is
allowed to vanish and G(0,Ax) — G;(0) ~ A%. This gives a contribution that is of
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the same order as the planar diagrams. However, if we impose an IR regulator, Ax
has a minimal value and this divergence can be reinterpreted as an IR divergence.
This is familiar from the UV/IR connection described for example in [54].

Our results for the O(A) contribution to the entanglement entropy, Sy, are

real scalar : S :zzvsplanar + 2'Snonplanar (3.4)
complex scalar : S1 =(24 + A1) Sptanar + A1 Snonplanar; (3.5)

where Spjanar and Sponplanar denote the contributions from planar and nonplanar di-
agrams respectively.

The leading divergences from these diagrams in each of the theories considered

are
AN A
Splanar = — 2103203 n A2 (3.6)
Commutative theory : Shonplanar =Splanar (3.7)
Noncommutative plane :  Shonplanar = — 2323 | Ok + subleading
— &meAs
(3.8)
Dipole theory : Shonplanar 18 subleading, 3.9)

where A is our UV regulator, m is our IR regulator, A | is the area of the boundary,
O is the noncommutativity parameter of the plane and a is the nonlocality scale of
the dipole theory. The details of the expansion in % used to extract these leading
divergences are discussed in Section 3.5.2.

In both cases, the contribution from these nonplanar diagrams does not have
the right form to be interpreted as the sign of a volume law in the entanglement
entropy and we must conclude that these nonlocal theories at least to first order
in perturbation theory obey an area law. This can be contrasted with the strong
coupling result which found clear signs of the volume law even for large regions
[31]. Thus, the volume law must either only appear at higher orders in perturbation
theory or it must require strong coupling. Consistent with our analysis, previous

investigations of perturbative dynamics of the noncommutative theory [54] have
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shown that noncommutativity does not introduce any new perturbative UV diver-
gences that cannot be reinterpreted as IR divergences. Thus, is it hard to see how
the higher degree of divergence required for a volume law can arise in perturbation
theory. We are lead to the conclusion that entanglement on distances of the non-
locality scale and volume laws require strong coupling and are not accessible to
perturbation theory.

The remainder of the paper is organised as follows: Section 3.2 describes the
theories we study, Section 3.3 explains how the entanglement entropy can be com-
puted perturbatively in these theories, Section 3.4 shows that the results for the free
theory are unchanged in these nonlocal theories, Section 3.5.1 computes the first
order correction in the coupling to the entanglement entropy in a real scalar ¢*
theory for a warm-up and for later reference. Section 3.5.2 extends the calculation
to the real scalar on the noncommutative plane. Section 3.5.3 reproduces the re-
sults for the previous two sections in the case of the complex scalar. Section 3.5.4
computes the result for the complex scalar in the dipole theory. Finally, Section 3.6

concludes with a discussion of these results.

3.2 Theories

The theories used in this paper are scalar field theories on R!3 where products
of fields are replaced with a possibly noncommutative product denoted . Three
examples of this product will be used: the regular commutative one, the Moyal
product associated with the noncommutative plane and the dipole product with a
fixed nonlocality scale. See [86] for a review of noncommutative field theory. The

Euclidean action is
g = [d? 1a P L2 A 3.10
o= ']~ 3000000) 4 3P0 000+ 0 w0s0 w000 G10

The entanglement entropy in these three theories is calculated to leading order in
the coupling A. The mass is present to serve as an IR regulator and will be taken
to be small in the end.

First, the standard commutative case, where (f *g)(x) = f(x)g(x), is reviewed

and presented in our notation in Sections 3.4 through 3.5.1. The entanglement
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entropy for this theory was studied in [85] and the approach contained therein will
be followed for each of the theories we consider.
Second, in Section 3.5.2, the entanglement entropy of a field theory defined on

the noncommutative plane, where

(re)0 =exp (50 52 20 ) S+ e+ Olegrar BD

is studied. The noncommutativity is parametrised by the antisymmetric tensor ©.
This theory has been studied perturbatively in [54]. In this case especially, the
mass should be thought of as an IR regulator and taken to zero at the end of the
calculation in order to see full effects of the UV/IR mixing present in this theory.
We specialise to the case commonly referred to as the noncommutative plane where
Ot =0 (51“ 5% — 52“51") for simplicity.

Finally, the entanglement entropy of the a simpler nonlocal theory with a fixed
nonlocality scale along a particular axis, known as a dipole theory, is studied. For
this product, a vector called a dipole must be assigned to every field. The noncom-

mutative product is

1

(Fra)(H) = FaH -+ 31 (g)) gl — SLH(7), G.12)

where L*(f) is the dipole assigned to the field f.

These dipoles must obey various rules set out in [61]. In particular, the dipole
of the x-product of two field must be the sum of their dipoles. As well, the dipole
of the complex conjugate of a field must be minus the dipole of the original field.
This means that a real field must have a zero dipole and that a complex scalar must
be used rather than the real scalar field theory discussed so far. The action for a

complex scalar is

%*ww**mx)+%¢**¢*¢*¢*<x) :

(3.13)

S = /ddx [—aqﬁ *x O (x) +m* ¢ x P (x) +
where there two ¢* terms which are inequivalent due to our noncommutative prod-
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uct [61].3
The result from the real scalar theory will be extended to this complex scalar
theory in Section 3.5.3, then the dipole theory will be studied in Section 3.5.4.

Setting L*(¢) = a8*!, the terms in the action can be written in a more explicit

form:
[asto' <o) = [ dx0’ (x50 (+ 30) =[x w)o ()
[dx(67%6)x(650)(x) = [ dxg’ ()6 ()6 ()9 ). (314
[ax0'<0)x(0x6")0) = [ dx0 (e )0+ 309 (x— )0 (x 5a),

where only the dependence on the first coordinate, labelled x, is highlighted as the
other coordinates are unaffected by this deformation.
In fact, renormalisability requires that we include in the action terms of the

form

An/dx(¢*¢)(x+;na)(¢f¢)(x;na) (3.15)

for all n [61]. However, the contributions from these terms can be obtained by
simply substituting @ — na into the results for n = 1 and summing over n. The
results in Section 3.5.4 are such that this sum is guaranteed to converge as long as
the A, don’t grow too quickly. As the inclusion of these terms would not affect our

conclusions, we will not consider them separately.

3.3 Entanglement entropy

The standard technique of the replica trick is used to compute the entanglement
entropy [83]. This technique was used in a perturbative context in [85], whose
approach is followed here.

Starting with p4, the reduced density matrix of the ground state of the theory

3These noncommutative products are constructed to ensure that integrals of products of fields are
invariant under cyclic permutations.
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in question for a region A, the idea is to evaluate

d
S=—-Tr (pAlnpA):—%ln Tr (p})|n=1, (3.16)

by calculating Tr p) for arbitrary n and analytically continuing. In this paper we
will concentrate on the simplest case where A is the half plane (A = {(x},x2,x3) €
R3|x; > 0}).

The main result that will be needed can be lifted directly from [83, 85]:

In Tr (py) =InZ, —nlnZ, (3.17)

where Z, is the partition function of the theory on an n-sheeted surface with a cut
along the region A that connects the sheets. However, some details of this n-sheeted
space will be needed in the argument to follow, so the rest of this section will define

it more carefully.

3.3.1 n-sheeted surfaces

The density matrix can be written as a path integral, (at finite inverse temperature

of B)

(21pl91) = (Z1)" /@% e, (3.18)

where Z; is a normalisation factor to ensure that Tr p = 1. Then the reduced
density matrix for a region A is obtained by periodically identifying the field in the
Euclidean time direction along A, the complement of A, while leaving the boundary
condition along A untouched. To look at the ground state, § must be sent to infinity.
We do this while keeping the cut along A near the origin.

Then,

R e IV o e R e
(3.19)

This identification of boundary conditions can be replaced by defining the field
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theory on an n-sheeted surface with a cut along A that takes you from one sheet
to the next. Calling this n-sheeted surface (Rd \A)n, the projection onto the sheet
T (Rd \A)n — RY\ A and the indicator function telling you if you are on the k™"
sheet y; : (R?\A)" — Z,, this means that @ : (R?\ A)" — R can be defined as

®(x) = T, (1) 2 (x). so that

Tr (p}) = (Z1) " [ / @(be_y’f] , (3.20)

where . for @ has the same form as that for each ¢, since the action for each
sheet is additive.

With our simple region A, a half-plane, polar coordinates can be defined in the
x-7 plane of R?\ A. Then the glueing required to create this n-sheeted surface is
simply to identify @ = 27 on one sheet to 8 = 0 on the next. Thus polar coordinates
can be defined on (R? \A)n where 0 € [0,27n), such that each interval of length
2w corresponds to a sheet, i.e. 7(r,0,y,z) = (r,0 mod 27,y,z) and xx(r,0,y,z) =
Xpr(k—1).27k) (6).

This gives us the result from [83, 85] cited above, as Z, = [ 9®e7E. This

path integral over ® is the path integral over the n-sheeted surface.

3.4 Free theory

The first step is to understand the free theories where A = 0. The action for the
free noncommutative and dipole theories is the same for that of the commutative
theory, since the star product of 2 fields is the same as the regular product up to a
total derivative [54].

For the noncommutative theory,

/ dx(fxg)(x / d4 D@ @ 3y . () By, . By 8(x)

(3.21)

— / &' [ X)+ Z OV @MY 3y ..y F(x) Oy, ... Dy g ()| |
so that the quadratic term in the action is the same as for the commutative case up
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to a total derivative. As there are no boundaries, the only place this total derivative
could make for a finite contribution is at the conical singularity introduced at the
origin when considering the n-sheeted path integral.

Around the origin this term contributes (note that the singularity is at the origin

of the x-7 plane and is not localised in the y-z directions),

r—0

limA, ¥ /ra’G OO O 3y, .00 Dy 0,0 ~ im Y rd"90" g,
n=1 n

(3.22)

where A | is the area of the y-z plane. As long as 9"¢ 9"+!¢ is regular at the origin
this term will not contribute to the action. This means that ¢ needs to be C* at the
origin, which is just the regular boundary condition imposed in the commutative
case.

For the dipole theory, direct calculation of the x-product of two fields can be
seen to reduce to the commutative result in (3.14).

Thus the free theory is the same for all three theories.

3.4.1 Green’s functions

Since the free theories are the same, they have the same Green’s functions. This
Green’s function is straightforward in the polar coordinates introduced in Section
3.3.1. Since the action for @ living on the n-sheeted surface is the same as the
action for ¢ living on any particular sheet, the local equation that the Green’s func-
tion must obey will be the same. The only difference is that & must be periodic
with period 27n rather than the usual period of 27. The Green’s function for the

field living on the n-sheeted surface is, from [85],

Gp(x,x')

" 2mn) 2o)T

1 /d‘”pl - o /°° J qu/n(qr)Jk/n(qr’)
(27'L')dL =0 0 q2 +Pi + m?

(3.23)

where ag = 1, arzo =2, p1 = (py,p;) and x| = (x2,x3). L refers to the directions

orthogonal to the cut introduced by the replica trick.
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The Euler-Maclaurin formula,

ki)akF [ / dkF (k }—F (0)— 221(129;])'!1?(21—1)(0), (3.24)

can be applied to this Green’s function to replace the sum over k

k di oo /
L) /d d p/ Jk(qr)Jk(qr)C

k(O — 0'))eiPL(xi—x1)
(2m)ds 1 242 m? 0s (k( ))e
ddLP ~ av[Jv(qr)Jv(qr/)]v:O i ¥
d L) (325
- Z o / <o wdqq (9v)*~ v (gr)dv(ar’) cos(v(6 — 6"))]v=0 ipy(x —x))
Sani(2) ) (2m)h Jo q*+ pi +m?

It will be useful to define G, (x,x’; p) as

1 dP Jk/n qr Jk/n(qr) ; A o
G, ) = —— z / kO —0 ipz(x3—x3)+ipy(xa—x))
(e 5p) = 5 [ e L [ dag 2 S okt - ) e
(3.26)
such that
N dpy /.
Gn(x,x") —/—Gn(x,x,py) (3.27)
2
d
a—szn(x,x';p) = _T)C&Gn(xaxl;p) = ipGn(X xl'p)' (3.28)
It is also useful to define f,(x,x') and f,(x,x’; p) as
fu(x,x') = Gu(x,x') — Gy (x,x) (3.29)
2 d €L = /
_ n°-—1 / d*“p d ﬁv[Jv(qr)Jv(qr )]V:OeipL(xL_xli)‘f‘(j > 1)
127n2 ] (2m)ds Jo q*+ p3 +m?
fulx,X'sp) = Gu(x,xX's p) — Gy (x,X; p), (3.30)

where G is the Green’s function on the 1-sheeted surface, that is just the regular
Green’s function.
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Single sheeted limit

This Green’s function for the n-sheeted space must reduce to the regular Green’s
function in the limit where n — 1. Starting with our expression for the Green’s

function in (3.23), defining ¢ = 6 — 6’ for convenience and setting n = 1,

d"Lp Ji(gr)J, q Jlar)di(qr’) P (6L~
G (x,x') = / / cos(k@)ePr ¥ (331)
Z q +p 2
(10.9.E2) in the DLMF [87] provides a useful integral representation of the
Bessel functions, which can be rewritten as, J,(z) = [*, 22 ¢i(zsn7="7), Using this
representation and the fact that J_;(z) = (—1)*Ji(2), ¢

Z arJi(qr)Ji(qr') cos(k) = Z / }/ K gialrsiny+ sin k) —ik(y+K) ,iko
k=—c0
_ ﬂeiq[rsin v+ sin(9—y)] (3.32)
21

Defining our position axes on the xp-x; plane such that ¥ = (0, r) implies that

X' = (—r'sin@,r cos ). Then defining § = (gcosy,gsiny),

g-(X—X)=q[rsiny+r'sin(p—7)] (3.33)
S / T dY v

Z arJi(gr)Ji(gr') cos(ke) :/ —~e' (3.34)

k=0 w271

Finally, defining p = (¢, p.),
ddp elpx—x ")

! - 3.35
Gl(X,X) / (27[) p2+m27 ( )

which is the usual Euclidean Green’s function.

3.4.2 [Entanglement entropy in the free theory

The entanglement entropy when A = 0 must be identical in the three theories as it

was shown above that the quadratic terms in the action are the same. This can

4 (10.4.E1) in [87]
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be seen more explicitly by using the approach from [85]. Starting from Sy =
—0y[InZ, —ninZ,]

the mass can be related to the Green’s function by

.—1> the part of the entanglement entropy which depends on

5z, = —E/nd (@ (). (3.36)

In the commutative case, (®*(x)), = G,(x,x). In the non-commutative case,

(®*D(x)), = (exp[ (aa&aa&—;gz;aﬂ<<I>(x+§)d>(x+€)>n>§_c_0

~(ors0 (Ggag ~amag) v o),
(3.37)

dp, ( [1 ( 9 )} >
= —_— 7@ i 7+ Gn + [} + ; )
/27r exp > Dy 28 T ag (x Ex CP}) £t
d 1 1
/ PyG x+§®p),i,x+ EG)pyi;py).

That the *-product turns out to just translate the argument of the Green’s function
is an important theme of the calculation in this paper.

The only difference for a complex scalar is that the mass term in the action is
proportional to @' x® instead of ®x P, however the expectation value of this leads
to the same Green’s function and the same result follows.

The dipole theory is identical except that translations by ® times the momen-
tum in the y-direction are replaced by translations by a.

Thus, still for the non-commutative case,

d

Wlnz,1 :—l/ddx(d)*@(x))n

/ dx L (x+ ®p1x+ @pl p) (3.38)

:—f/dd /2 0 (X,X5p) /dde (x,x),

recovering explicitly the result from the commutative case by shifting the integra-

tion variable.
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Figure 3.1: Translations on each of the sheets of the n-sheeted surface (on the
left) give a well defined map on the whole surface (shown for n = 2 in
the polar coordinates described in Section 3.3.1 on the right), except for
a measure zero set near the singularity at the origin.

However, this shift of the integration variable on the n-sheeted surface bears
further investigation. It is sketched in Figure 3.1.

This shift is well defined except for the region which gets translated into or out
of the origin. However, this region has measure zero and cannot affect the result
of the integral. As long as only a countable number of such shifts are done, these
points can be omitted from the integral without changing the result. Finally, the
integral over the whole n-sheeted surface can be written as a sum over the sheets
and the Jacobian of this shift on each sheet is 1, so the Jacobian of the whole shift
does not introduce any new factors into the integral. Thus shifting the variable of
integration on this n-sheeted surface is allowed with no Jacobian, just as for the

plane.

3.5 First order in perturbation theory

3.5.1 Commutative theory

We will start by computing the first order correction to the entanglement entropy
for the commutative ¢* theory. This was done previously in [85], but will be re-

peated here with more explicit regulators that will allow a direct comparison to the
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nonlocal cases. From [85],

InZ, zln/.@(l)e*SEW

anno——/d4 (@*(x))o + ... (3.39)

anno——/d“

where [, denotes integration over the n-sheeted surface and InZ, 4 is the k™ order
term in a A expansion of InZ,. Generally, adding subscript will denote the order of
atermina A expansion,e.g. X =Xo+X; + X2+ ...

The entanglement entropy can be calculated using (3.16) and (3.17),

In Tr (py), =InZ,; —nlnZ; ;
A
—?}/d“x[Gn(x 2, 3n /d4 Gy (x,x)] (3.40)

_ 34’} [ @ 2610 (50 + £ 5,)]

Recalling from (3.29),

fn(xax/) =

n?—1 / 4 pt /wd v [Jv(qr)dv(gr’)]v=o ) 4 (> 1),

127n% ) (27m)de q*+ p3 +m?
(3.41)

The j > 1 terms don’t contribute [83], so they will be dropped in what follows.
This is the same on each sheet, so the integral over the n-sheeted surface is » times
in integral on one sheet. Finally, fi(x,x’) = 0, so d,,f2(x,x’)|,=1 = 0 and
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Si=—d,[In Tr (p}),] _, = I/d“xGl(x,x)Bn [ (%, %)), (3.42)

1204, d*kdp,dp, 1 ©  dylIv(gr)dv(gr)lv=o
S| = drd y / d )
"= T 4!/r i ¢/ (2m)6  kK2+m? Jo q* + p}+p2+m?

(3.43)
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Schwinger parameters are introduced to allow the denominators to be com-

bined, using

- / dae ™. (3.44)
0

o
This allows us to regulate the UV divergence in S; by introducing a factor of e aa?,
as was done in previous perturbative studies of noncommutative theories [54]. This
regulator is convenient in the noncommutative case and is used here so that the

results can be compared. Using (25) from p.146 in volume I of [88],

/ dte V'~ 41—[ Ki(v/ap), (3.45)

the effect of this regulator is

[oacwoio = 2 () 5 (2
0 4

—_— —. (3.46)

Thus it regulates the UV and leaves the IR unaffected. This can be seen simply
1
from the fact that e~ «r? vanishes for & < A~ and goes to one for a > A2, A

mass m regulates the IR by contributing a factor of e—om

, which has the opposite
behaviour.

Introducing these Schwinger parameters and regulating,

AA d*kdp,d = — ok~ B[P+ p? mi— L 1
S = L /dr (zi})6pqu/0 dadﬁqre ok ﬁ[‘l +Py+P] o aAZ —Bm? T BAZ 8V[Jv((]r)]v(qr)]v=0

3.23
(3.47)
All the momenta integrals except g are Gaussian,
AA _ . I
S1 =55 [ drdg [ doa e P P 0,10, (g (gn)eo
(3.48)

Using (10.22.E67) from the Digital Library of Mathematical Functions (DLMF)
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(871,

< _ 1 @) ab
/0 te P Jv(al‘)]v(bt)dt = Tp2€ 42 IV sz s (349)

the ¢ integral can be evaluated. This along with the fact that dy 1y (z)|y—0 = —Ko(z)°

gives

AA
S1 = 321§3/d/ dadp

2
bt (1
2p

= ﬁ2 ) . (3.50)

(21) on p. 131 of [88],

o0 arccos(4) 41 1
/ dte "Ko(ty) = —=2 21— —, (3.51)
0

N

after substituting > — ¢ and setting a = y = %, gives

§ = AL (wdo‘eamzaiz)< "dp 3’"‘&2). (3.52)
0 JO

3.20073 o? B¢

Looking at the o integral first,

dOC _ 2,7 mr_ o
—e " —/ doe * »

o a2f
2 m_,0
—2mAK, (/’\") AT A2 (3.53)

by substituting o — é in the first line and using (3.45) as well as in the second.
This recovers the A? divergence seen previously in this case [85].
Using (29) from Volume 1, p. 146 of [88]

- ) v
/0 Ve P dr =2 <46;> Ky (\/ap) (3.54)

5 (10.38.E4) in the DLMF [87].

65



the B integral gives,

*dB —pm>-1, 2mY\ %-0 2m A?
- B =2K, [ = ) & —2In—=In— .
A ﬁe 0<A>~—% nA n4m2, (3.55)

as Ko(z) — —Inz as z — 0. This reproduced the logarithmic divergence seen pre-
viously in this case [85] and makes explicit its form in our regularisation scheme.
Combining, the first order in A correction to the entanglement entropy in the
commutative theory is
A A? A?

3221073 M 4

Sl,Comm. =-31 (356)

This is proportional to the area of the boundary of A, that is A, and the leading
divergence is of order A2, so this result fits with the area law picture discussed in

the introduction.

3.5.2 Noncommutative theory

Next we will compute the first order correction to the entanglement entropy for the

noncommutative ¢* theory. Similarly to the commutative theory,

InZ, :ln/.@qﬁe*mm

A
:anmo—E/d4x<®*cb*cb*cb(x)>o+... (3.57)
-Jn

Using the associativity of the x-product, this can be written as

/nd4x(q)*d>*¢>*cl>(x)>0:/nd4x <exp :;@ (;&(f@—;&;&ﬂ -

(ex _"@<aa_aa>]>
P12\ oni0g " am9g, n=c=0

(3.58)

ig(2 9 9 9
P13 dn dkx 9 Ik y=K=0

(Px+E+M)P(x+¢+¢)P(x+ L +7)P(x+{ +K)).
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The usual Wick’s Theorem can be applied to calculate the four-point function,

(P(W)P(x)D(y)P(2)) = Gu(,)Gn(y:2) + G (W, ) G (%,2) + Gn(W,2) G (%, ).
(3.59)

The key point is that while the conical singularity breaks the translational in-
variance in the xp-x; plane, it is preserved in the x;-direction. Thus the star product
reduces to a translation in the x;-direction by an amount determined by the mo-

mentum in the x,-direction. Defining G, (w,z) = [ %Gn(w,z; py) as in (3.26),

i 9 9 _[dpy 1 d .
exp <2®8M}1812> Gn(W)Z) - Eexp <2py®am}1> Gn(W,Z,py)

_ dpy
21

1
Gu(w+ EpyG)i,z;py), (3.60)
this can be used to evaluate the 4-point function,

/d4x< D+ DxD*DP(x) > (3.61)

n

dk,dp | | | |
4 N A A -
:/nd x/ (;n)zy [Gn(er §®k),l,x+ §®kyl,ky)Gn(x+ §®pyl,x+ §®pyl,py)

1 1 1 1
+Gu(x+ §®kyi,x—|— 5®(ky +2py)isky)Gp(x+ 5@(2]@ +py)ix+ §®pyi;py)

1 1 1 1
+Gu(x+ E@kyi,x—i— §®kyi; ky)Gn(x+ 5@)(2/@ +py)i,x+ 5@(2/@ +py)iipy) |-

Then, by shifting the spatial integral,

dkydp 1 1 )
:/nd4x/ (Zyn)zy {Gn(x,x;ky)Gn(x—i— §®(py—ky)z,x+ E@(py—ky)z;py)

1 1 1 1
+Gp(x— 5®pyi,x+ E@pyi; ky) G (x+ E@kyi,x - E(Dkyi;py) (3.62)

1 1
+ G (x,x3ky) Gy (x + §®(ky +py)ix+ §®(ky +py)ipy) |-

In [54] it is seen that the effects of the non-commutativity manifest themselves
in the diagrams where lines cross each other. This is also present here, as Figure

3.2 shows that it is only the second term that involves lines crossing. The other
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Figure 3.2: Vacuum bubble diagrams at leading order in a real scalar A ¢*
theory. The only vacuum bubble where lines cross is the second one.
This is the only one which is affected by the non-commutativity, as
discussed in [54].

two terms are two self-coincident Green’s functions — the same result as was found
in the commutative case in Section 3.5.1 and [85]. The second term, which corre-
sponds to the nonplanar diagram, is the only one which is different than what was
found in the commutative case.

The entanglement entropy can be calculated using (3.16),

S] :—8,, [anml —nanl,l] (3.63)

n=1

21 dk,dp,
:4'8,1</d4x {2G1 (x,x)nfn(x,x)—i—/ & pz) G1(x,x+ OpyTs ky)nfy(x,x — Okyl; py)

(2m)

where the fact that the spatial integral can be shifted, that the momenta can be
renamed, that G| (x,x; py) = G (x+a,x+a; py), that f,,(x,x', py) = fu(x,x';—p,) as
long as x; =x} and that f; = 0 so that the terms with f? can be ignored have all been
used. The j > 1 terms in f,, have also been dropped again, which allows us here to
write the integral over the n-sheeted surface as n times the integral over a sheet. In
the commutative case, it was clear that these j > 1 terms do not contribute [83]. In
Appendix A it is argued that the leading divergence must be entirely contained in

the j = 1 term even in this noncommutative theory.

New contribution from the nonplanar diagram

The first term in (3.63) is the contribution from the two planar diagrams. These
. . . 2 2

give the same result as in the commutative case, namely % In 4’\? from each

diagram. However, the nonplanar diagram gives a new contribution to the entangle-

ment entropy from the non-commutativity. The contribution from this nonplanar
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diagram will be denoted Syonpianars

24 dk.dp, R .
Snonplanar :I/d“x/ (;n)p; Gi(x,x+ Op,i;ky)0, [nfn(x,x—@kyl;py)]n:1

_Ara, /dd¢/d4kdp>dpz e'opy /oo vlIv(gr)dv(gr)lv=o
127 4! 2m)6 k2 +m? Jo q*+p3 +pi+m?

(3.64)

where 12 = (7 — @k,1)? = 12 + (Oky)*> — 2@rk,cos ¢ and A is the area of the x-x3
plane that bounds the region for which the entanglement entropy is being calcu-
lated.

The next step is to introduce Schwinger parameters and to regulate this inte-
gral in the same manner as the integrals for other perturbative calculations in this

noncommutative theory were regulated in [54], as discussed in Section 3.5.1,

LA d*kd pyd Bl p?]— L gt L
Snonplanar 233;_ /d d(P#d / dadﬁqre —ak ﬁ[q +Py+pz] a2 am? BAZ ﬁm

%Py, 11y (qr)dy (gr')]v=o
(3.65)

The py, p. and k except for k, integrals are all Gaussian (recall that 1’ is a

function of ky),

AA d
Shonplanar = l% /drd¢dk dq/ dodp \/B Z-(Xﬁ 1 e?
—0k2—BgP— 5 —am?—

an? P (g (@ vo.  (3.66)

In order to make explicit some of the symmetry between r and 7/, p and ¢ can
be defined such that r = psin@ and k, = 5 cos @, with p € [0,0) and ¢ € [0, 7].
Then defining g(¢, @) = /T +sin2¢cos @, gives ' = pg(¢, @) in these variables.
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Performing this change of variables,

AA | gp*sin@
Snonplanar Wav‘v =0 /dpd(Pd(pdqdadﬁ \/B\/W

7—p cos? p—Bq? 7mfam27ﬁ77ﬁm

e Jv(gpsin@)Jy(gpg(@,¢)).
(3.67)
From the DLMF (10.22.E67) [87],
© 1 @) ab
/0 te p212]v(at)./v(bt) = sze W T, (sz> (3.68)
so that,
AA | pZsing@
Shonplanar = 78 | O/dpd(Pd(PdOCdB
P 3pte ap?\/4ap +©?
p cos? p— pZSm <p+g (9.9) TiZfamLpﬁ*ﬁsz <p2 (q) (P)Sm(p
26%
(3.69)

Now p and o can be rescaled to simplify this expression as p — 2\/3 p and

o — ﬁ
AA | 4 \_1(1 , &nla
Snonplana.r :m v‘v o/dpd(pd(pda (/ dﬁ ®2A2a) ﬁ(AZ 4 )
o~ @p*cos” 9—p?[sin® p-+g7(¢ =<P)]1v (2p g(¢,(p)sm (p). (3.70)

(25) from p.146 in volume I of [88],

/ die P~ 4r—\[1q(\ﬁ) (3.71)
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allows the B integral to be evaluated,

[ et () _

7+®2m2a 4 4
K O2ma 2
—i—ﬁ 1<\/<A2+ m ><m +®2A2a> )

—0\ak, ( +0m*Va ) (3.72)

OA%/a
Using the identity dy|y—oly(z) = —Ko(z),

2 .
L pTsmQ@ _ 2[occosz +sin® @+ 2(¢ (P)}
A [ apdededa—L"P_-r promeTee
= | Vavar

Ko (2P2g(¢7(l)) sin(p) K <®A2\/>—|—®m2\f> (3.73)

Snonplanar

Taking a large A limit of this expression and expanding K (x) ~ % forx—0
allows us to extract an overall quadratic divergence. However, more progress can
still be made by evaluating the p integral.

Using in order (23) from p. 131 of [88] and (15.9.E19) of [87],

| dpp?e Ko (Bp?) = [ dnv/ze P Ko(Bx)
0 0

where Pi 1 (x) is the appropriate branch of the associated Legendre function with
2

non-integer degree.

71



Defining z = “°°Szi?;i’g)‘§;§:((p’¢) and recalling that g(¢, @) = /T +sin2¢ cos ¢,

- AA | ° G(a) 4 2
Snonplanar— 2113271_3@/0 da\/&\/r—{—ll(l (@AZ\/E_‘_@m \/& and
(3.75)
(@) z 2z 1 P'\(2)
G(a :/ do d¢ 3 i (3.76)
0N [g(9,9))? Veing VI -

where G() is dimensionless and finite for a € (0, ).
At this point, the asymptotic behaviour of G(a) can be analysed numerically,
as no analytic formula for this integral was found in the tables consulted. However,

while analysing this asymptotic behaviour, we found that G(o) = \/(116? gives an

exact match up to high numerical accuracy across the many orders of magnitude
that were checked.®
Using this result for G(a),

S _ AL mda 1 4
ronplanar 97230 Jo Vaa+1 0 \ OAVa

+ @mz\/&> . (37D

Note that this result is invariant under ®A? <+ ®m?, another sign of the UV/IR
connection in non-commutative theories.

This integral has two regulators, A and m. The only other dimensionful pa-
rameter is ©, so the only dimensionless products of these regulators are ¥ and
®mA. As is familiar from the UV/IR mixing in this theory, the limits A — oo and
m — 0 do not commute. This can be resolved by taking & — 0 while fixing ®mA.
Then taking the limit m — 0 or A — oo first corresponds to the limits ®mA — 0 or

®OmA — o respectively. ’

5The only potential divergences in the integral for Syonplanar come from the regions of small and
large . If the reader is uncomfortable with this numeric argument, this functional form for G(«)
could also be thought of more conservatively as a function with the right asymptotic behaviour to
reproduce the correct divergences in this integral.

"This discussion applies even if we want to think of m as a physical mass, as the ratio % will still
vanish if m is fixed while A — oo. This case corresponds to @mA — co.
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Introducing ¥ = v/a,

P B AA | “ 1 27m i + %/
nonplanar = 263273@ Jo YYQ +1 ! A | OmAy 2
m_40 A A [ 1 1
B 3.78)
83273 l6v:) 2 OmAy (
BRrOm S0 TP+ 1 G2y Oy
®2, 2A2
B /’LALAZ_IH(+) B AA —ln(ﬁ)
DI | Sk V3B | — gty

where the last line uses (2) from Volume 2 p.216 of [88].

This result illustrates the UV/IR connection in non-commutative theories. If the
IR regulator is removed first (OmA < 1), Sponplanar ~ A | A? —a quadratic UV diver-
s,
allowing the same divergence to be interpreted as an IR divergence. In addition,

Orm2A?
4

is found in the commutative case. However, here there is the additional option of

gence. However if the UV regulator is removed first (OmA > 1), Shonplanar ~

whether is taken to be large or small there is a logarithmic divergence as
keeping both regulators, that is keeping %@mA finite, which eliminates the loga-
rithmic divergence seen in the commutative case.? In particular, there is a natural

: 9 . _ 2
choice of IR regulator”, m = gx where

LA AAA?
Snonplanar = — RB2mE | 293253

(3.79)

From a mathematical point of view, this UV/IR connection can be seen to
originate from the translation of the arguments of the Green’s function. In the
commutative theory, Snonplanar ~ [, dXGn(X,X) f,(x,x) where as in the noncommu-
tative theory, the non-planar diagram made a contribution of the form Sponpianar ~
J,dxG,(x,x + Op) f,(x,x + Op). If an IR regulator is imposed, this momentum
cannot vanish and regulates the integral. This can be seen more clearly in the
dipole theory (analysed in Section 3.5.4) where the fixed translation regulates the

UV divergence of the integral.

8Note that if a @ — 0 limit is taken, this option is no longer available and the commutative result
is recovered, although the exact form of the logarithmic divergence depends on how the ® limit is
taken.

9See Section 6 of [54]
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It is important to note that contributions from the j > 1 terms in (3.25) were
dropped at the start of this section and are not present in (3.78) or elsewhere in these
results. However, as is discussed in Appendix A, these do not affect the leading
divergence in Sponplanar OF the conclusion that there is no volume law.

In contrast to strong coupling results, which saw signs of a volume law for the
entanglement entropy even with large regions, this perturbative calculation is only
sees an area law. The leading divergence in Sponplanar is quadratic and proportional
to the area of the boundary of the region, A | , in line with the area law discussed in

the introduction.

3.5.3 Complex scalar

The difference when considering a complex scalar is the Wick contraction in (3.39)
and (3.59) for the commutative and the noncommutative theory respectively. For

the real scalar

A{oW)@(x)¢(1)¢(2)) = A (Gu(w,x)Gn(¥,2) + G (W, ¥) G (%, 2) + Gu(w,2) G (%)),

(3.80)
whereas for the complex scalar this must be replaced with
Jo(0 ()0 ()0 (1)0(2)) + M (0 ()0 ()9 ()9 (2) (81
= 40 (Gn(W,X)Gn(3,2) + Gn(W,2) G (%, 7)) + A1 (G (W, %) G (2,7) + G (W, y) G (2, %))

In the commutative theory, the fields in the 4-point function are all inserted
at the same point, that is w = x = y = z. Taking into account the difference in
the normalisation of the ¢* term in the action, the only change is to replace an
overall factor of % by M. This has no effect on the intermediate steps of the
calculation and can just be carried through straight to the final result:
(Ao+A)ALAY . A?

B (3.82)

S 1,Comm. — =

For the noncommutative theory, it is a simple matter of writing out the x-

products explicitly and following through similar transformations of the integra-
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Figure 3.3: Vacuum bubble diagrams at leading order in the noncommutative
complex scalar A¢* theory. The two on the left come from the A9 x
¢ *¢" % ¢ term in the action whereas the two on the right from the A, *
dxd*¢T term.

tion variables as in the previous section. This procedure gives 249 + A; times the
commutative result plus A; times the result for the nonplanar diagram already en-
countered for the real scalar. This result can be obtained directly by looking at the
4 diagrams in Figure 3.3 and realising that only the term proportional to A; gives a
nonplanar diagram.

Thus the result for the noncommutative theory with a complex scalar is

@2 2A2

AN A AN *ln(ini )

3.297%  4m? 132873 | _ @mA?
4

Sl,NC —>(22,0 —|—ll)

(3.83)

3.5.4 Dipole theory

For the dipole theory, the explicit form of the interaction terms was written out in
(3.14). Thus,

InZ, = In / DpeSel) (3.84)

1

4 2 2 2

=InZ,o— /nd4x <A40<I>";' (x)®(x) D" (x)P(x) + &CI)";' (x+ 1a)dD(x—i- —a)P(x— la

Applying Wick’s Theorem, using the facts that G| (x,x) = G;(x+a,x+a) and
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fa(x+a,x) = f,(x,x+a) (when ignoring the j > 1 terms) and shifting the integral,
1
MZm:—Z/fﬂﬂMMLﬂ@@J) (3.85)
n
1 1 1 1 1 1 1 1
+ M | Gux+ za,x+ za)Gy(x — za,x— =a) + Gy (x+ za,x — =a)G,(x — za,x+ =a)

2 2 2 2 2 2 2 2
S1 :—8,, [ann,l —nanLl]n:l (386)

:%8,1 (/d4x [(2% +M)Gi(x,x)nf(x,x) + MGy (x,x +a)nf,(x,x — a)} )
n=1
Again this is as expected from the diagrammatic approach. Only the single
nonplanar diagram gives a new contribution and the 3 planar diagrams give contri-
butions identical to those in the commutative theory.
Focusing on the contribution from the nonplanar diagram, the explicit forms of

G and f, give

S 40A | dd¢)/al4kdpydpZ etkxa /“d vy (gr)dy(gr)]v=o
nopIaNr T 0 4 2m)5 K2 +m2 Jo P+pi+pitm ]

(3.87)

2 2

where now 12 = (¥ —ai)? = r* +a® — 2racos ¢.

Introducing Schwinger parameters and regulating,
AA d*kdp,d e —ak? =Bl +p2+p?|- L — JE
Snonplanar = ﬁ/ d¢ (2?’)6pqu/ dadﬁqre o ﬁ[q PyTP; ] aAZ am? ﬁAZ Bm?

"9, v(gr)dv(gr)]v=o
(3.88)

In this case, all the momenta integrals except g are Gaussian,

LA L
Snonplanar:283 L4 /drd¢dqdadﬁ e

—B*— -1 —Bm?
[3 Pa—g2 =P [y (qr)dv(gr')]v=o

(3.89)
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The « integral can be factored out to give, using (3.45),

°° e ( —a LJri)f’"z 2m aZ 1
d (T4 re) kol e
/0 “ / e I G R

RI—
»\’N‘

T A
(oo} 4
Azen, T g (ma) (3.90)
a
m—0, 4
a

This factor came from evaluating G;(0,af) which goes as ~ a]—z as expected. The

fixed nonlocality scale has regulated the UV divergence in this case. In the dipole
theory the distance of the translation is fixed, as opposed to the non-commutative
case where the translation is proportional to the momentum in the y-direction which
can vanish in the IR.

Using (3.49),

AAL [ > R rr’ B
Snonplanar = m/o dﬁ |:/0 dr 0 dq)ﬁe Ko <2B e ﬁAz
(3.91)

Rescaling » — ar and B — a3 to make them dimensionless (¥’ — a+/r? + 1 —2rcos ¢
under this) and defining H(f3) as the part of the previous equation enclosed in

brackets,

AA
Snonplanar 27371'4la2/ dﬁH e ﬁ"zAz ~panr (3.92)

H () is dimensionless and finite for B € (0,e0). The integrand is exponentially

suppressed for small B and numerical evaluation of the r and ¢ integrals confirm

that H(p) P29 0. The other potential source of a divergence is at large  and

B— 2n

numerical integration finds that H(f3) = B leading to a logarithmic divergence

at large B that must be regulated by e Ba'm?

ﬁ = —In(a’m?) + O(m"), (3.93)
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to leading order in the small m limit.
Thus Sponplanar has only an IR divergence in the dipole theory. The leading

divergence in the j = 1 term is

AA L

Snonplanar = _W [_ ln(aZmZ)] ) (3.94)

however there will be contributions to this order from the j > 1 terms which were
dropped. The the conclusion of this analysis is that the nonplanar diagram does not
contribute to the leading divergence of entanglement entropy at this order as it is
subleading to the contribution from the planar diagram.

The nonlocality introduced in the dipole theory does not affect the area law, as
the total entanglement entropy at this order in perturbation theory is dominated by
the planar diagrams which matched the result from the commutative theory. Even
the subleading terms we have analysed do not follow any sort of volume law as they
are not proportional to the lengthscale of the nonlocality. The only effect of the
nonlocality is to regulate the UV divergence otherwise present. Similar behaviour
was observed in [54], where one of the ways that the nonlocality manifested itself

was by softening divergences in nonplanar diagrams.

3.6 Final remarks

In this paper we computed the first perturbative correction to the entanglement
entropy in two nonlocal theories, a ¢* theory defined on the noncommutative plane
and a dipole theory.

The contribution to the entanglement entropy in each of these theories at first
order in coupling comes from vacuum bubble diagrams. The planar diagrams give
the same contribution in all three theories. However, the nonplanar diagram is
affected by the modified x-product. Never the less, these diagrams do not modify
the area law observed in the commutative theory. Thus, at this order in perturbation
theory and for the region considered at least, all these theories follow an area law
with no sign of a volume law, as opposed to the strongly coupled case where the
signature of the volume law could be seen even for large regions.

In the commutative theory it has been shown that the modification to the en-
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tanglement entropy at first order in perturbation theory can be absorbed into the
renormalisation of the mass [85]. It would be interesting to see if a similar inter-
pretation can be made in the case of the theories considered here.

Finally, a comment about the commutative limit. Since the quantities dealt with
in the paper are not UV finite, this is not a straightforward issue. The general pat-
tern is that the nonlocality has served as an additional regulator that softens certain
divergences. Thus, if the nonlocality is removed, these divergences reappear and

the commutative limit applied to the final results is not smooth.
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Part 11

The Structure of Holographic
Entanglement Entropy
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Chapter 4

Inviolable Energy Conditions

4.1 Introduction

The AdS/CFT correspondence provides a remarkable connection between quan-
tum gravitational theories and non-gravitational quantum systems [4, 5]. There are
believed to be many examples of the correspondence; indeed, it may be that any
consistent quantum gravity theory for asymptotically AdS spacetimes can be used
to define a CFT on the boundary spacetime. In this paper, we focus on examples
with a classical limit described by Einstein’s equations coupled to matter. We seek
to derive results that are universally true for all such theories, by translating to
gravitational language results that are universally true in all quantum field theories.
Specifically, we will translate some basic constraints on the structure of entangle-
ment in quantum systems to derive some fundamental constraints on spacetime
geometry that must hold in all consistent theories of Einstein gravity coupled to
matter.

Our main tool will be the Ryu-Takayanagi formula (and its covariant gener-
alization due to Hubeny, Rangamani, and Takayanagi)[6, 9]." This relates entan-
glement entropy for spatial regions A in the field theory to the areas of extremal

surfaces dA in the dual geometry with the same boundary as A (see Section 4.2 for

A recent proof was given in [27].
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Figure 4.1: Ryu-Takayanagi formula as a map from the space ¢ of geome-
tries with boundary B to the space . of mappings from subsets of B to
real numbers. Mappings in region .%,,s (shaded) correspond to physi-
cally allowed entanglement entropies. Geometries in region ¥, map
into .%,ys While the remaining geometries are unphysical in any con-
sistent theory for which the Ryu-Takayanagi formula holds (plausibly
equal to the set of gravity theories with Einstein gravity coupled to mat-
ter in the classical limit).

areview). Generally speaking, we can understand this as a mapping
RT 9 -7

from the set ¢4 of asymptotically AdS spacetimes with boundary geometry B to the
set . of maps S from subsets of B to real numbers.?

This mapping is depicted in Figure 4.1. Physically allowed entanglement struc-
tures must obey constraints, such as strong subadditivity and positivity/monotonic-
ity of relative entropy, so only a subset .%),,; of maps represented by .’ can rep-
resent physically allowed entanglement structures. If a geometry M € ¢ maps to a
point outside this subset, we can conclude that such a geometry is not allowed, in

any theory for which the Ryu-Takayanagi formula is valid (which we believe to be

2To avoid divergent quantities, we could define the map S associated with a geometry M such that
for subset B of the boundary of M, Sys(B) is the difference between the area of the extremal surface
By and the corresponding extremal surface By g in pure AdS.
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all consistent gravity theories whose classical limit is Einstein gravity coupled to
matter). Another interesting point is that the space of geometries with boundary B
is much smaller than the space of functions on subsets of B, so the image of ¢ in
. will be a measure zero subset .. This implies that the entanglement structures
for quantum field theory states with gravity duals are extremely constrained.

This picture suggests several interesting directions for research:

e Characterize the geometries ¢, that map to physically allowed entangle-
ment entropies .%,,. While some of these geometries may be ruled out
by additional constraints not related to entanglement, we can say that any

geometry not in &, cannot represent a physical spacetime.

e Characterize the constraints on entanglement structure implied by the exis-
tence of a holographic dual i.e. understand the subset .. Examples in-
clude the monogamy of mutual information [89], but there should be much
stronger constraints through which the entanglement entropies for most re-
gions are determined in terms of the entanglement entropies for a small sub-

set of regions.

e Better understand the inverse mapping from .75 to %,y to be able to

explicitly reconstruct geometries from entanglement entropies.

In this paper, we focus on the first direction, though we will have some comments
on the second direction in Section 4.6. Many recent papers discuss the third direc-
tion, including [90, 91, 92].

Constraining geometry from entanglement

The question of which geometries give rise to allowed entanglement structures was
considered at the level of first order perturbations to pure AdS in [36, 37, 38] (see
also [93, 94]). Such perturbations correspond to small perturbations of the CFT
vacuum state. For these first order CFT perturbations, the entanglement entropy for
ball-shaped regions is determined in terms of the expectation value of the stress-

energy tensor’ via the “first law of entanglement,” which we review in Section 4.2

3The stress tensor is determined in terms of the entanglement entropy for infinitesimal ball shaped
regions, so we can think of the entanglement first law as a constraint determining the entanglement
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below. As shown in [36, 37] the gravitational version of this constraint is exactly
the linearized Einstein equation. For a discussion of constraints at the second-order
in the metric perturbation, see [95, 96].

In this paper, we begin to unravel the implications of entanglement constraints
on geometries away from this perturbative limit. One might ask whether it is pos-
sible to obtain the full non-linear Einstein equations in this way. However, at the
classical level, the entanglement quantities tell us only about the dual geometry,
so the entanglement constraints will be constraints on the geometries themselves,
without reference to any bulk stress-energy tensor. Further, the specific constraints
we consider (strong subadditivity of entanglement entropy, and the positivity and
monotonicity of relative entropy) take the form of inequalities, so we should ex-
pect that the nonlinear constraints also take the form of geometrical inequalities
ruling out some geometries as unphysical. This is a natural outcome: since the
results must apply to all consistent theories, we cannot expect specific non-linear
equations to emerge, but there should be restrictions that apply to the whole class
of allowed theories.

In interpreting these geometrical constraints, it is useful to translate them into
constraints on the stress-energy tensor assuming that Einstein’s equations hold.
This is a very plausible assumption. Indeed, it is possible to argue [38] indirectly
using the linearized results that Einstein’s equations must be obtained.* Any ge-
ometry provides a solution to Einstein’s equations for some stress tensor. Thus,
given a geometry that violates the entanglement constraints, we can conclude that
no consistent theory of gravity can produce the associated stress tensor. Expressed
in this way, the constraints from entanglement inequalities can be thought of as
certain “energy conditions.”

We will see that some of the conditions we obtain are closely related to some

of the standard energy conditions used in classical general relativity. However,

entropies for arbitrary ball-shaped regions from the entanglement entropies for infinitesimal balls.

“4In [38], it was shown that by considering quantum corrections to the Ryu-Takayanagi formula,
the expectation value of the bulk stress-energy tensor comes in as a source for the linearized Einstein
equations. Assuming that the source is a generally a local operator, this is enough to see that it must
be the stress-energy tensor. It has been argued that the linearized equations together with the stress-
energy tensor as a source imply the full non-linear Einstein equations if one demands conservation
of the stress-energy tensor in the full theory.
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we emphasize that while these standard conditions (such as the weak and null-
energy conditions) are simply plausible assumptions on the properties of matter, the
conditions we derive follow from fundamental principles of quantum mechanics

(assuming the Ryu-Takayanagi formula holds) and cannot be violated.

Summary of results

In this paper, we take a few modest steps towards understanding the general con-
straints on non-linear gravity due to entanglement inequalities, investigating these
constraints in the case of highly symmetric spacetimes. Specifically, we determine
constraints on static, translationally invariant spacetimes in 2+1 dimensions, and
static, spherically-symmetric spacetimes in general dimensions. We find the fol-

lowing main results:

e For spacetimes dual to the vacuum states of 1+1 dimensional Lorentz-invariant
field theories flowing between two CFT fixed points, the constraints due to
strong-subadditivity are satisfied if and only if the spacetime satisfies a set

of averaged null energy conditions
/dsTuvu“uv >0
Y

where 7 is an arbitrary spatial geodesic and u* is a null vector generating a
light-sheet of y defined such that translation by u* produces an equal change

in the spatial scale factor at all points (Section 4.3).

e For static translation-invariant spacetimes dual to excited states of 1+1 di-
mensional CFTs, we show that the monotonicity of relative entropy implies
that the minimum scale factor reached by an RT surface for spatial interval
is always less than the scale factor reached by the corresponding RT sur-
face in the geometry for the thermal state with the same stress-energy tensor
(Section 4.4).

e For these spacetimes, we find that asymptotically, the positivity of relative
entropy is exactly equivalent to the statement that observers near the bound-
ary moving at arbitrary velocities in the field theory direction cannot ob-

serve negative energy. That is, we get a subset of the weak energy condition
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Tyvutu¥ > 0 where u* is an arbitrary timelike vector with no component in

the radial direction.

e For static spherically symmetric asymptotically AdS spacetimes, the pos-
itivity of relative entropy implies that the area of a surface bisecting the
spacetime symmetrically is bounded by the mass of the spacetime. For four-

dimensional gravity, the specific result is (Section 4.5)

AA < ZEGNMﬁAdS .

We offer a few concluding remarks in Section 4.6.

Previous connections between energy conditions and entanglement inequalities
appeared in [97, 98, 73, 99] who noted that the null energy condition is sufficient
to prove certain entanglement inequalities holographically. The use of relative en-
tropy in holography was pioneered in [100] and applied to derive gravitational
constraints at the perturbative level in [95, 96].

Note: While this manuscript was in preparation, the paper [41] appeared, which

overlaps with the results in Section 4.4.2.

4.2 Background

4.2.1 Entanglement inequalities

In this section, we review various entanglement inequalities that should place con-
straints on possible dual spacetimes via the holographic entanglement entropy for-

mula.’

Strong subadditivity

To begin, we recall that the entanglement entropy S(A) for a subsystem A of a
quantum system is defined as S(A) = —tr(palog(pa)), where p4 is the reduced

density matrix for the subsystem.

3See, for example [14], for a more complete discussion of entanglement inequalities.
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Figure 4.2: Spacelike intervals for strong subadditivity.

The strong subadditivity of entanglement entropy states that for any three dis-

joint subsystems A, B, and C,
S(AUB)+S(BUC) > S(B) +S(AUBUC). (4.1)

Considering only spatial regions of a constant-time slice in a time-invariant state
corresponding to a static dual geometry, this constraint places no constraints on
the dual geometry, as shown in [74]. However, in the time-dependent cases, or
for regions of a time-slice that do not respect the symmetry, this inequality gives
non-trivial constraints, as we will see below.

For our analysis below, we will be interested in applying the constraints of
strong subadditivity in the case of 1+1 dimensional field theories. Entanglement
entropy is the same for any spacelike regions with the same domain of dependence,
so for any connected spacelike region A, entanglement entropy is a function of the
two endpoints of the region. We write S(x1,x;) to denote the entanglement entropy
of the interval [xj,x;] (or any spacelike region with the same domain of depen-
dence). We focus on the case where A, B, and C in (4.1) are adjacent spacelike
intervals, as shown in Figure 4.2.

We note first that the full set of strong subadditivity constraints for adjacent
intervals follow from the constraints in the case where the intervals A and C are
infinitesimal. For suppose the strong-subadditivity constraint is true for regions A,
B, and C with the proper length of A and C less than L,,,,. Then we can show that

the constraint holds for intervals with A and C less than 2L,,,,, and so forth. For
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example, if A, B, C; and C; are adjacent intervals with C; and C, having proper

length less than L,,,,, we have

S(AUB)+S(BUC1)
S(AUBUC1)+S<BUC1 UCZ)

S(AUBUC:) +S(B)
S(AUBUC1 UC2)+S(BUC1)

A\VARLY

Adding these, we find
S(AUB)+S(BU{C1UC,}) > S(AUBU{C,UC2})+S(B) .

In this way, we can combine two strong subadditivity constraints for which the
rightmost interval has length smaller than L,,,, to obtain a constraint where the
rightmost interval is any interval with length less than 2L,,,,.°

Now, consider the strong subadditivity constraint where B is the interval [x;,x,]
while A and C are the intervals [x; + €&;,x1] and [x2,x, + 8&;], as shown in Figure
4.2. In this case, the constraint (4.1) gives

S(fx1+€&1,x] U [, x2]) +S([r1,x2] U [x2 + 685])
> S(lx1 +€81,x1] U [x1,%2] U [x2 + 88]) + S([x1,x2])
- S(X1 +8€1,X2) +S(X1,X2 + 562) —S(X1 +8€1,X2 + 552) —S(xl,xz) >0

Expanding to first order in both § and &, this gives

E0EL L3S (x1,x) <0

Since this constraint is linear in the spacelike vectors & and &, it is sufficient to
require that the constraint be satisfied in the lightlike limit of &; and &;, i.e. when
&1 and &, lie along the dotted lines in Figure 4.2. Thus, a minimal set of strong
subadditivity constraints that imply all constraints for connected regions is

21928(x1,x2) <0 31d%S(x1,x0) <0 9192S(x1,x2) <0 9132S(x1,x2) <O

SEssentially the same argument works in general dimensions to show that the full set of strong
subadditivity constraints are implied by considering the constraint (4.1) where B is an arbitrary region
and where A and C are taken to be infinitesimal.
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In the special case of states invariant under spacetime translations, the entan-
glement entropy for an interval can only depend on the difference between the end-
points so S(xy,x2) = S(x, —x7). In this case, the basic constraints may be written

as7

2,0.8(x) <0 9.9_S(x)<0  9,9.S(x)<0  9-9,8(x) <0;. (4.2)

Only the latter two constraints here are saturated for the vacuum state, so we expect
these will provide more useful constraints.

Finally, in the case of a Lorentz-invariant state, the entanglement entropy can
depend only on the proper length of the interval, so is described by a single function
S(R). In this case, the constraints reduce to

d’S  1dS

—+-—<0 4.3

dR>" RdR — (4.3)
where the first two constraints in (4.2) give the — sign and the latter two give the
+ sign. In particular, the constraint with the + sign (which is saturated for vacuum

states) is equivalent to

ds
"(R) <0 R)=R—.
¢(R) < e(R)=R

This was shown by Casini and Huerta [101] in their proof of the c-theorem using

strong-subadditivity.

Positivity and Monotonicity of Relative Entropy

A very general class of constraints on the entanglement structure of a quantum
system are related to relative entropy. This gives a measure of distinguishability of

a density matrix p to a reference state o, defined as

S(p|lo) =tr(plogp) —tr(plogo) .

7Similar constraints were noted in [42], which appeared while the current version of this paper
was in preparation.
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Relative entropy is always positive, increasing from zero for identical states p and
o to infinity for orthogonal states. Furthermore, for reduced density matrices pa

and oy obtained by a partial trace operation from p and o, we have

S(palloa) <S(pllo). (4.4)

This decrease in p under restriction to a subsystem is known as the monotonicity
of relative entropy, or the data processing inequality [14].

It is useful to define the modular Hamiltonian associated with the reference
state as Hs = —log(o), in analogy with thermodynamics. Using this, and the
definition S(p) = —tr(plog(p)) for entanglement entropy, we can rewrite the ex-

pression for relative entropy as

S(pllo) = tr(plogp)—tr(clogo)+tr(clogo)—tr(plogo)
= (=logo)p —(~logo)s —S(p)+5(0)
—  A(Hg) - AS. 4.5)

For nearby states, p — 0 = €X with € < 1 and X an arbitrary traceless Hermi-
tian operator, one can expand relative entropy in powers of €. To the first order in €
relative entropy vanishes. This is typically referred to as the first law of entangle-
ment since it implies 8 (Hs) = 6S. The expression at second order in € is known
as Fisher information, and is discussed in detail in Section 4.3.

The rewriting in (4.5) becomes useful in cases where we can compute the mod-
ular Hamiltonian Hs. Generally this is possible when the reference state is thermal
with respect to some Hamiltonian. For example, the density matrix for a half-
space in the vacuum state of a Lorentz-invariant field theory on Minkowski space
is thermal with respect to the Rindler Hamiltonian (boost generator), so we have
Hyoa=c [ d?xxTy. The cases we consider below can all be obtained by conformal
transformations from this example [102, 100].

For a ball shaped region in the vacuum state of a CFT on R%!, we have [100]

R2 142
Hp =21 / ddxA TG (4.6)
lx|<R 2R
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For a ball-shaped region in the vacuum state of a CFT on a sphere, we have

Hy = Zn/ddxcos(e,) —cos(6o) . 4.7
B Sln(eo)

In the special case of 1+1 dimensional CFTs the modular Hamiltonian can also
be calculated for thermal states. For a spatial interval [—R,R] in an unboosted

thermal state with temperature 7 = B!, the modular Hamiltonian is

Hp = s1nhz<BZ7[§R) /_idxsinh <”(Rﬁ_x)> sinh <”(Rﬁ+x>> Too(x),  (4.8)

We can also obtain the expression for the modular Hamiltonian of an interval in a

boosted thermal state. This is derived in Appendix B.

Optimal relative entropy constraints for a family of reference states

In various situations, we may have a family of reference states o, depending on
parameters ¢; (e.g. temperature), and we would like to find the strongest rela-
tive entropy constraint coming from this family. We will assume that the modular
Hamiltonians for these reference states take the form of an integral over linear

combination of local operators with a-dependent coefficients,

Hy = / dxf(x, )0 () . (4.9)

According to the entanglement first law, under first order variation of the reference

state Oy, the entanglement entropy of this state changes as
85u = [ d"ch(x,0)8(0n(0)a

Here the right side corresponds to the variation in the expectation value of the
modular Hamiltonian for the reference state under a variation of the state (while
keeping the modular Hamiltonian fixed). Using this result and the definition (4.5),

we have
55(pll0®) = 8{(Hg)p— (Hp)os —S(p) +S(c?) |
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_ /ddefn(x,a)[(ﬁ’n(x»p—(ﬁ’n(x))%]. (4.10)

Thus, the relative entropy will be extremized with respect to parameters ¢; if we

can choose a reference state such that

dfu(x,

/ddxfna() [(60(x))p — (On(x))a,] =0 @.11)
(047

In the special case where the initial state and reference states are translation invari-

ant, this becomes

ag,((;) [(On)p — (On)s,) =0, (4.12)

where
(@) = [ d'sfy(x00).

so we see that an extremum will be obtained if we can choose a reference state with

the same expectation value as our state for each of the operators,

(On)p = (On)o, (4.13)

The same state will also be provide an extremum for the monotonicity constraint,
since if R parameterizes a region whose size increases with R,

d d ar 0 ,(a,R) B
da; dR (pllo®) = T ORJa; [(ﬁn>p - <ﬁn>6a] =0.

Thus the reference state 6* whose operator expectation values match the state p
will also give the minimum dS(p||c%*)/dR (and thus the strongest monotonicity
constraint), assuming that the extremum is a minimum.®

The matching of operator expectation values and the form (4.9) of the Hamil-

tonian implies that A(Hg+) = 0, so in this case, the constraint from positivity and

8n practice, we should also check whether other extrema exist, and check the boundary of the
parameter space. However, since the relative entropy provides a measure of how close our state is to
the reference state, it is plausible that the relative entropy is minimized by matching the expectation
values of operators. For the cases below, we have explicitly checked that this is the case using the
explicit form of the modular Hamiltonian.
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monotonicity of relative entropy are simply that’

S(px) —S(af) <0 (S ~S(af ) <0 @14

4.2.2 Holographic formulae for entanglement entropy

In this paper, we consider general theories of gravity dual to holographic QFTs
such that the leading order (in the 1/N expansion) entanglement entropy for spatial
regions of the field theory is computed by the Ryu-Takayanagi formula [6], or its
covariant generalization [9]. This states that the entanglement entropy of a region

A is given by

S(4) = Aze;](vA) 7

where A is the extremal surface in the dual geometry with dA = dA (i.e. such that A
and dA have the same boundary). The surface A is also required to be homologous
to A, and in cases where multiple extremal surfaces exist, it is the extremal surface
with least area.

The Ryu-Takayanagi formula receives quantum corrections from the entangle-
ment entropy of bulk quantum fields, but we consider only the classical limit in this
paper. We note also that for theories of gravity with higher powers of curvature or
higher derivatives, the entropy is computed using a more complicated functional
than area. However, we restrict attention in this paper to theories for which the

gravitational sector is Einstein gravity.

4.2.3 Energy conditions

To end this section, we briefly review a few of the standard energy conditions
discussed in the gravitational literature. These are statements about the stress-
energy tensor that are taken to be plausibly true, but which are generally not derived
from any underlying quantum theory.'!® The weak energy condition states that the

energy density in any frame of reference must be non-negative. Specifically, if u*

9 A similar simplification of relative entropy was noted in [103] when considering the problem of
finding entropy-maximizing states consistent with local data.
10See [104] for a recent argument for the null-energy condition based on perturbative string theory.
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is a timelike vector, then
Tyvutu > 0.

The null energy condition takes the same form, but with u is taken to be a null
vector. This is implied by the weak energy condition.

Various authors have also considered averaged energy conditions, in which the
conditions are only required to hold when averaged over some geodesic or spatial

region. This is the type of contraint that we will find below.

4.3 Constraints on spacetimes dual to Lorentz-invariant
1+1D field theories

In this section, we consider Lorentz-invariant holographic two-dimensional field
theories that flow from some CFT in the UV to another CFT in the IR. For such
theories, the vacuum state is dual to a spacetime of the form!!

2 F2(r)

ds
2

dr? +r}(—d® +dx?) (4.15)

where F (r) approaches constants both at » = 0 and at r = oo (giving AdS geometries
corresponding to the IR and UV fixed points).!> We would like to understand the
constraints on the function F(r) that arise from entanglement inequalities in the
CFT. Specifically, we consider the constraints arising from strong subadditivity.

For any spacelike interval, Lorentz-invariance implies that the entanglement
entropy depends only on the proper length of the interval, so entanglement entropy
for connected regions is captured by a single function S(R). As we reviewed in
Section 4.2, Casini and Huerta have shown [101] starting from strong subadditivity
that the function ¢(R) = dS/d(In(R)) = RdS/dR obeys ¢’(R) < 0. The function
¢(R) therefore decreases monotonically for increasing R, which leads immediately
to the Zamolodchikov c-theorem, since ¢(R) reduces to the UV and IR central
charge for small and large R respectively.

The holographic version of the statement ¢’(R) < 0 was obtained previously

" special cases, there may be additional compact directions in the dual spacetime. In these
cases, we consider the KK-modes of the metric and other fields as part of the matter sector.

12This choice of coordinates assumes that the spatial scale factor is monotonic in the radial direc-
tion. At the end of this section, we comment on the case where this doesn’t hold.
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in [97], but we review the calculation here since we will be generalizing this in
the next section. Using the Ryu-Takayanagi formula, the entanglement entropy for

an interval of length R in the geometry (4.15) is obtained by the minimum of the

F2(r) [ dr\? dx \*
S=[dA — 2 — 4.16
/ \/ 2 <d7t> tr (dl) (4-16)
with boundary conditions (r(4;),x(A;)) = (¥max,0) and (r(As),x(Af)) = (Fmax,R).
where 7, is a regulator that we will take to infinity. In Appendix C, we derive

action

a general formula for the variation of the entanglement entropy under a variation
in the endpoints of the interval for translation-invariant geometries. For the case
of variations in the size of spatial interval, the result (derived previously in [97]) is
that dS % equals the minimum spatial scale factor reached by the RT surface. Thus,

for our choice of coordinates,

ds
R ¢(R) =roR. (4.17)

To find an explicit relation between ry and R (and check that rg has a well-
defined limit as we remove the regulator), we note that the equation for curves x(r)

extremizing the action (4.16) is

2 dx
d r
dr =0.

TNV )

In terms of the ry, the value of r where dr/dx vanishes, we have

(d")z _ P (4.18)

(i)

Thus, we obtain

A / —1
rox

= 2/ dx 4.19
L Va2 —1 19
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We can now translate the strong-subadditivity condition ¢/(R) < 0 to a conve-

nient bulk expression. Starting from the relation (4.17), we have that

d dry d d’s [~ F'(rx)
—c¢(R) = ——(Rrny) = ——= — 4.20
&P = aran BV = |, o (420
Strong subadditivity implies that!3
dro _ d*S
—=—<0 4.21
dR dR? — “21)

so we have finally that diRc(R) < 0 is equivalent to the condition on F(r) that

oo F/
/ a0y
2
o /5 —1
o

for every rg. This result was derived originally in [97].

(4.22)

4.3.1 An averaged null energy condition

We will now show that the condition (4.22) can be interpreted as a particular aver-
aged null energy condition in this geometry.

We start by considering the light sheet emanating from the curve B, pointing
in the forward direction in time with light rays going towards the boundary. We
can define a null vector field on B directly along this lightsheet by the conditions
that u-u =0, u-dyxg = 0 and u*dyr = 1. Here, the scale factor r can be defined
asr = \/ﬁ , where & is the Killing vector corresponding to spatial translations
along the field theory direction. In our coordinates, we have
F(r) F(r)\/r* =13

a_lai 2
rro ror

(' u) =

13To see this, apply the strong subadditivity constraint (4.1) to the case where B is an interval of
length R and A and C are intervals of length SR to the left and right. Then strong subadditivity
implies that 2S(R + 6R) — S(R) — S(R+ 26R) > 0 which gives S”(R) < 0 in the limit 6R — 0.
Holographically, this implies that Ryu-Takayanagi surfaces for larger intervals must penetrate deeper
into the bulk.
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Physically, this null vector field is normalized so that translation by the vector field
produces the same (additive) change in the scale factor everywhere.
Defining 7y to be the stress tensor giving rise to the geometry (4.15) via Ein-

stein’s equations, we find that

F'(r)

Tvutu o
uvit rF(r)’

where we have used that the Einstein tensor in our geometry is

1
Gy = —
I‘23 2
r r
Gi=-Gy = F'(r)—
tt xx F(r)3 (l") F(r)2

From (4.15) and (4.18) the distance element along an RT curve B with minimal

radial coordinate ry is given by

drF
ds = d 2<r)
ro/ 5 —1

It follows that the condition (4.22) is equivalent to the condition that for every RT
curve B
/BT#vu“uvds > 0. (4.23)

Thus, the positivity of Casini and Huerta’s entanglement c-function is equivalent
in holographic theories (at the classical level) to this averaged null-energy con-
dition.'"* This is clearly implied by the null energy condition, but is a weaker
condition, since it is possible for 7,y u*u" < 0 to be negative locally while all the
integrals are positive.

We can give an alternative statement of the energy condition in terms of a
globally defined null vector field &, defined by replacing the condition u - d;xg =0
with u-& = 0, where & is the spatial Killing vector. In our coordinates, (&', 4", 4") =
(F(r)/r*,1,0). Physically, this null vector field is defined so that it points only in

the radial and time directions, and so that translation by the vector field produces

14This is not equivalent to what is usually called the averaged null energy condition, which in-
volves an average over null geodesics.
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the same (additive) change in the scale factor everywhere. In terms of this null
vector, the energy condition is also expressed as (4.23). In this case, the condition
(4.23) may be expressed by saying that the “Radon transform”!> of Tuvi*a" is

everywhere non-negative.

4.3.2 Non-monotonic scale factors

The coordinate choice (4.15) assumed the scale factor to be monotonic in the radial
coordinate. In this section, we briefly consider the case where it is not. Here, we

can choose coordinates
ds® = dr* +a(r)*(—dr* +dx?) . (4.24)

Asymptotically, a(r) must be increasing, but suppose that a'(r) < 0 in some in-
terval with upper bound r,, such that a’(r.) = 0. Note that any such geometry
violates the null energy condition d*/dr*(In(a)) < 0 which forbids local minima
of a. However, we would like to understand whether such a geometry can still
satisfy the constraints coming from strong subadditivity.

It is straightforward to check that ¢’(r.) = 0 implies that r = r, is an extremal
surface, so as rog approaches r., there will be a family of extremal surfaces end-
ing on boundary intervals whose length diverges. These extremal surfaces are re-
stricted to the region r > r., so their regulated length will scale with the interval
size R in the limit of large R. This is inconsistent with our assumption that the IR
physics is some conformal fixed point, so it must be that beyond some R., these ex-
tremal surfaces are no longer minimal. Let a; = limy_,-a(ro(R)) be the minimal
value of a attained by this branch of extremal surfaces.

In the present coordinates, the equations for an extremal surface penetrating to

some minimum radial value rq are

() =0 ()

Thus, we see that only when a(rp) = min,>, a(r) can an extremal surface reach

15Here we mean the map from a function on a space to a function on the space of geodesic curves
obtained by integrating the original function over the curve.
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the boundary. Otherwise, the previous equation would imply some negative value
for (%)2 at locations where a(r) < a(rp). Thus, the branch of extremal surfaces
which become minimal for R > R, have ry greater than the value where a(r) again
decreases past a(r.). Let ap be the maximal value of a for this R > R, branch of
solutions. We see that ay < a;.

Using the result (4.17) in the previous section, we have

% =a(ry) ¢(R) = Ra(ry)
so we see that non-monotonic scale factors, the entanglement c-function is discon-
tinuous, jumping from R.a; to R.a; at R = R,. This was emphasized previously in
[97].

Despite the discontinuous behavior of the RT-surfaces, the constraint from
monotonicity of the c-function can still be expressed as (4.23), as we can show
by repeating the calculations from the previous section in the coordinates (4.24).

In this case, the constraint applies only to the extremal surfaces with minimal area.

4.4 Constraints on spacetimes dual to states of 1+1D
CFTs

In this section, we place restrictions on translation and time-translation invariant
spacetimes dual to states of 1+1 dimensional holographic CFTs on Minkowski

space.

4.4.1 Constraints from positivity and monotonicity of relative
entropy

We start by considering constraints arising from the positivity and monotonicity of
relative entropy for spacelike intervals.

For our CFT state W, we can choose to work in a frame of reference where
the stress tensor is diagonal. We consider the density matrices p; for a spacelike
interval I from (0,0) to (Ry,R;). We will compare these to the density matrices
Gf " calculated from a reference state, which we take to be a boosted thermal state

with temperature B and boost parameter v. For these states the relative entropy
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S(pr||op™") must be positive and increase with the size of the interval,
57S(pilloP™) >0 (4.25)

where ;" represents a deformation (Ry,R;) — (Ry+ 6x,R, + 8t) that increases the
proper length of the interval. Note that positivity follows from this monotonicity
condition since the relative entropy is zero for a vanishing interval.

According to the result (4.14) and the discussion in that section, the optimal
relative entropy constraints will be obtained by choosing the reference state pa-
rameters (f3,v) such that the stress tensor of the boosted thermal state matches the
stress-tensor of our state. This requires v =0 and 8 = * such that the energy
density of the thermal state matches that of our state. From (4.14) the optimal

monotonicity constraint reduces simply to
57 {s(pr)~s(af)} <0 (4.26)

A general expression for the variation of the holographic entanglement entropy

under a variation in the interval is given in Appendix C. The result is:
8,8 = Sx[AF W] — 8t[Al Y0 o] (4.27)

where A? and AY are the spatial and temporal scale factors at the deepest point
ro on the extremal surface, defined for a general diagonal choice of the metric by
A® =\ /g (ro) and A? = /=g, (ro), and 1 = (1 — B2)~ 2 with B = (A,dr) / (Adx)
measuring the “tilt” of the geodesic at the point ry.

Using this result, the monotonicity constraint may be expressed as

ox{4snls — l4snlf - 3t {[ab0Bol — omBolf F <0 @2®)

where A refers to difference between our state and the reference thermal state with
the same stress-tensor expectation values. Here we require dx > 0 and |87| < dx, so
the strongest constraint will either be for 8¢ = 6x or 61 = —Jdx. Thus, an equivalent
statement is

Al (Ap £ BoAp)]r <0, (4.29)
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where A refers to the result for our state minus the result for the thermal state.

Spatial constraint
It is interesting to write the our constraint more explicitly for the special case of a
spatial interval. We choose coordinates for which the metric takes the form

ds® = Fzrgr)dﬂ +r2dx* — P G*(r)dr* | (4.30)
so that the radial coordinate measures the spatial scale factor. In this case, the
geodesics lie on constant time slices, so By = 0, y = 1, and the constraint (4.28)
gives
r(R) <A (R), (4.31)

Thus, the monotonicity of relative entropy constraint for spatial intervals is equiva-
lent to the statement that the minimum scale factor reached by an extremal surface
in the geometry associated with |¥) is never less than the value in the thermal state
geometry with the same (7).

Since r is a decreasing function of R according to (4.21), the condition (4.31)
is equivalent to

R(ro) < Rg(ro) , (4.32)

Using the coordinates (4.30) and the result (4.19), we can express this as

/] dxxz\/;j(F(rox) — Fy(rox)) <0. (4.33)
As we show in the next section, this constraint agrees asymptotically with the con-
dition of positive energy Tpo > 0.

More generally, we can show that the condition (4.33) is implied by but does
not imply the constraint of positive energy. To see this, we note that F (o) =
Fg(e°) = 1 and that for large r, F(r) — Fg(r) = ar " + O(r~ 1)) with n > 3. In
our coordinates, the positive energy constraint gives rF’(r) — F (r) + F3(r) > 0 with

equality for Fg(r) describing the thermal state. Thus,

1

(F—Fp) > —(Fp —F)(Fg+FgF +F>—1).
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To leading order in large r this is a(n —2) < 0, so that F(r) — Fg(r) must initially
decrease below zero as we move in from r = eo. Then since Fg(r) > 1, (F(r) —
Fg(r))’ > 0 and F(r) — Fg(r) must continue to decrease as r decreases, ensuring
that (4.33) holds.

Asymptotic Constraints

It is interesting to work out the implications of the relative entropy constraint
(4.29) on the asymptotic geometry of the spacetime. For this purpose, we choose

Fefferman-Graham coordinates

s — le(dzz + f(2)de® —g(2)dr?) . (4.34)

To apply the constraint (4.29) we need an expression relating the parameters f3,
A, and A to the parameters (Ry,R;) describing the boundary interval. Starting

from the area functional

2
Area(B / dz\/ + 1) (f;;) : (4.35)

we find that the surface is extremal if

d g _

dz \/1 %)2+f ( )z

d 8(2) g 0

— = . (4.36)
Eay1-5@ ()70 (2)°

Let zp be the maximum value of z reached by the surface, and define as above

8(zo) dt

BO = f(Zo) % <

=20),
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such that |By| < 1 for a spacelike path. In terms of these parameters, we get

(dx> _ Zh 1

“) " Tl
2 2

<ZZ) = A 02;2,?2)[ ] lﬁo[ e “37)

758

where we have defined fy = f(z0) and go = g(z0). Using these, we obtain

ZO

0 Zof\/ 2f0 B 2[1_122&}
8
ro= [ i Povs (4.38)

Z‘)g H EA R U

To understand the asymptotic constraints, we can write f and g asymptotically as'®

R,

fR)=14+2h+2 [+ i+ gR)=1-22h+2g3+2 ga+... .
(4.39)

where we have used tracelessness of the CFT stress tensor to conclude that

g2+ [f]2 o< (=T + T) =0

Defining the proper length L = \/R2 —R? and v = R,/R,, we can use (4.38) to
express L and v as power series in 7o with By-dependent coefficients. Inverting
these, we can express zo and Py as power series in L with v-dependent coefficients.

Finally, we can write the expression

518 = Yo(A§ £ fodh) = \/117 (JJFHBO\/&F)
—Fo

16Note that in purely gravitational solutions, f3 and g3 vanish, but more generally, these could be
sourced by another bulk field corresponding to an operator with sufficiently low dimension.
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appearing in (4.29) as a power series in L with v-dependent coefficients. Here we
have chosen the plus sign in (4.29) without loss of generality, since the constraint
is invariant under a swap of the sign and v— > —v. The monotonicity constraint
implies a negative difference between this expression for general f and g and the

expression with the thermal state values
1 1
fpr =1+ + 7 gp: =1-h'+ 17

Since we are working in the limit of small L, the negativity implies that the leading
order nonzero terms in the power series must have a negative coefficient.
In the case where f3 and g3 are nonzero, the leading order term is at order L2,

and negativity of the coefficient gives:
v(3v—2)gs+(2v—3)f3>0

This is required to be true for all |v| < 1 (corresponding to the tilt of the interval),

and we find that the combination of these conditions is equivalent to

S3\6—7

f<g f3 >

g3~ —0.1459g; (4.40)

In the case where f3 and g3 vanish, the constraint becomes the positivity of the L3

term, which gives

Vv 1)(gs = 3 )+ =2)(fi— /) 20

Again, this is required to be true for all |v| < 1, and the combination of constraints

gives

1 1 1
fa < 84 (fa= 3 £3) S AV3=T)(ga— 3 f3) = = OT17T8(34 = 1 13)
(4.41)

Comparison with standard energy conditions

We can compare our results to the standard weak and null energy conditions 7}y u*u¥ >

0 for various timelike or null vectors u. The non-vanishing components of the stress
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(f314,£214)

Figure 4.3: Relative entropy constraints on coefficients in the Fefferman-
Graham expansion of the metric (striped region). Constraints on the
right apply only if f3 = g3 = 0. Dark blue shaded region are the con-
straints from the null-energy condition. Full shaded region corresponds
to constraints from positivity of relative entropy, equivalent to con-
straints from the weak energy condition for timelike vectors with no
component in the radial direction.

tensor are

l / 1 ! l /)
r, - 18 1/ 1/¢g
2zg 2z f 4f g

g f/ f/ 2 f//
it = 2= - — 27—
" 4z< f+z(f> Zf)

/ N\ 2 "
T = -1 2g+z<g> —25 (4.42)
4z \ ¢ g g

Assuming that f3 and g3 are nonzero, the weak energy condition applied to timelike
vectors with no radial component (i.e. the non-negativity of energy for observers

moving in the field theory directions) gives

<83 <0, (4.43)

while including u#* in the radial direction strengthens the conditions to

1

f<gs < 583 (4.44)
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When f3 = g3 = 0, the weak energy condition applied to timelike vectors with no

radial component gives

1
fa<ga ﬁ—ZﬁSO, (4.45)

while the full weak/null energy condition gives

1 1 1
fa < g4 fam 33 < =3 (8a— 83 (4.46)

The conditions (4.40) and (4.41) coming from monotonicity of relative entropy
are intermediate between the weak/null energy condition considering only u in the
field theory directions and the conditions for general u. An interesting point is that
the weaker conditions (4.43) and (4.45) are exactly equivalent to the conditions

obtained by positivity of relative entropy (without demanding monotonicity).

4.4.2 Constraints from strong subadditivity

We now consider the constraints arising from the strong subadditivity of entangle-
ment entropy. For a state invariant under spacetime translations, the entanglement
entropy for any spacelike interval will be a single function S(R,, R,) where (R, R;)
represents the difference between the two endpoints. According to the discussion
in Section 4.2, the requirements of strong subadditivity in this case are implied
by the minimal set of strong subadditivity constraints (4.2). In these formulae,
we have defined Ry = R, = R;. To obtain explicit expressions for these, we can

evaluate the first derivatives using the result (4.27). We have

9+8 = 1(Ap F BoAp) (4.47)

where A;, Ay, Bo, and yp are defined in the previous subsection. From here, we can

write the constraints (4.2) explicitly by taking one more derivative. For example,

we have
a Py t
00§ = R [70(AG + BoAD)]
+
arO d X aBO d X
- dR dry ['}’0( 0+ﬁ0A6)} +3R+ 3130 [YO( O+ﬁOA6)]
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1( OR_ 9 . . IR 9
= A{—aﬁoam[?’o( 0+ BoAp)] + 5— 0 9Po [0 +ﬁoA’)]}
where
R IR
_ a0 P
A = det i 3k,
a0 9P

The strong subadditivity constraint is then that d, d_S < 0. Here, the determinant
A is positive for geometries in some neighborhood of pure AdS (and possibly more
generally); in this case, the constraint simplifies to the statement that the expression
in curly brackets is non-positive.

We can write an explicit expressions for R_ and R using the steps leading to

(4.38). We find
Ro= | ds}/o{ Sty )} (4.48)

where the integral is along the extremal surface, with length element
ds = dry/8m .
2 2
7\/[1_ | -8 1= ]

From this, the constraint d; d_S < 0 for each spacelike interval I can be expressed

as an integral over the extremal curve y ending on /. It is natural to expect that the
result can be expressed in a covariant form similar to (4.23), but we leave this for

future work.

Asymptotic constraints

Using the tools from Section 4.4.1, it is straightforward to work out the con-
straints on the asymptotic geometry implied by the strong subadditivity constraint
d+0_S <0. Note that the conditions d; d,S <0and d_d_S < 0 are always satisfied
asymptotically.

We work again in the Fefferman-Graham expansion (4.34) with metric func-
tions expanded as (4.39). We can write the expression (4.47) as a power series

in the proper length L of the interval, with coefficients depending on the ratio
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B = R,/R, and the coefficients appearing in (4.39). Acting with

JdL av
I = ROt R
1 1y N
= 5 1—|—v{aL+(1 V)Lav}

gives a power series for d, d_S, and the strong subadditivity constraint implies that
the leading non-zero coefficient must be negative.
In the case where f3 and g3 are nonzero, the leading order term is at order L,

and negativity of the coefficient gives:
2-1*)g3 < —(1-2%)f3

This is required to be true for all |v| < 1 (corresponding to the tilt of the interval),

and we find that the combination of these conditions is equivalent to

<g < —783 (4.49)

In the case where f3 and g3 vanish, the constraint becomes the negativity of the L?

term, which gives

(1= (gs— 1) < (1= P)(fam 1 3) 20 (4.50)

Again, this is required to be true for all |v| < 1, and the combination of constraints
gives
1, 1 1,
fa<ga (fa—=f) < —5(ga— 7 13) (4.51)
4 7 4
These constraints take a similar form to the constraints (4.40) and (4.41) from
monotonicity of relative entropy, but are slightly stronger. However, they are still
weaker than the constraints (4.44) and (4.46) arising from the null energy condi-

tion.
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4.5 Constraints on spherically-symmetric asymptotically
AdS spacetimes

In this section, we point out a simple constraint on the geometries of static, spheri-
cally symmetric asymptotically AdS,. , spacetimes. This would apply for example
to spherically symmetric “stars” made of any allowable type of matter in a theory
of gravity whose classical limit is Einstein gravity coupled to matter.

For these spacetimes, the dual state is an excited state of the dual CFT on a
sphere with a homogeneous stress tensor. If the mass of the spacetime (relative to
empty AdS) is M, the field theory energy is M/ (taking the sphere radius equal to
one for the CFT), so we can say that the energy density expectation value for this

state relative to the vacuum state is
ATyo) = — (4.52)

where Q is the volume of a d-sphere.
Now, consider a ball-shaped region By of angular radius 6y on the sphere. For

this region, the relative entropy for our state with respect to the vacuum state is

SBe(pHO) = A<Hmod>_AS

B cos(0) — cos(6p)
= 277,'/BdQ.d Sin(e()) A<T()0>-AS

where we have used the expression (4.7) for the modular Hamiltonian.
Since the stress tensor (4.52) is constant on the sphere, we can perform the

integral explicitly to obtain

2TMIQ,
Spe(P[0) = —AS+ leld(eo)

where

"B cos(0) —cos(By)  (sinB)?! 1dd
I = i a1 = 1—2F ( =,=; =+ 1;sin? )
1(60) /0 dBsin(0) Sin(0y) 7 [ 2 F <2, 75 ;sin 60> coseo]

Then, using the Ryu-Takayanagi formula, the positivity of relative entropy gives
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the constraint
r(g+})
AArea(Go) < SﬁGNMEId(Q()) — g~

d
r(s)
where AArea is the area of the bulk extremal surface with boundary 8Byg.

For the special case of a hemisphere (6y = 7/2), we have that

—_

AArea(m/2) < SﬁGNMEL—ZE) .
dr ()

SIESH

p1

which reduces for 3+1 dimensional gravity to
AA < ZﬂGNMfAdS .

Typically, the minimal area extremal surface bounded by an equator on the sphere
will be the surface bisecting the spacetime symmetrically, so this constraint bounds
the change in area for this bisecting surface by the mass contained in the space-
time.!” Roughly, the constraint places a bound on how much a certain amount of

total energy in the spacetime can curve the spacetime.

4.6 Discussion

In this paper, we have explored constraints from entanglement inequalities on
highly symmetric spacetimes. It will be interesting to see how these results gener-
alize to less symmetric cases. In our analysis, we have used only the classical term
in the Ryu-Takayanagi formula, so our constraints apply to gravitational theories
in the classical limit. It would be interesting to understand how the constraints are
corrected when the contribution of bulk quantum fields are taken into account. This
should be possible using the quantum-corrected holographic entanglement entropy

formula proposed by [28].

7In some cases, however, there may exist more than one extremal surface bounded by an equator,
and in this case, the minimal area surface may not be the symmetrical one.
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4.6.1 Constraints on entanglement structure from geometry

Before concluding, we offer a few remarks on the orthogonal research direction
of understanding which entanglement structures are consistent with the existence
of a geometrical dual spacetime. In the language of Figure 4.1, we would like to
precisely characterize the image of ¢ in . (or in (.}y). Here, we make a few
qualitative observations that hopefully illuminate how severe these constraints are.

Consider a general asymptotically AdS;,, spacetime. In a Fefferman-Graham

description of the metric,
1
ds* = 2 [dZ? + Ty (z,x)dxt dx"]

the information about the geometry is contained in the functions I'yy (2, x) of (d +
1) variables.

A set of entanglement entropies that includes a similar amount of information
as one of these functions is the set {S(R,x)} for ball-shaped regions with any ra-
dius R centered at any point x. At least close to the boundary (where the geometry
is similar to AdS), we expect that there is a one-to-one correspondence between
pairs (R, x) and bulk points (z,xp, ), obtained by choosing the point on the RT sur-
face with the largest value of z. For pure AdS, we have simply (z,xpux) = (R,x).
Thus, given the entanglement entropies for ball-shaped regions in one spatial slice,
it is plausible that we can reconstruct some combination of the metric functions
I'yv(z,x). The other combinations are related by Lorentz-transformations, so it is
further plausible that we can reconstruct the remaining functions (in some neigh-
borhood of the boundary) by considering entanglement entropies for ball-shaped
regions in other Lorentz frames.

Assuming this reconstruction is possible, we now have enough information
(the full geometry in a neighborhood of the boundary) to calculate entanglement
entropies for regions of any other shape. Thus, it is plausible that for a quan-
tum state with gravity dual, the entanglement entropies for regions of arbitrary
shape (assuming they are not too large) are completely determined from the en-
tanglement entropies for ball-shaped regions (in the various frames of reference).
Furthermore, they are determined in a very specific way, via construction of a dual

geometry and calculation of extremal surface areas. A natural question is then to
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understand which field theory Hamiltonians can give rise to low-energy states with
this entanglement structure, and/or why the known examples of holographic CFTs

have this property.
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Chapter 5

Entanglement Entropy of
Holographic States in Terms of
One-point Functions

5.1 Introduction

In holographic conformal field theories, states with a simple classical gravity dual
interpretation have a remarkable structure of entanglement: according to the holo-
graphic entanglement entropy formula [6, 7, 9], their entanglement entropies for
arbitrary regions (at leading order in large N) are completely encoded in the ex-
tremal surface areas of an asymptotically AdS spacetime. In general, the space of
possible entanglement entropies (functions on a space of subsets of the AdS bound-
ary) is far larger than the space of possible asymptotically AdS metrics (functions
of a few spacetime coordinates), so this property of geometrically-encodable en-
tanglement entropy should be present in only a tiny fraction of all quantum field
theory states [35]. It is an interesting question to understand better which CFT
states have this property!, and which properties of a CFT will guarantee that fami-

!Even in holographic CFTs, it is clear that not all states will have this property. For example, if
|¥1) and |¥,) are two such states, corresponding to different spacetimes My, and My,, the super-
position [¥1) + |¥;) is not expected to correspond to any single classical spacetime but rather to a
superposition of My, and My,. Thus, the set of “holographic states” is not a subspace, but some
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lies of low-energy states with geometric entanglement exist.

For a hint towards characterizing these holographic states, consider the gravity
perspective. A spacetime My dual to a holographic state |¥) is a solution to the
bulk equations of motion. Such a solution can be characterized by a set of initial
data on a bulk Cauchy surface (and appropriate boundary conditions at the AdS
boundary). The solution away from the Cauchy surface is determined by evolving
this initial data forwards (or backwards) in time using the bulk equations. Alter-
natively, we can think of the bulk solution as being determined by evolution in the
holographic radial direction, with “initial data” specified at the timelike boundary
of AdS. In this case, the existence and uniqueness of a solution is more subtle, but
the asymptotic behavior of the fields determines the metric at least in a perturba-
tive sense (e.g. perturbatively in deviations from pure AdS, or order-by-order in
the Fefferman-Graham expansion). It is plausible that in many cases, this bound-
ary data is enough to determine a solution nonperturbatively to some finite distance
into the bulk, or even for the whole spacetime. Thus, for geometries dual to holo-
graphic states, we can say that the bulk spacetime (at least in a perturbative sense)
is encoded in the boundary behavior of the various fields.

According to the AdS/CFT dictionary, this boundary behavior is determined by
the one-point functions of low-dimension local operators associated with the light
bulk fields. On the other hand, the bulk spacetime itself allows us to calculated
entanglement entropies (and many other non-local quantities). Thus, the assump-
tion that a state is holographic allows us (via gravity calculations) to determine the
entanglement entropies and other non-local properties of the state (again, at least

perturbatively) from the local data provided by the one-point functions:

|¥) = (Oa(x*)) — @ asymptotics — ¢ (x*,z) — entanglement entropies S(A)
(5.1)
where ¢ here indicates all light fields including the metric.?
The recipe (5.1) could be applied to any state, but for states that are not holo-
graphic, the results will be inconsistent with the actual CFT answers. Thus, we

general subset.

2Here, the region A should be small enough so that the bulk extremal surface associated with A
should be contained in the part of the spacetime determined through the equations of motion by the
boundary values; we do not need this restriction if we are working perturbatively.
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have a stringent test for whether a CFT state has a dual description well-described
by a classical spacetime: carry out the procedure in (5.1) and compare the results
with a direct CFT calculation of the entanglement entropies; if there is a mismatch
for any region, the state is not holographic.?

In this paper, our goal is to present some more explicit results for the gravity
prediction S§ ' ((0y)) in cases where the gravitational equations are Einstein grav-
ity with matter and the region is taken to be a ball-shaped region B. We will work
perturbatively around the vacuum state to obtain an expression as a power series
in the one-point functions of CFT operators. At first-order, the result depends only
on the CFT stress tensor expectation value [102]:

2

R? —
Sp([W)) = S};“C+27t/dd’1x 4
B 2R

(Too) + O((Oa)?). (5.2)

This well-known expression is universal for all CFTs since it follows from the first

law of entanglement §1)Sp = §(Hp), where

2_ 2

2R

R
Hp = —logpp™ =21 /B d®'x Too (5.3)

is the vacuum modular Hamiltonian for a ball-shaped region. Thus, to first-order,
the gravity procedure (5.1) always gives the correct CFT result for ball-shaped
regions, regardless of whether the state is holographic.

General second-order result for ball entanglement entropy

Our focus will be on the second-order answer; in this case, it is less clear whether
the gravity results from (5.1) should hold for any CFT or whether they represent a
constraint from holography. To obtain explicit formulae at this order, we begin by
writing

Ss(|W)) = Sp* + A(Hg) — S(psl|p5™) (5.4)

which follows immediately from the definition of relative entropy S(pg||pz*) re-

viewed in Section 5.2 below. We then make use of a recent result in [105]: to

3 Another interesting possibility is that the one-point functions could give boundary data that is
not consistent with any solution of the classical bulk equations; this possibility exists since the “initial
data” for the radial evolution problem obeys certain constraints.
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second-order in perturbations from the vacuum state, the relative entropy for a
ball-shaped region in a holographic state* is equal to the “canonical energy” as-
sociated with a corresponding wedge of the bulk spacetime. We provide a brief
review of this in Section 5.2 below. On shell, the latter quantity can be expressed
as a quadratic form on the space of first-order perturbations to pure AdS spacetime,

so we have

S(pslpi*) = AlH) ~ ASy = 36(564,800) +0(807).  (55)

Rearranging this, we have a second-order version of (5.2):

Sp(|¥)) = S+ 8Wsp+ 63 Ss+ 0(59%)

= S+ A(Hy) — 26 (364, 800) + 0(59°) 56
2 —I‘2

R
:S;;’C+2n/dd—‘x7
B

e To0) — 3 6(800,80u) + 6(59°).

As we review in Section 5.2 below, the last term can be written more explicitly as
£(69,600) = [ 0(85.£569) ~ [ £TSe". )

where X is a bulk spatial region between B and the bulk extremal surface B with
the same boundary, o is the “presymplectic form” whose integral defines the sym-
plectic form on gravitational phase space, Ta(; ) is the matter stress tensor at second-
order in the bulk matter fields, and & is a bulk Killing vector which vanishes on
B. The first-order bulk perturbations 8¢, (including the metric perturbation) may
be expressed in terms of the boundary one-point functions via bulk-to-boundary
propagators

6¢a(x,z) —/DBKO((X,Z;X/Xﬁa(x/)% (5.8)

where Dp is the domain of dependence of the ball B. Given the one-point functions
within Dg, we can use (5.8) to determine the linearized bulk perturbation in £ and
evaluate (5.7).

The expression (5.6), (5.7), and (5.8) together provide a formal result for the

4This second-order relative entropy is known as quantum Fisher information.
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ball entanglement entropy of a holographic state, expanded to second-order in the

boundary one-point functions.

Explicit results for 1+1 dimensional CFTs

In order to check the general formula and provide more explicit results, we focus
in Section 5.3 on the case of 1+1 dimensional CFTs, carrying out an explicit cal-
culation of the gravitational contributions to (5.7) starting from a general boundary

stress tensor. We find the result

1
605y =~ [ axt [ dd Ka o HTes ) (T G) + (4 )
(5.9)
where the integrals can be taken over any spatial surface B’ with boundary dB, and

the kernel is given by

6m2 | (R—x1)*(R+x)> x1>x

— , (5.10)
cR? (R+x1)2(R—x2)2 x1 < Xxp

K> (x1,x0) =

where c is the central charge. In this special case, the conservation equations de-
termine the stress tensor expectation values throughout the region Dp from the
expectation values on B, so as in the first-order result (5.2), our final expression
involves integrals only over B’. This will not be the case for the terms involving
matter fields, or in higher dimensions. As a consistency check, we show that the
expression (5.10) is always negative, as required by its interpretation as the second-
order contribution to relative entropy.

We can also check the formula (5.10) via a direct CFT calculation by consider-
ing states that are obtained from the CFT vacuum by a local conformal transforma-
tion. In two dimensions, states with an arbitrary traceless conserved stress-tensor
can be obtained, and the entanglement entropy for these states can also be calcu-
lated explicitly. We carry out this calculation in Section 5.4, and show that the
result (5.10) is exactly reproduced.

In Section 5.3.2, we consider the matter terms in (5.7) providing some explicit

results for the quadratic contributions of scalar operator expectation values. Here,
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as in the generic case, the result takes the form

1
§@s5m =~ [ | Gaplx,t)(0a(0) (X)) (5.11)
2 Jpg JDg
with integrals over the entire domain of dependence region.

Auxiliary de Sitter Space Interpretation

Recently, in [43] it has been pointed out that the first-order result §()S(x*, R) for
the entanglement entropy of a ball with radius R and center x* can be obtained as
the solution to the equation of motion for a free scalar field on an auxiliary de Sitter
space ds® = %S (—dR* + dx,dx*) with the CFT energy density (Tpo(x*)) acting as
a source term at R = 0. In Section 5.5, we show that in the 1+1 dimensional case,
the stress tensor term (5.10) for the entanglement entropy at second-order can also
results from solving a scalar field equation on the auxiliary de Sitter space if we
add a simple cubic interaction term. In an upcoming paper [106], it is shown
that this agreement extends to all orders for a suitable choice of the scalar field
potential. The resulting nonlinear wave equation also reproduces the second-order
entanglement entropy near a thermal state in the auxiliary kinematic space recently
described in [107].

Including the contributions from matter fields or moving to higher dimensions,
the expression for entanglement entropy involves one-point functions on the entire
causal diamond Dg, so reproducing these results via some local differential equa-
tion will require a more complicated auxiliary space that takes into account the
time directions in the CFT. This direction is pursued further in [108, 106].

Discussion

While the explicit two-dimensional stress tensor contribution (5.10) can be ob-
tained by a direct CFT calculation for a special class of states, we emphasize that
in general the holographic predictions from (5.1) are expected to hold only for
holographic states in CFTs with gravity duals. It would be interesting to under-
stand better whether all of the second order contributions we considered here are

universal for all CFTs or whether they represent genuine constraints/predictions
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from holography.® In the latter case, and for the results at higher order in pertur-
bation theory, it is an interesting question to understand better which CFT states
and/or which CFT properties are required to reproduce the results through direct
CFT calculations. This should help us understand better which theories and which

states in these theories are holographic.

5.2 Background

Our holographic calculation of entanglement entropy to second-order in the bound-
ary one-point functions makes use of the direct connection between CFT quantum
Fisher information and canonical energy on the gravity side, pointed out recently

in [105]. We begin with a brief review of these results.

5.2.1 Relative entropy and quantum Fisher information

Our focus will be on ball-shaped subsystems B of the CFTy, for which the the
vacuum density matrix is known explicitly through (5.3). More generally, we can

write it as
plec = ¢ M, Hp = /B e, (5.12)

where Ty is the CFT stress tensor operator and € is defined as

1
& = mgvvlwvdquvl A= ANdxVT (5.13)
so that n* g, is the volume form on the surface perpendicular to a unit vector n#,
and p is a conformal Killing vector defined in the domain of dependence region
Dg, with {g = 0 on dB. For the ball B with radius R and center xg in the t = ¢

slice, we have

{s = ‘%n(t —10) (x' —x0); + %[Rz — (-1 F-%)d. (.14

SThere is evidence in [109, 110, 111] that at least some of the contributions at this order can be
reproduced by CFT calculations in general dimensions, since they arise from CFT two and three-
point functions, though the results there most directly apply to the case where the perturbation is to
the theory rather than the state.

119



By the conservation of the current C[; T," associated with this conformal Killing
vector, the integral in (5.12) can be taken over any spatial surface B’ in Dg with the
same boundary as B.

vac

For excited states, the density matrix pg will generally be different than pp*.

One measure of this difference is the relative entropy

S(ps|lpp) = tr(pglogpg)—tr(pslogpp™)
= A(Hp) —ASs, (5.15)
where Hp is the vacuum modular Hamiltonian given in (5.12), Sg = —tr(pglog pp)

is the entanglement entropy for the region B and A indicates the difference with the
vacuum state.

For a one-parameter family of states near the vacuum, we can expand pg as
p(A) = P42 8p1 +A*8py + O(A3). (5.16)

The first-order contribution to relative entropy vanishes (this is the first law of en-
tanglement §()Sg = & (Hg)) so the leading contribution to relative entropy appears

at second-order in A. This quadratic in §p; with no contribution from 8p»,

S(ps(A)||pE*) = A% (8p1,8p1) pyec + O (A7), (5.17)
where . J
(8p,8p)o = 5 <5pdklog(6—|—15p)’l_o> . (5.18)

This quadratic form, which is positive by virtue of the positivity of relative entropy,
defines a positive-(semi)definite metric on the space of perturbations to a general
density matrix o. This is known as the quantum Fisher information metric.

Rearranging (5.15) and making use of (5.17), we have
Sp = S} + /B L (T )e¥ — A2 (8p1,8p1 o+ OA3) . (5.19)

This general expression is valid for any CFT, but the ¢/(A%) term generally has

no simple expression in terms of local operator expectation values. However, for
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holographic states we can convert this term into an expression quadratic in the CFT
one-point functions by using the connection between quantum Fisher information

and canonical energy.

5.2.2 Canonical energy

Consider now a holographic state, which by definition is associated with some dual
asymptotically AdS spacetime M. Near the boundary, we can describe M using a

metric in Fefferman-Graham coordinates as

ds® = %;’S (dz2 + dxydxt 424 F”V(x,z)dx“dx") (5.20)
where I';;y (z,x) has a finite limit as z — 0 and I' = 0 for pure AdS.

The relative entropy S(pg||pp*“) can be computed at leading order in large N
by making use of the holographic entanglement entropy formula, which relates
the entanglement entropy for a region A to the area of the minimal-area extremal
surface A in M with boundary JA,

Area(A)

5.21
4Gy (5:21)

A =
This yields immediately that ASy = (Area(A)y — Area(A)aqs)/(4Gy). The result
(5.21) also allows us to relate the A(Hg) term in relative entropy to a gravitational
quantity, since it implies that the expectation value of the CFT stress tensor is

related to the asymptotic behaviour of the metric through [37]

Zd—l
(Tuv) = 16;;2’;5r v(x,z2=0). (5.22)

Thus, for holographic states, we can write

Al s A — Area(A
o) = S [ g 0)er - A Aealass (s 5

SpsllPs™) = 1626x AGy

For a one-parameter family of holographic states | ¥(2)) near the CFT vacuum,

the dual spacetimes M(A) can be described via a metric and matter fields ¢ =
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(g, ™) with some perturbative expansion

g=gaas+ A8 +A%8g+ O0(1),
¢matter — l5¢fnatter + 125¢£natter 4 ﬁ(ﬁ}) . (524)

By the result (5.19) from the previous section, the second-order contribution to
entanglement entropy is equal to the leading order contribution to relative entropy.
This is related to a gravitational quantity via (5.23). The main result in [105] is
that this second-order quantity can be expressed directly as a bulk integral over the
spatial region ¥ between B and B where the integrand is a quadratic form on the

linearized bulk perturbations 8g; and & ¢{"*/¢".

Figure 5.1: The Rindler wedge Rp associated to the ball-shaped region B on
the boundary. The blue lines indicate the flow of {p, and the red lines
&p. The surface X lies between B and the extremal surface B.

To describe the general result, consider the region ¥ between B and B in pure
AdS spacetime, and define Rp as the domain of dependence of this region, as shown
in Figure 5.1. Alternatively, Rp is the intersection of the causal past and the causal
future of Dp; it can be thought of as a Rindler wedge of AdS associated with B. On

Rp, there exists a Killing vector which vanishes at B and approaches the conformal
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Killing vector {p at the boundary. In Fefferman-Graham coordinates, this is

£y = —%”(t — 0)[e: + (¢ — )3 + (R~ & — (1 =10~ (F— )], (529)
The vector &g is timelike hence defines a notion of time evolution within the region
Rp; the “Rindler time” associated with this Rindler wedge.

The “canonical energy”, dual to relative entropy at second-order, can be under-
stood as the perturbative energy associated with this time, as explained in [112].
This is quadratic in the perturbative bulk fields including the graviton, and given

explicitly by

&(681,001)

Ws (8¢1,£2,601)
= /Ea)f”” (5¢1,£536¢1)

= /Ew(581,£¢g581) + /Z " (51, £z, 6¢1)
— [ o6a1.te,800) - [ GTe (5.26)

In the first line, Wy, is the symplectic form associated with the phase space of grav-
itational solutions on X, and £536 1 is the Lie derivative with respect to & on ¢y,
the first-order perturbation in metric and matter fields. The symplectic form is
equal to the integral over X of a “presymplectic” form @/*! which splits into a

gravitational part and a matter part as in the third line. The matter part can be

(2)

written explicitly in terms of 7' ,”, the matter stress tensor at quadratic order in the

a

fields, while the gravitational part @ is given explicitly by

1
o\ 7)) = 1o o £ PP (R gyl — VeV aYly) (5.27)
. 1 1ot o 1 L1,
Pabcdej — gaegfbgcd . Egadgbegfc . Egabg dgej . 5gbcgaegfd + 5gb gadgef )

In deriving (5.26) it has been assumed that the metric perturbation has been ex-
pressed in a gauge for which the coordinate location of the extremal surface B does

not change (so that &g continues to vanish there), and the vector g continues to
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satisfy the Killing equation at B. Thus, we require that

Sslany) =0, (5.28)
£5,8(A)gny =0 (5.29)

As shown in [112], it is always possible to satisfy these conditions; we will see an

explicit example below.

5.3 Second-order contribution to entanglement entropy

Using the result (5.7), we can now write down a general expression for the ball
entanglement entropy of a general holographic state up to second-order in pertur-
bations to the vacuum state, in terms of the CFT one-point functions. According
to (5.19) and (5.26), the second-order term in the entanglement entropy for a ball
B can be expressed as an integral over the bulk spatial region ¥ between B and the
corresponding extremal surface B, where the integrand is quadratic in first-order
bulk perturbations.

These linearized perturbations are determined by the boundary behavior of the
fields via the linearized bulk equations. In general, to determine the linearized
perturbations in the region X (or more generally in the Rindler wedge Rg), we only
need to know the boundary behavior in the domain of dependence region Dp, as
discussed in detail in [113]. The relevant boundary behaviour of each bulk field is
captured by the one-point function of the corresponding operator. We can express

the results as
(801)a(x,2)|s = /D 4 Ko (x,2:2) (O () et (5.30)

where Ky (x,z;x’) is the relevant bulk-to-boundary propagator. As discussed in
[114, 113, 70], K¢, should generally be understood as a distribution to be integrated
against consistent CFT one-point functions, rather than a function. Since the ex-
pression (5.30) is linear in the CFT expectation values, the result (5.7) is quadratic
in these one-point functions and represents our desired second-order result.

To summarize, for a holographic state, the second-order contribution to entan-

glement entropy in the expansion (5.19) is the leading order contribution to the
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relative entropy S(pg||pp*). This is dual to canonical energy, given explicitly by:

8@ Sp=—(8p1,8p1)pye = —%5(6(])1,6(7)1) = —;/Zw(5g1,£§35g1)—|—;/ZégTa(bz)gb :
(5.31)

This is quadratic in the linearized perturbations 8¢, (including the metric pertur-

bation, and these can be expressed in terms of the CFT one-point functions on Dg

as (5.30).

5.3.1 Example: CFT), stress tensor contribution

In this section, as a sample application of the general formula, we provide an ex-
plicit calculation of the quadratic stress tensor contribution to the entanglement
entropy for holographic states in two-dimensional conformal field theories. This
arises from the first term in (5.7).

For a general CFT state, the stress tensor is traceless and conserved,

In two dimensions, these constraints can be expressed most simply using light-cone

coordinates x* = x +¢, where we have
(Ty_) =0 (T-_)=0_(Ty+)=0. (5.33)

Thus, a general CFT stress tensor can be described by the two functions, (T4 (x™))
and (T__(x7)).

Assuming that the state is holographic, there will be some dual geometry of the
form (5.20). According to (5.22), the stress tensor expectation values determine the
asymptotic form of the metric as

G G
Ty (x,0) =87 (T (x7)) T (x,0)=81—(T__(x)) (534)
Laas Caas
Now, suppose that our state represents a small perturbation to the CFT vacuum,

so that the stress tensor expectation values and the asymptotic metric perturbations
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are governed by a small parameter A:
[y (x,0)= Ak, (xT) I _(x,0)=Ah_(x"). (5.35)

Then the metric perturbation throughout the spacetime is determined by this asymp-
totic behavior by the Einstein equations linearized about AdS. Here, we need only

the components in the field theory directions, which give

1
?az(fazrw) +3p0PTyy =0. (5.36)

The solution in our Fefferman-Graham coordinates with boundary behaviour (5.35)
is

'V (x2) =Ah () TW(x,z) = Ah_(x") (5.37)
with the linearized perturbation I 2113 independent of z.

Satisfying the gauge conditions

We would now like to evaluate the metric contribution to (5.7)
1 T
S s — -3 /Z 0¥ (8g1,££,081) - (5.38)

This formula assumes the gauge conditions (5.28) which differ from the Fefferman-
Graham gauge conditions we have been using so far. Thus, we must find a gauge
transformation to bring our metric perturbation to the appropriate form. In general,

we can write
Yab = hab + (£Vg)ab = hab + Vavb + vaa . (539)

where 7 is the desired metric perturbation satisfying the gauge condition, and 4 is
the perturbation in Fefferman-Graham coordinates (equivalent to I" for d = 2).
The procedure for finding an appropriate V and evaluating (5.38) is described in
detail in [105], but we review the main points here. Defining coordinates (X4, X")
so that the extremal surface lies at some fixed value of X with X’ describing coor-

dinates along the surface, the gauge condition (5.28) (equivalent to requiring that
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the coordinate location of the extremal surface remains fixed) gives
. . | .
(V,-VIVA + [V,‘,VA]V’ + Vihi‘ — EVAhli)h} =0 (540)

while the condition (5.29) that £z continues to satisfy the Killing equation at B

gives

(hia+ViVa+VaVi) |3 =0, (5.41)

=0. (5.42)

1
<h/}) — 56;‘311% + VAV + VpVA — sgvcvg>
B

To solve these, we first expand our general metric perturbation in a Fourier

basis.
By (t,x,2) = A / [5;6jf;+(k)eikx+ +8,6, h_ (k)e”“’} dk, (5.43)

with a gauge choice hy,(f,x,z) = 0.

For each of the basis elements, we use the equations (5.40), (5.41) and (5.42)
to determine V and its first derivatives at the surface V. For these calculations, it
is useful to define polar coordinates (z,x) = (rcos 6,rsin ). Since the gauge con-
ditions are linear in V, the conditions on V for a general perturbation are obtained

from these by taking linear combinations as in (5.43),

Vi(t,x,z) = A / [Va+(k)eik“+x7a—(k)e"’“’ dk . (5.44)
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After requiring V, remain finite at 6 = +Z, we find

. efikt ) ) ) _(k2r2 0082 0— 1)eikrsin6
V. (k;t,r,0) = B0 (—zcos(kr) +sin @ sin(kr) — i 5 )
. o—ikt
V., (k;t,r,0) = Brood sin(kr) — isin 0 cos(kr)
r
B (k*r* cos? O sin O + ikrcos® @ + 2isin §)e*rsin®
2
R —ikt ) _ 2sin(k
oVy (k;t,r,0) = TCreod ((2—|-k2r2 cos? 0 — 2ikr sin B)e’k”me - S;;”)
o o—ikt
8,V9 (k;t, I, 6) = m (21COS(kl")

o+ [2krsin 6+~ sin B cos? 6 -+ (1K cos 0 — kr? 42)] e )

(5.45)

where the V* solutions are related through V.* (k;t,7,0) =V~ (k; —t,r,0) and V;” (k;t,7,0) =
—V,;"(k;—t,r,8). The results here give the behavior of V and its derivatives only at
the surface B (r = R in polar coordinates). Elsewhere, V can be chosen arbitrarily,

but we will see that our calculation only requires the behavior at B.

Evaluating the canonical energy

Given the appropriate V, we can evaluate (5.38) using

(8, v,£ey) = oO(h+4£vg fe(h+4£vg)) (5.46)
= w(gahvféh)_‘_w(gah+£vg7£[§,V]g)_a)(gvi‘é‘hang)

where
[E. V]9 =EPQ Ve —VPO,E" (5.47)

and we have used that £z ¢ = 0. We can simplify this expression using the gravita-

tional identity
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where

1
LX) = gt { POVX — JHVR VK VR VX0
(5.49)
Thus, we have
o(8,7,£:Y) = 0(g, h,£ch) +dp (5.50)
where
Finally, choosing V so that it vanishes at B, we can rewrite (5.38) as
<5’:/w(g,h,£5h)+/~p(h,V) . (5.52)
) B

In this final expression, we only need V and its derivatives at the surface B. Thus,
we can now calculate the result explicitly for a general perturbation. In the Fourier

basis, the final result in terms of the boundary stress tensor is

& :/dkl/dkzkz(kl,kz) (Tos (k)WTos (k2)) + {4 5 =1, (5.53)

where the kernel is

256m2 R* Gy

(klakZ) EAdSK'?)(K K) (K+K)3

[(K5 —2(K2+4)K3 + K*K) cosK

—(5Kk* —6K*k* + k*)sinK + 8K’ cos k] ,
(5.54)

with K = R(k; +k2),x = R(k; — k). We note in particular that the result splits
into a left-moving part and a right-moving part with no cross term.

Transforming back to position space
&— /,dxl / At Ko (b ) (Tos GOV (T () 4 {4 0 ), (5.59)

where the kernel K, is symmetric under exchange of xft and xzi, and has support
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only on xli € [—R,R]. Focusing only on the domain of support, we have

412Gy | (R—x1)2(R+x2)* x1>x2

(5.56)
Relaas | (R+x1)2(R-x)? x1 <x

K>(x1,x0) =

Using the relation ¢ = 3/445/(2Gy) between the CFT central charge and the gravity
parameters, we recover the result (5.10) from the introduction.

Like the leading order result in (5.19), the integrals can be taken over any sur-
face B’ with boundary dB. The fact that we only need the stress tensor on a Cauchy
surface for Dp is special to the stress tensor in two dimensions, since the conserva-
tion relations allow us to find the stress tensor expectation value everywhere in Dp
from its value on a Cauchy surface. For other operators, or in higher dimensions,
the result will involve integrals over the full domain of dependence. We will see an

explicit example in the next subsection.

5.3.2 Example: scalar operator contribution

We now consider an explicit example making use of the bulk matter field term in
(5.7) in order to calculate the terms in the entanglement entropy formula quadratic
in the scalar operator expectation values. The discussion for other matter fields
would be entirely parallel. This example is more representative, since the formula
will involve scalar field expectation values in the entire domain of dependence Dp,
i.e. a boundary spacetime region rather than just a spatial slice. The results here
are similar to the recent work in [109, 110, 111], but we present them here to show
that they follow directly from the canonical energy formula.

We suppose that the CFT has a scalar operator of dimension A with expectation
value (O(x)). According to the usual AdS/CFT dictionary, this corresponds to a
bulk scalar field with mass m> = A(A —d) and asymptotic behavior

0(x,z) = Y2 (0(x)), (5.57)

where 7 is a constant depending on the normalization of the operator &'. The

leading effects of the bulk scalar field on the entanglement entropy (5.7) come
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from the matter term in the canonical energy

Smatter: /63 ab . (558)

Using the explicit form of g from (5.25) and € from (5.13), this gives (for a

ball centered at the origin)

(2) gmatter Egd; R dz 2 2 2\7(2)

oS = / / (R -7 =x")Ty (x,2) . (5.59)
0 X2<R2— 22

This expression is valid for a general bulk matter field. For a scalar field, we have

1
T = 0.019p1 — Egab(ng e 010401 +m*97) (5.60)

where g,;, is the background AdS metric and ¢, represents the solution of the lin-
earized scalar field equation on AdS,
1 d—1 i m?
Zdjaz{z az¢}+a“a 0-"50=0. (5.61)
with boundary behavior as in (5.57). This solution is given most simply in Fourier

space, where we have

2'I(v+1) g ey 72,
_ L o
o (8-R)
(5.62)
where v = A —d/2, but we can formally write a position-space expression using a

bulk-to-boundary propagator K (x,z;x') as [115, 116]

01(6,2) =y / AYK (x, ) (0 (X)) . (5.63)

The integral here is over the boundary spacetime, however it has been argued (see,
for example [113, 114]) that to reconstruct the bulk field throughout the Rindler
wedge Rp (and specifically on X), we need only the boundary values on the do-
main of dependence region. We recall some explicit formulae for this “Rindler

bulk reconstruction” in Appendix D. Combining these results, we have a general
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expression for the scalar field contribution to entanglement entropy at second-order

in the scalar one-point functions,

d—1 R
_EAdS dz

8(2)Sscalar —
B 2 Jo 741

/X e dd’lxg(Rz —2-2) (5.64)
2
{(90¢1)2 +(0i91)* + (2:01)* + ’?2‘7’12}

where ¢, is given in (5.62) or (5.63) .
As a simple example, consider the case where the scalar field expectation value

is constant. In this case it is simple to solve (5.61) everywhere to find that
1 (x,2) = Y(O)" . (5.65)

Inserting this into the general formula (5.64), and performing the integrals, we

obtain

med=] A4 - Dra-4+1)

S(Z)SSBL‘alar — _ 2(15 Y2<ﬁ>2R2AQd_2 F(A + 3) (566)
2

This reproduces previous results in the literature [100, 110].

5.4 Stress tensor contribution: direct calculation for
CFT,

In Section 5.3.1, we used the equivalence between quantum Fisher information and
canonical energy to obtain an explicit expression for the second-order stress tensor
contribution to the entanglement entropy for holographic states in two-dimensional
CFTs. This is applicable for general holographic states, whether or not other matter
fields are present in the dual spacetime (in which case there are additional terms in
the expression for entanglement entropy). In special cases where there are no mat-
ter fields, the spacetime is locally AdS and we can understand the dual CFT state as
being related to the vacuum state by a local conformal transformation. We show in
this section that in this special case, we can reproduce the holographic result (5.56)
through a direct CFT calculation, providing a strong consistency check. We note

that the result does not rely on taking the large N limit or on any special properties
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of the CFT, so the formula holds universally for this simple class of states.

Our approach will be to develop an iterative procedure to express the entan-
glement entropy as an expansion in the stress tensor expectation value for this
special class of states. We evaluate the entanglement entropy for these states from
a correlation function of twist operators obtained by transforming the result for the
vacuum state.® Similarly, the stress tensor expectation values follow directly from
the form of the conformal transformation. Inverting the relationship between the
required conformal transformation and the stress tensor expectation value allows us
to express the entanglement entropy as a perturbative expansion in the expectation

value of the stress tensor.

5.4.1 Conformal transformations of the vacuum state

In two-dimensional CFT, under a conformal transformation w = f(z), the stress

tensor transforms as

o= (%) U (re+ S i) (567)

Here c is the central charge of the CFT and the inhomogeneous part is the Schwarzian
derivative

_ ") 32
T @) 2P
For an infinitesimal transformation f(z) = z+ A €(z), the Schwarzian derivative
can be expanded as

(5.68)

{f(2):2}

&+lddm}lé%d12GW&R%®+3MQV>+l%5@V€%@+3€@k%05+~‘

(5.69)
The CFT vacuum is invariant under the SL(2,C) subgroup of global conformal
transformations. However, for transformations which are not part of this subgroup,
the vacuum state transforms into excited states. The action of the full confor-

mal group includes the full Virasoro algebra which involves arbitrary products and

6 A similar approach was recently used to derive the modular Hamiltonian of these excited states
in [117].
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derivatives of the stress tensor
Id~1,T,0"T,T>,TO"T, - . (5.70)

These states capture the gravitational sector of the gravity dual. Other excited
states can be obtained by the action of other primary operators and their descen-
dants. However we restrict ourselves to the class states that are related to ‘pure
gravity’ excitations, which are the states obtained by conformal transformation of
the vacuum state.

We denote the excited state as | f) = Uy |0) where Uy is the action of a confor-
mal transformation on the vacuum |0). The expectation value of the stress tensor

for the state perturbed state | f) is

)

(T = 00 T@U0) = O 010 = () sz, 5
where we used that (0|7 (z)|0) = 0. The anti-holomorphic component of the stress
tensor 7'(Z) is similarly related to the anti-holomophic part of the conformal trans-
formation f.

To leading order in a conformal transformation near the identity, this equation
relates the conformal transformation to (7'(z)) by a third-order ordinary differen-
tial equation. The three integration constants correspond to the invariance of (T'(z))
under the global conformal transformations. Thus we have an invertible relation-
ship between the conformal transformations modulo their global part and (7'(z)),

at least near the identity.

5.4.2 Entanglement entropy of excited states

In a two-dimensional CFT, the entanglement entropy can be explicitly computed
using the replica method [118, 83]. The computation can be reduced to a corre-

lation function of twist operators @, which are conformal primaries with weight
(hna}_ln) = i(n_ l/nvn - 1/”)
The Rényi entropy is
exp ((1 - n)s<">) = (D (21)P_(22)) = (22 —21) V. (5.72)
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The entanglement entropy is obtained by taking the n — 1 limit of S (),

(z2—21)?
52 ’

Svac - hn}S(n) - llm (1 —n)fl 10g(z2 —Zl)fzhn — ilog
n—

5.73
n—1 12 ( )

For the excited states obtained by conformal transformations z — w = f(z) the

Rényi entropy is

exp ((1=mst) = (/14 (2)@-(@2)If) (5.74)
df\N"" faf\ " raF —hy, dF —hy

- (df) (df) (df) (dﬁ) (0@ (1)@ (22)[0).

(5.75)

Here 71,2, are the points f(z1) = f(Z1) = —R, f(z2) = f(Z2) = R. The entangle-

ment entropy of the excited state is

(n)

Sex = lim Sgx
n—1

= ilog

f'(@)f (@) f' @) f (22) (22 —21)
B ’ . (5.76)

52

Therefore the change in entanglement entropy respect to the vacuum state is

SUT RIS R R) — fH(=R)?

88 = Sex — Svac =— log

(5.77)
+ S log PRV =R)FR) —F ' (—R)?
12 (2R)?

By inverting (5.71), the conformal transformation required to reach the state
|f) can be expressed as a function of the expectation value of the stress tensor.
Plugging this f into (5.77), allows us to express the entanglement entropy as a
function of the expectation value of the stress tensor alone, as we set out to do.

In practice, we will invert (5.71) order by order in a small conformal trans-
formation and express the entanglement entropy as an expansion in the resulting
small stress tensor. The second-order term in this expansion will be the Fisher
information metric.

In the following, we will focus on the holomorphic term in (5.71), noting that
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the anti-holomorphic part follows identically.’

5.4.3 Perturbative expansion

Consider a conformal transformation perturbation near the identity transformation

w=f(z) =z24+A[i(2) + A2 H@)+ A2 f3(2) + - -, (5.78)

where A is a small expansion parameter.

In this expansion,

12 /1 3 /! / /1 /1 /11
ZT(w) =2 (w)+ 27 (—zfl () =3 A" O) + £ 0) = Fi () f <w>> +O),
(5.79)
and the entanglement entropy is
%Sex log f’(z1)f’(z;g(zz —z1)?
C {R(f{(R) +AR) AR (R
2 (iR) = fi(=R)*  —fi(=R)i(=R) + fi(R)fi(R) + fo(~R) = /»(R)
+22(- IR * 1 R
 SRCRY = SARP+ F-R)+ AR) ~ (-R)F (~R) ~ (R (R))
+ O0(A%). (5.80)
Linear order
To first-order in A, the stress tensor is given by
(T(2) = A5 @)+ 627, (5.81)

"Note that the potential cross-term between left and right moving contributions vanished in the
gravitational computation of 5s.
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so that change in the expectation value of the modular Hamiltonian becomes

§(H) = 24R/ dz (R —2)f!"(2)
Ac

= Gp (R =DH@+26A60 - A@)]),
- 1122[ R(fI(R)+f{(—R) — (i(R)— fi(-R))] . (5.82)

From (5.77) we also have that the first-order change in entanglement entropy is

6(1)5 AC

g [RUAR) +A(=R) = (1(R) = Ai(=R))] - (5.83)

Comparing with (5.82) we see that the first law of entanglement holds

WS = §(Hg). (5.84)

Second-order

The second-order change in entanglement entropy gives the second-order relative
entropy as the modular Hamiltonian is linear in the expectation value of the stress
tensor. This is the quantum Fisher metric in the state space, which is dual to the
canonical energy in gravity [105]. In this section, we obtain the expression for
canonical energy from the CFT side and find an exact match to the results of Sec-
tion 5.3.1.

Our procedure so far yields the entanglement entropy of a subregion in terms

of a perturbative expansion in small stress tensor expectation value

/71{1 / da dZZ K> (z1,22)(T(21)){T(z2)) + -~
+{z+Z}. (5.85)

To obtain K»(z1,z2), we need to invert the relationship in (5.79) order by or-
der, the lower order solutions f;_1, fi_2,--- f1 becoming sources for the i-th order
solution.

Taking the explicit expression for (T'(z)) to simplify solving the differential
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equations,
(T(2)) =2 (cle"k‘Z —|—czeik22> , (5.86)

is sufficient to extract the Fourier transformed kernel.

The first-order solution is
12i eiklz eikzz
fl(Z):F1+F2Z+F3Z2+C<C1]<:1,)+Czkg) s (587)

where F; are constants that corresponds to the global part of the conformal trans-
formation and do not effect the final result. We take these constants to be zero for

simplicity. The second-order solution is

9 [11i, yetkiz — gkz  ¢ey efkith)z (k4 3kok3 + 3Kk3k2 + 3kaky +K3)

L= |y g ) g (ki +K2)3
(5.88)
With these solutions, we obtain
- 2 sin(kR) — kRcos (kR)
k)= — 5.8
W= P , (5.89)
as well as
s 96R* (K° —2(k> +4)K> + k*K) cos K — (5K* — 6K k* + k*) sin K + 8K> cos k
KZ (kl >k2) = X 3 3 3 5
K3(K—x)3(K+x)
(5.90)
with K = R(k] —i—kz) and K = R(k] — kz).
Taking the inverse Fourier transformation of K (k)
- . R -7
Ki(z) = / AR (K)o = xS W (R2) (5.91)
where R R

2

is a window function with support x € [—R, R].

138



The second-order position space kernel is

67 | R—z1)*(R+22)*> —R<z<z1 <R
Ka(z1,22) = e : (5.93)
¢ (R+Z1)2(R—Zz)2 —R<7z1 <2 <R

The anti-holomorphic part is the same with z — Z, and the cross term vanishes.

With the relation
_ 3lags

“T 26y

this reproduces the kernel for canonical energy in (5.56).

(5.94)

This result holds for regions defined on any spatial slice of the CFT. If we
choose the ¢ = 0 slice, z = Z = x and our result becomes

1
8Sgp = — / dx, / doxs Ko (ox1,32) [T (e1)) (T (02)) (T (x)) T (x2))]
Changing variables using x; = x — r, xo = x+r, the kernel is simply

1277

Ka(x,r) = Kalx, —r) = —o5 [(R—r])” ~ P OR-|r|~ ). (595

5.4.4 Excited states around thermal background

A similar analysis can be applied to perturbations around a thermal state with tem-
perature T = B~!. If we denote homogeneous thermal state |B3), the stress tensor

one-point function is
2

¢
TB)=—. 5.96
BITIB) = ¢35 (596)
This can be obtained by a conformal transformation from the vacuum with
fp(z) = Elog(z). (5.97)
2n

On top of this transformation, one could also apply an infinitesimal conformal

transformation to obtain non-homogeneous perturbation around thermal state.
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A similar computation as the previous section leads to the first-order kernel

KP(z) = 2[;R) sinh (”(Rﬁ_z)) sinh (’I(R[;Z)) , (5.98)

B sinh(T

which is the modular hamiltonian of thermal state in 2d CFT.

Furthermore, the second-order kernel is

2432 sinh? (@) sinh? (”(Rgm)) —R<2 <71 <R

¢ sinh*(35%) | sinn? (%) sinh? ( ”(R*m)) “R<z<u<R

B
(5.99)

KZﬁ (Zl 7Z2) =

Consistency check : homogeneous BTZ perturbation

As a check, consider the homogeneous perturbation example, where (T) = (T) =

A 8
8Gn *

In the AdSs this is a perturbation towards the planar BTZ black hole geometry,

ds* = 212 (d2 + (1+A2%/2)%dx* — (1 — AZ%/2)dt?) (5.100)

in Fefferman-Graham coordinates. Holographic renormalization (5.22) tells us the

stress tensor expectation value of the dual CFT is

(Th) = % (1) +(T)) = SfGN : (5.101)

As the black hole corresponds to the thermal state in CFT, the dual state be obtained
by the conformal transformation (5.97).
First, applying (5.77) for this conformal transformation, the change in entan-

glement entropy with respect to the vacuum is

22 R* E 4R

4
900G 2835G+ﬁ(l ), (5.102)

R2
5S—7L@—

which matches the previous known results [100, 105].

2
8 = % sets the temperature.
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The linear order equals 6 (Hp) as expected from the entanglement first law.
The second-order term gives the quantum Fisher information or the canonical

energy

R4
a=0  45Gy

d2

&=

AE —AS)‘ (5.103)

Using the formula using the second-order kernel (5.85) and (5.93), we obtain the

same canonical energy

4
a—o 45Gy

B d> [1 [dz [dzn
& = 2.5 [2/32% Bsz(xl,x2)<T><T>} - (5.104)

5.5 Auxiliary de Sitter space interpretation

In [43], it was pointed out that the leading order perturbative expression (5.2) for
entanglement entropy, expressed as a function of the center point x and radius R of
the ball B, is a solution to the wave equation for a free scalar field on an auxiliary
de Sitter space, with (Tpo(x)) acting as a source.

It was conjectured that higher order contributions might be accounted for by
local propagation in this auxiliary space with the addition of self-interactions for
scalar field. In this section, we show that for two-dimensional CFTs, the second-
order result (5.10) can indeed be reproduced by moving to a non-linear wave equa-
tion with a simple cubic interaction to this scalar field. A slight complication is that
we actually require two-scalar fields; one sourced by the holomorphic stress tensor
T, +, and the other sourced by the anti-holomorphic part 7__; the perturbation to
the entanglement entropy is then the sum of these two scalars, S = 85, + 8S_,
reproducing both terms in (5.10). We will focus on 85 since 8S_ follows identi-
cally.

To reproduce the second-order results for entanglement entropy, we consider

an auxiliary de Sitter space with metric

L2
dsis = ﬁ (—dR*+dx*) . (5.105)
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and consider a scalar field 65 with mass mzL‘%S = —2 and action

2= IV, (85.) VO (85,) + P (85,2 + - (85,)° . (5.106)
2 2 cLyg

The equation of motion is

12
L2

(V%S —mz) 0S4+ (R,x) =
CLys

(85, (R,x))*. (5.107)
As shown in [43], the first-order perturbation (5.2) obeys the linearized wave equa-
tion

(Vs —m*) 8WS,(R,x) = 0. (5.108)

We can immediately check that the second-order perturbation (5.10) is consistent
with the nonlinear equation by acting with the dS wave equation on the second-
order kernel (5.93)

24
CLLZZ g

(Vﬁs—mz) Ky (x] —x,0p —x) = — Ki(x1 —x)K;(x —x). (5.109)

Integration against the CFT stress tensor then gives (5.107).
Alternatively, introducing the retarded® bulk-to-bulk propagator [119]

n2+n/2_(x_x/)2

Gas(n,x;m',x") = — g (5.110)
and bulk-to-boundary propagator
n’—(x—x);
Kys(n,x;x") = lim |—4zme lim Gys(n,x;n',x")| = 1———H5.111)
£—0 n’'—e n
we can show directly that the solution with boundary behavior
4r 2 3

9These propagators are defined to be non-zero only within the future directed light-cone. This is
important in reproducing both the support and the exact form of K (x1,x7).
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forR — 01is
51S, (R, xo) = /dedS(R7x0;x)(T++(x)) (5.113)
at first-order and
12 2
815, (ko) = 2 [ an'avleas]Gas(Ronoi ) ( [ aekas(' )T
dS
(5.114)

at second-order, where the latter term comes from the diagram shown in Figure
5.2.

(R, )
55,

g3

55, 5S4

zT—R 1 T2 x4+ R

Figure 5.2: Feynman diagram which computes §(2'S. The 5. field propa-
gates in de Sitter with a cubic interaction given by (5.106). The bold
(red) line is the conformal boundary of de Sitter which is identified with
a time slice of the CFT. 65 is sourced by the CFT stress tensor on this
boundary.

The integrals can be performed directly to show that these results match with
the expressions (5.2) and (5.10) respectively.
A useful advantage of writing the second-order result in the form (5.114) is

that it is manifestly negative. More explicitly, we have

2

R2 y)?
R24+n2—(x
89S, (Rxo) = I /dndy\/ 8as| n’ R 0= [/B dxKas(1,y;%) (T (x))
ds y

(5.115)
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where \/m and the squared expression are manifestly positive and the bulk-
to-bulk propagator (5.110) is positive over the range of integration where (y —
x0)? < (R—n)?. That this expression is negative is required by the positivity of
relative entropy, since we showed above that —32)§ represents the leading order
perturbative expression for the relative entropy.

Recently, it has been realized that the modular Hamiltonian in certain non-
vacuum states in two dimensional CFTs can be described by propagation in a dual
geometry [107] matching the kinematic space found in [120, 121]. We find that the
results of Section 5.4.4 can be explained by the same interacting theory (5.106) on

this kinematic space. The kinematic space dual to the thermal state is [107]

ds* = AL (—dR*+dx*) . (5.116)
B2sinh? (%)

The second-order perturbation to the entanglement entropy from (5.99) obeys the

wave equation (5.107) with the same interactions in this kinematic space.

We could imagine adding additional fields propagating in de Sitter to capture
the contributions to the entanglement entropy from scalar operators discussed in
Section 5.3.2. However, unlike the contribution from the stress tensor, this con-
tribution involves integration of the one-point functions over the full domain of
dependence Dg. In higher-dimensions, this will also be true for the stress tensor
contribution. The R = 0 boundary of the auxiliary de Sitter space does not include
the time direction of the CFT, so any extension of these results to contributions
of other operators or higher dimensional cases will require a more sophisticated

auxiliary space. Promising work in this direction is discussed in [108, 106].
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Chapter 6

Conclusion

This thesis investigated entanglement entropy using holographic duality focusing
on its applications to a particular class of noncommutative theories in Part I and on
general properties of the holographic formula for entanglement entropy in Part I1.

In Part I, Chapter 2 applied the holographic Ryu-Takayanagi formula for en-
tanglement entropy to noncommutative theories. A violation of the area law was
found as is to be expected in nonlocal theories. We interpreted our results as an in-
dication that the vacuum states of these noncommutative theories are entangled on
length scales of the nonlocality leading to an enhancement in the effective number
of degrees of freedom involved in the entanglement entropy between two spatial
regions.

Chapter 3 followed up on the study of entanglement entropy in this class of
noncommutative theories by studying them in a different perturbative regime. The
aim was to explore in what regimes similar violations to the area law could be
found. It was found that noncommutative interactions did not induce long range
entanglement in the vacuum state of these theories to leading order in perturbations
theory.

Part I fits into a larger effort to apply this holographic formula to better under-
stand the entanglement entropy in the full range of field theories with holographic
duals. The class of noncommutative theories studied are interesting as they involve
many unusual ingredients in the context of gauge-gravity duality. These include a

nontrivial dilaton profile and compact dimensions and the presence of a bulk two-
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form field in the gravitational dual. In addition, entanglement entropy is interesting
in its own right in the larger context of the study of noncommutative field theories.
It would be interesting to investigate the onset of long range entanglement in these
theories, perturbatively at large N and through further holographic studies.

Part II focused on the properties of entanglement entropy in general holo-
graphic states. Chapter 4 explores the constraints imposed by the existence the
holographic formula for entanglement entropies on the geometries of holographic
duals. A number of constraints were identified. In particular, the strong subadditiv-
ity of entanglement entropy implies that the dual geometry must obey an averaged
null energy condition in three dimensional gravity.

Chapter 4 describes the first step in a programme of relating the constraints
on geometries imposed by the holographic entanglement entropy formula to phys-
ically motivated constraints like energy conditions. It would be particularly inter-
esting to extend our results to higher dimension or to explore the implication of
other field theoretic entanglement identities. The technical difficulties of dealing
with the nonlocal nature of the holographic formula provide the major barrier to
such extension. It may be that recent approaches to reorganising the data in holo-
graphic dualities using an auxiliary kinematic space along the lines of [108] may
provide some insight into these technical difficulties.

In the classical limit, the dual holographic geometry is determined by the one-
point functions of the field theory. This geometry allows us to compute the en-
tanglement entropies through the holographic Ryu-Takayanagi formula. Chapter
5 expresses the entanglement entropies of holographic states directly in terms of
these one-point functions. In particular the entanglement entropy in a class of
purely gravitational asymptotically AdSs states is expressed in an expansion in the
one-point function of the stress tensor of the field theory. This is confirmed directly
in the dual conformal field theory. This result is then interpreted in terms of the
propagation of a self-interacting scalar field in an auxiliary de Sitter space.

Chapter 5 describes the first steps in a program of relating entanglement en-
tropy to one-point functions in holographic field theories. Finding the explicit
form of this relationship could provide insights into the structure of entanglement
in these field theories as well as providing constraints on the class of states which

have holographic duals. In this way Chapter 4 can be though of as providing con-
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straints on the geometries which can be dual to field theories, while Chapter 5 pro-
vides constraints on the states which can have gravitational duals. Finally, Chapter
5 has extended the intriguing fact noticed in [43] that the entanglement entropy of
near vacuum states can be interpreted in terms of the propagation of a field in an
auxiliary de Sitter space by adding interactions to the field. This provides some
support to the idea that this auxiliary de Sitter space contains interesting physics

and that what is so far a curious fact should be investigated further.
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Appendix A

Analysis of the Potential
Divergences from the j > 1 Terms

This analysis follows that of [83], where it is found that the leading divergence
when the Green’s function is evaluated at coincident points is entirely contained in
the j =1 term.

The Green’s function for the scalar field on the n-sheeted space was given in
(3.25):

d| / . /
)= [ [ P [ dag SO costuo — o1yt
0

(2m)ds @ +pt+m?
d 00
N /dlpd p 8v[Jv(qr)fzv(qr/)]v:Oeim(ﬂ—XL) (A1)
12202 ) (2m)% Jo ¢ +pi+m
Y b dhpt = 4 O Wular) v (ar) os(v(O = 8o ip, x,-,)
= (2))! ) 2r)* Jo ¢Hpltm |

The first term is independent of n and did not enter into the calculation of the
entanglement entropy. The second term was the subject of our investigation. How-
ever, the third term was dropped with the claim that it could not introduce any new
divergences. This appendix will justify this claim.

We start by revisiting the entanglement entropy in the commutative theory. In
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this case from (3.42)

S~ /rerl(r, r) fu(rr), (A.2)

where only the contributions to the divergences in the final result have been kept.

The Green'’s function when evaluated at coincident points gives a A divergence

1 —a(pPm?)— L
4 3 a(p*+m*)
Gl(r,r)N/d pMN/dap dpe an?

~A? —m?log A% (A.3)

The f, term has the form

2j-1
fu(rr) ”/dzpl qdq % [JV(qr)JV a0 | Z/dsz dgq o Ehigr)dv(an]v=o
n\"

g+ p +m? b g+ p* +m?

(A.4)
The momentum integrals can be evaluated when the function is evaluated at coin-

cident points

1

J J 2, .2 2y 1
/ p" qdg WO / dB pdp qdg 1,(gr)T,(gr)e "

2+p +m?

~e 3" Iv( ) log A2, (A.5)

This must be integrated over r

/wrdre_%rzl (1_82r2) _ ! —v+0(g) (A.6)
0 v \/jg 9 .

where a small € has been added to regulate the integral. It is only divergent because
83" ! was passed though the integral sign. Once this derivative is applied, € can

be safely taken to zero. A calculation of terms O(A") would require a more careful
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analysis, but this is sufficient for extracting the leading O(log A?) divergence. Thus

-1+)0

Jj>1

(A7)

/d4xfn(x,x) ~A | logA? |dy(—V)+ Z&vzj_l(—v)] = A logA?

Jj>1

This shows that all the j > 1 terms vanish when the Green’s function is eval-
uated at coincident points and the divergence is entirely contained in the j =1
term.

In the noncommutative and dipole theories, the Green’s functions are evaluated
at points separated by the length scale of the nonlocality rather than at coincident
points. However, we saw that the source of divergences in the entanglement en-
tropy was regions in the integral where this separation vanishes. This analysis

shows that these divergences are contained in the j =1 term.
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Appendix B

Modular Hamiltonian for an

Interval in a Boosted Thermal
State of a 1+1D CFT

In this appendix, we derive the modular Hamiltonian for a spatial interval [—R, R]
in the boosted thermal state. To do this, we start by considering the domain of
dependence D; of the interval [—r,r] for the vacuum state in Minkowski space
with coordinates (¢',x’). For this interval, the modular Hamiltonian is quantum

operator associated with the conformal isometry generated by
(P = (") = ()} — 21X 0y .

We can now apply a boost

¥ = y(x—vt) t

=7y(r—wx).

In this case, the region D; maps to the domain of dependence D; of the interval

from —(l‘[,l‘x) to (rmrx), where }"2 = r2

2 —r2 and v = r;/r,. In this case, the generator

Hj maps to
T
H, = 3 [(rx(r)% — rtz) + 2txr, — rx(l‘2 —I—xz))a, + (r,(r% — rtz) —2txry+ry (x2 —|—t2))8x]
x It
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Next, we perform a transformation for which the causal development of the interval
[—1,1] maps to the full Minkowski space (with coordinates (u, 7)), such that the
resulting state is the thermal state on Minkowski space dual to the planar BTZ

geometry with horizon at z = zj.

2 2
)+ (1+5) a
0
2

ST =

B.1)
Z

The appropriate transformation (which can be obtained by finding the coordinate

transformation that maps the bulk region associated with the domain of dependence
of [—1, 1] to the planar BTZ black hole) is

sinh(271/z9)

cosh(2u/z9) + cosh(27/z9)
- sinh(2u/z) (B.2)
~ cosh(2u/z) +cosh(27/z0) '

After the map, the region D, maps to the domain of dependence D3 of the interval
from —(R;,R,) to (R;,R,), where

sinh(2R, /z0)
cosh(2R,/ z()() + cosh(2R; /zo)
)

ry =

sinh(2R,/z0)

= ) B.3
T cosh(2R,/z0) + cosh(2R; /zo) B3
The generator H, maps to
Hy = % [{CuSy + C,S; sinh(2u/z) sinh(27/z0) — C; S, cosh(2u/z9) cosh(2T /70 } ¢
-t
! {—C,S,; 4+ C,S; cosh(2u/zp) cosh(21/z9) — C; S, sinh(2u/zg) sinh(27 /70 } 9,/]
(B.4)
where

C, = cosh(2R, /7)) Sy = sinh(2R, /7o) -

Finally, we can perform one further Lorentz transformation

u="yu +vt') =7yt +w).
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with velocity v = R, /R, such that the region D3 is mapped to the domain of de-
pendence of the interval [—R, R], where R?> = R? — R?. In terms of v, 79, and R, we

find that the generator Hj restricted to 7/ = 0 gives

TYzo

Hy= "0
e

{=dv (cosh(yvU) cosh(yU)(C,S;v+ S.C;)
—sinh(yvU) sinh(yU ) (S,Cv + S,Cy,)
—(8:CGv+CuSy))

+d,  (cosh(ywU)cosh(yU)(C,S; + S,Civ)
—sinh(yvU) sinh(yU ) (S, C; + S;C,,v)
—(8:Ci +CuSuv)) } (B.5)

where we define U = 24’ /zp and
C; =cosh(2Ryv/zo) C, =cosh(2Ry/zo) S; =sinh(2Ryv/z) S, =sinh(2Ry/zp) .

The modular Hamiltonian is obtained by making the replacements d — Ty and

dy — Ty, and integrating over [—R, R].
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Appendix C

Variation in Geodesic Length
under Endpoint Variation

In this section, we derive a formula for the variation of the entanglement entropy
of a boosted interval for some translation and time-translation invariant state in a
holographic 1+1 dimensional field theory under a general variation in the endpoint
of the interval.! We assume that the field theory lives on Minkowski space with
coordinates (x,1).

The dual spacetime will be a 2+1 dimensional spacetime with translational
isometries in one spatial direction and one time direction, associated with Killing
vectors £/ and &Y. We assume that the spacetime has a conformal boundary, with
a Minkowski space boundary geometry ds> = —dt> 4 dx* such that the Killing
vectors &' and &} become 9, = (1,0) and d, = (0, 1) at the boundary. Consider
a spatial geodesic with endpoints on the boundary at points 0 and R(7,yv), where
v<1,y=(1-v*)~!. We would like to determine the variation in length of the
geodesic under a variation in the proper length R of the boundary interval.

The geodesic is an extremum of the action

f [ dx*dx¥

Tt is interesting to note that techniques similar to those in this section were used in [123] to show
a relation between differential entropy and the lengths of bulk curves.
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In general, the variation of an action S = [ dA.Z(gn,q,) evaluated for an on-shell
configuration under a variation of the boundary conditions (assuming the range of

integration remains the same) is given by
08 = [pn6Qn]{ s

where g, are the coordinates and p, = d.¢/dq, are the conjugate momenta. This
follows immediately since the variation of the action gives a total derivative when
the Euler-Lagrange equations are satisfied. Consider a general variation of the
endpoints

5xif- = OxEF + 8eE) .

Since the conjugate momentum to x* is

dV
8.,2”_ guvﬁ

Pu=gm = det dxv
8uvax axn
we have
8S = 8xEH py+ 6t& py . (C.2)

Now, for a Killing vector £, the action (C.1) is invariant under x* — x* + EX.
The corresponding conserved quantity is exactly & p,,. Thus, the right hand side
of (C.2) can be evaluated at any point on the trajectory. We choose to evaluate it
at the midpoint of the geodesic, where 9, x* is a linear combination of &/ and &}

(i.e. with no component in the radial direction). In this case,

o)X & dyx
8 no_ /Jél‘ A + nox A ,
=Gy TR,

so we find that our expression (C.2) becomes

8S = dx[WAy] + 6t[1BoAy)] - (C.3)

where we have defined



A6 = v—ﬁz'ﬁz
B _ Iiééfalx
¢ T A gf-a,tx

?’Ozma

which measures the “tilt” of the geodesic at the midpoint.

In the special case of a spatial interval, we will have & - d3x = 0 everywhere,

Thus, the variation of the entanglement entropy with respect to the size of a spatial

SO

interval gives exactly the spatial scale factor.
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Appendix D

Rindler Reconstruction for
Scalar Operators in CFT),

In this appendix we find an expression for the matter contribution to the second-
order perturbation to the entanglement entropy of a ball B using Rindler recon-
struction so as to only use the one-point functions of the scalar operator in the
domain of dependence Dg. We specialise to two dimensional CFTs in order to
obtain a more explicit expression which can be compared to the gravitational con-
tribution (5.10). Further discussions of Rindler reconstruction can be found in the
literature [115, 116, 124, 114, 113].

Coordinates on the Rindler wedge Rp of radius R can be given by (r, 7, ¢) which

map back into Poincaré coordinates by

R
= )
rcoshg ++/r? —1cosht
RVr? —1sinht

~ rcosh¢p ++/r2—Icosht’
Rrsinh ¢

x= ,
rcosh¢ ++vr? —1cosht

(D.1)

t (D.2)

(D.3)

where 1 < r < oo,

The scalar field dual to an operator & can be reconstructed in this Rindler
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wedge using [113]

0(r,7,0) = / dodke O £ (1) Oor, (D.4)
B 1\ 72 (A i(o+k) A i(o+k)
fox(r)=r A<1_r2> 2 Fy (2— Syt A 2) , (D.5)

where O, ; is the Fourier transform of the CFT expectation value of the operator
Ooi = / dtdg & (0(1,9)). (D.6)

This can be expressed in terms of the operator in the original coordinates

Tk+o

Ook :/ dtdx [(R-i—x—#—t)iHTw (R—x—1)"2
Dp

L w—k k—w
2 2

R—x+1)" R+x—1)" | (64,x)), D)

where the region of integration is only over the domain of dependence Djp.
This form of the scalar field can be combined with (5.58) to obtain an an ex-

pression for 82§54 wwhich only depends on the expectation value of & in Dj,

» 1= ) K
&2 gsealar _ Z/1 drdkdoyda, rv/r? — 1 [fwl7k(r)fa,27_k(r) <— 102 + 3 +A(A-2)

r2—1

+ (P =1) foo, k() floy—4(1)] Oy k Ok (D.8)
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