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SUMMARY

The AdS/CFT correspondence is an explicit realization of the holographic principle.
It describes a field theory living on the boundary of a volume by a gravitational
theory living in the interior and vice-versa. With its origins in string theory, the
correspondence incorporates an explicit relationship between the degrees of freedom
of both theories: the AdS/CFT dictionary. One astonishing aspect of the AdS/CFT
correspondence is the emergence of geometry from field theory.

On the gravity side, a natural way to probe the geometry is to study boundary-
anchored extremal surfaces of different dimensionality. While there is no unified
way to determine the field theory dual for such non-local quantities, the AdS/CFT
dictionary contains entries for surfaces of certain dimensionality: it relates two-
point functions to geodesics, the Wilson loop expectation value to two-dimensional
surfaces and the entanglement entropy, i.e. a measure for entanglement between
states in a region and in its complement, to co-dimension two surfaces in the bulk.

In this dissertation, we calculate these observables for gravity setups dual to
thermal states in the field theory. The geometric dual is given by AdS Schwarzschild
black holes in general dimensions. We find analytic results for minimal areas in this
setup. One focus of our analysis is the high-temperature limit. The leading and
subleading term in this limit have diverse interpretation for the different observables.
For example, the subleading term of the entanglement entropy satisfies a c-theorem
for renormalization flows and gives insights into the number of effective degrees of
freedom.

The entanglement entropy emerged as the favorable way to probe the geometric
dual. In addition to the extremal bulk surface, the holographic entanglement entropy
associates a bulk region to the considered boundary region. The volume of this region
is conjectured to be a measure of complexity, i.e. a measure of how difficult it is to
obtain the corresponding field-theory state. Building on our aforementioned results

for the entanglement entropy, we study this complexity for AdS Schwarzschild black




holes in general dimensions. In particular, we draw conclusions on how efficient
holography encodes the field theory and compare these results to MERA tensor
networks, a numerical tool to study quantum many-body systems.

Moreover, we holographically study the complexity of pure states. This sheds
light on the notion of complexity in field theories. We calculate the complexity for
a simple, calculable example: states obtained by conformal transformations of the
vacuum state in AdS3/CFTs. In this lower-dimensional realization of AdS/CFT,
the conformal group is infinite dimensional. We construct a continuous space of
states with the same complexity as the vacuum state. Furthermore, we determine
the change of complexity caused by small conformal transformation. The field-
theory operator implementing this transformation is known and allows to compare

the holographic results to field theory expectations.
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ZUSAMMENFASSUNG

Die AdS/CFT Korrespondenz ist ein explizites Beispiel fiir das holographische Prin-
zip. Es beschreibt eine Feldtheorie auf dem Rand eines Volumens durch eine Theorie
mit Gravitation im Inneren und vice-versa. Aus dem Ursprung in der Stringtheorie
folgt ein expliziter Zusammenhang zwischen den Freiheitsgraden beider Theorien:
das AdS/CFT Lexikon. Ein verbliiffender Aspekt der AdS/CFT Korrespondenz ist
die Entstehung der Geometrie aus der Feldtheorie.

Ein natiirlicher Weg um die Geometrie auf der Gravitationsseite zu untersuchen
sind extremale Fldchen, die am Rand verankert sind. Es gibt keinen einheitlichen
Weg um die duale Grofle in der Feldtheorie fiir solche nichtlokalen Gréfen zu be-
stimmen, jedoch gibt es fiir Flachen bestimmer Dimension Eintrage im AdS/CFT
Lexikon: es bringt Zweipunktfunktionen mit Geodéten, Wilson loops mit zweidi-
mensionalen Flachen und die Verschrankungsentropie, ein Maf fiir Verschrankung
zwischen einer Region und ihrem Komplement, mit Flachen der Kodimension zwei
in Verbindung.

In dieser Dissertation untersuchen wir diese Observablen fiir Geometrien dual zu
thermischen Zustanden in der Feldtheorien. Die duale Geometrien sind AdS Schwarz-
schild schwarze Locher in allgemeiner Raumzeitdimension. Wir erhalten analytische
Ergebnisse. Ein Fokus liegt auf das Verhalten bei hoher Temperatur. Die in diesem
Limit dominanten Terme haben vielféltige Interpretationen fiir die unterschiedlichen
Observablen. Der Term zweiter Ordnung fiir die Verschrankungsentropie erfiillt zum
Beispiel ein ¢-Theorem fiir Renormalizisierungsgruppen und gibt daher Aufschliisse
iiber die Anzahl der effektiven Freiheitsgrade.

Die Verschrankungsentropie stellt sich als erfolgreicher Weg heraus um die dua-
le Geometrie zu untersuchen. Neben der extremalen Flache bringt die holographi-
sche Verschriankungsentropie auch eine Raumregion zu der gegebenen Randregion
in Verbindung. Das Volumen dieser Raumregion wird als Mafs fiir die Komplexitit,

ein Mafs fiir den Schwierigkeitsgrad den entsprechenden Zustand in der Feldtheorie
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zu konstruieren, angesehen. Wir berechnen dieses Volumen fiir AdS Schwarzschild
aufbauend auf unseren oben erwahnten Ergebnissen zu der Verschrankungsentropie.
Wir ziehen Riickschliisse wie effektiv Holographie die Feldtheorie beschreibt und ver-
gleichen diese Ergebnisse zu MERA Tensornetzwerken, einer numerische Methode
um Vielteilchensysteme zu beschreiben.

Anschliefend betrachten wir die Komplexitdt von reinen Zustédnden hologra-
phisch. Dies gibt Einblicke in das Konzept von Komplexitidt in Feldtheorien. Wir
untersuchen die Komplexitét fiir ein einfaches, berechenbares Beispiel: Zusténde er-
zeugt von konformen Transformationen des Vakuumzustandes in AdS;/CFEFT,. Die
konforme Gruppe hat unendlich viele Dimensionen in diesem niedrig dimensionalen
Beispiel von AdS/CFT. Wir konstruieren ein kontinuierliches Raum von Zusténden
mit gleicher Komplexitidt wie der Vakuumzustand. Auferdem bestimmen wir die
Anderung der Komplexitit fiir kleine konforme Transformationen. Der Operator in
der Feldtheorie ist bekannt und erlaubt uns unsere Ergebnisse zu Feldtheorieerwar-

tungen zu vergleichen.
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— CHAPTER 1

INTRODUCTION

In this year, we gained insights into two of physics’ most striking phenomena. In
April [112], the EH’IE] collaboration reported that they captured an image of a black
hole for the first time. They used eight telescopes around the globe and observed
the supermassive black hole in the galaxy M87 for several days in April 2017. This
object has an enormous mass of 6.5 billion solar masses. Only three years prior, the
LIGOP| and Virgo collaborations announced the direct observation of gravitational
waves [3,4]. The observed event GW150914 was caused by a merger of binary black
holes into a black hole of 62 solar masses. This is a novel confirmation of Einstein’s

theory of general relativity.

Black hole physics is not the only currently exciting area of physics. In July of this
year, scientists published the first picture of entanglement between two particles [5].
Entanglement is a crucial difference between classical and quantum systems. While
it was first thought to be an unphysical behavior and tried to be explained away by
hidden variables [6], it was shown that entanglement cannot be described by classical
states |7]. Even more striking, it was discovered that any non-classical theory has to
incorporate entanglement [8]. The image of entangled photons is a demonstration

that the world is quantum in nature.

However, there is enormous trouble finding a quantum theory of gravity. The
usual method of describing forces in the framework of quantum field theory is un-
successful when applied to gravity and fundamentally different approaches are being
developed. One of these approaches is string theory [9,/10]. The fundamental objects
of this theory are extended one-dimensional objects, so-called strings, and fields are

vibrations of these. A metric and gauge bosons automatically emerge as massless

'Event Horizon Telescope

2Laser Interferometer Gravitational-Wave Observatory




1 Introduction

excitations, which establishes string theory as a candidate to describe all forces of
nature. One development of string theory is the AdS/CFT correspondence |11-13],
which is a correspondence between gravitational theories and quantum field theories.
The striking feature of this duality is that these field theories live in one spacetime

dimension less then the gravitational theories.

Clues on how this is possible arise from studies of black holes in classical gravity.
Black holes cause contradiction with thermodynamics: if a matter system with en-
tropy falls into a black hole, the only object which remains is a black hole and naively
the entropy would be lost. For black holes to be consistent with the laws of ther-
modynamics, they necessarily have an entropy, the so called Bekenstein—Hawking
entropy |14}/15]. Inspired by Hawking’s area theorem that the area of the horizon

always increases 16| and the analogy to the second law of thermodynamics
dSMatter Z 0 — dAreaHorizon Z 07

Bekenstein conjectured the black hole entropy as

k’BC3
4G nh

SBH - : AreaHorizon~

Furthermore, he postulated that throwing matter into a black hole transforms con-
ventional entropy into horizon area. This resulted in the formulation of the general-
ized second law |17,/18|, which demands that not the thermodynamical entropy, but
the total entropy

S = SMatter + SBHa
dSs >0

always increases. As a consequence, black holes satisfy laws analogous to the laws

of thermodynamics [19].

Black holes are extreme objects. However, the Bekenstein-Hawking entropy has
tremendous consequences for any matter: if the entropy of a matter system becomes

too large, a black hole is formed. Therefore, the entropy is bounded by

271'/{73
C

SMatter S ER7




where E is the energy of the system and R the characteristic size of the system’|
This is the so called Bekenstein entropy bound [20]. A weaker form of the entropy
bound is the spherical entropy bound [21},22]

S < ]{?363 A
Matter >~ S~ £ ° £AI€aBoundar
4G Nh v

where the entropy is bounded by the area of a sphere which can enclose the system.
In thermodynamics, entropy is an extensive quantity and scales with the volume.
Therefore, gravity places strict constraint on the entropy and on the degrees of

freedom contained in a volume.

This sparked the idea of the holographic prmcipleﬁ: it claims that in a theory
with gravity the information contained in a volume of space can be encoded on
the boundary surface, on which the information scales extensively as familiar from
thermodynamics. The gravitational theory has to emerge from the information on

the boundary surface.

The AdS/CFT correspondence is an explicit realization of the holographic prin-
ciple. By considering a particular low-energy limit in string theory, Maldacena
conjectured that a gravitational theory in Anti-de Sitter space is dual to a confor-
mal field theory living on the boundary [11]. The best examined case is the duality
between type IIB supergravity on AdSs x S°, which reduces to a theory on AdSs;
by dimensional reduction, and N' = 4 supersymmetric Yang-Mills theory on its

boundary.

One fundamental question is how the geometry emerges from the field theory.
An interesting setup to study is the two sided AdS-Schwarzschild black hole [24].
This geometry has two exterior regions with disconnected boundaries, on which field
theory states live. Both sides are connected by the interior of the black hole, i.e. by
a wormhole as shown in Figure The dual field theory state is the thermofield

double state, an entangled state of the form
1

where |n)r,/r describe the energy eigenstates on left and right boundary respectively.

3This applies for weakly gravitating systems in asymptotically flat space. The entropy bound
in this form is difficult to rephrase in a covariant form.

4See 23] for a review.
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CFTy, CFTx

Figure 1.1: Two-Sided Black Hole in AdS.
The two CFTs live on the vertical boundary. The horizontal wavy lines are the
singularities and the diagonal lines are the black hole horizon.

This state is pure, but reducing it to only one boundary results in a mixed thermal

state
PR = . ZG_BE"/2|TL>R<R|R pL = . Ze_ﬁEn/z|n>L<n|L
Z & ’ A '

Therefore, while the boundaries are spacelike separated, they are entangled. The
measure to quantify the entanglement between left and right boundary is the en-

tanglement entropy

Spe = —Trr prIn pr.

The entanglement entropy between the two boundaries reduces to the thermal en-
tropy of the reduced state. The AdS/CFT correspondence maps this entropy to the
entropy of the black hole.

The notion of entanglement entropy applies to arbitrary regions. Motivated by
the Bekenstein entropy bound, the holographic entanglement entropy for a state
reduced to a region A is proportional to the bulk surface v homologous to the

boundary region [25,226], i.e.

3
ke min Area(y).

Sep(4) = 4G Nh  9v=04

Therefore, the geometry is related to the entanglement structure of the field the-
ory. To stretch the importance of entanglement, it was shown that known quantum
information properties of the entanglement entropy have consequences for the grav-

itational theory. For example, the change of entanglement entropy under small per-

4
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Figure 1.2: Removing Entanglement between two Regions.

turbations is described by entanglement thermodynamics, which relates the change

of entanglement entropy to the change of energy

via a entanglement temperature Ty, which does not depend on the perturbation. It is
shown that entanglement thermodynamics implies the linearized Einstein equations
around AdS on the gravity side [27-29|. Furthermore, properties such as subaddi-
tivity and strong subadditivity imply energy conditions for the gravitational theory.
Therefore, fundamental properties of the gravitational theory arise from quantum
information properties of entanglement.

The importance of entanglement for the emergence of gravity and spacetime
was further developed by van Raamsdonk [30,31]. He considers a state with a
holographic dual and removes entanglement between two regions A and B. This

reduces the entangled state to a product state, for which the mutual information
Z(A:B)=S(A)+ S(B)—-S(AUB) (1.1)

vanishes. The mutual information places an upper bound on the connected correla-

tion functions

I(A: B) 0405))

>
Z 204205

for any operator on A and B. For some operators, there is a geometric way to
calculate these correlation functions: the correlation function between two points is

related to the length £ of the connecting bulk geodesic
(0A0B) =exp(—A- L), (1.2)

where A is the scaling dimension of the operator. Therefore, reducing the entangle-
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ment between two regions corresponds to pulling these regions apart (i.e. £ — 00)
and pinching them off from each other. A disentangled product state corresponds
to two disconnected spacetimes. This is shown in Figure [I.2] Therefore, the role
of entanglement is significant in holography: it is the glue which holds everything
together.

While entanglement entropy is difficult to calculate in field theories, calculating
the extremal area is a feasible task in classical gravity. In Chapter [3] I calculate
the entanglement entropy in a highly symmetry setup: strip regions in field theory
states dual to AdS Schwarzschild black holes in general dimension. Since the ex-
tremal surfaces are anchored on only one boundary, they do not probe the interior
of the black hole, but reach arbitrary close to the horizon. Furthermore, I calculate
additional field theory observables dual to extremal surfaces on the gravity side: the
two-point correlation function which is dual to geodesics and the Wilson loop expec-
tation value which is dual to two-dimensional surfaces. While all of these non-local
observables probe the bulk, it is known that the entanglement entropy is highly
effective as it probes deepest into the bulk and therefore closest to the horizon. I
am able to derive analytic results for the entanglement and the other observables in

this setup.

While the low-temperature behavior of these observables can be treated pertur-
batively, the high-temperature behavior is highly non-trivial as it depends on the
entire spacetime geometry. The qualitative behavior of the extremal surfaces in this
limit is known: the horizon creates an effective potential which pushes the extremal
surfaces away. The surfaces in this limit approach a rectangle consisting of to pieces
connecting the horizon with the boundary and a vertical piece along the horizon.
This approximation captures the leading order behavior correctly. In particular, this
results in an extensive behavior for the entanglement entropy due to the thermal
entropy and an exponential decay of the two-point function due to a thermally in-
duced mass. My analytic results show that the subleading term deviates from this

approximation.

For the entanglement entropy, this subleading term is proportional to the area
of the entangling surface, i.e. the boundary of the considered region, and a so-called
area term [32-34]. For renormalization flows, the area term is larger at the UV
fixed point than at the IR fixed point [35,[36]. Therefore, the area term satisfies a

c-theorem [37F] This assigns the interpretation of the number of effective degrees

5Tt satisfies a weak c-theorem, since the area term does not have to decrease monotonically




CFTy, CFTx

Figure 1.3: Extremal Slice in Two-Sided Black Hole.

of freedom to the area term. My results show an interesting behavior for the en-
tanglement entropy. While the area term is negative for CF'T dimension d < 6, it
is positive for higher-dimensional theories. From the field theory perspective, we
expect that turning on a temperature decreases the number of effective degrees of
freedom: fields obtain a thermally induced mass and can be integrated out at high-
temperature. This is reflected in the negativity of the area term for small spacetime
dimension. However, my results show that this is not the case for large spacetime
dimensions: the area term is positive for d > 7. This is also reflected in the be-
havior of the entanglement negativity, a measure for entanglement in mixed states
which is related to the entanglement entropy in holography. For this observable,
the area term shows increased entanglement in the high-temperature limit, where
the field theory is supposed to behave classically. This gives us insights into the
dual field theory: asymptotically AdS geometries are expected to be dual to states
in superconformal field theories. However, these theories only exists for spacetime
dimensions d < 7. Furthermore, for larger dimensions there are also no string theory
models, which would provide us with well-defined map between two theories. Our
results show that the IR fixed points of the dual field theories are not described by
d dimensional CFT for d > 7.

When studying the two-sided AdS black hole, Susskind [38-42] noticed that while
the entanglement entropy does not allow to probe deep into the interior of the black
hole, there is a construction on the gravity side which does: extremal hypersurfaces
anchored on the boundary as shown in Figure [1.3] These define a ‘niceff) unique

time slicing even if the spacetime is not static and there is no unique way do extend

when going into the IR.

6The slices avoid singularities and regions of high curvature.
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a boundary time slice into the bulk. This construction associates the volume of
the hypersurface to the state living on the boundary equal-time slice. The late time
behavior of the volume for the two-sided black hole motivates the complezity=volume
proposal: the volume is conjectured to be dual to the complezity, a measure of how
difficult it is to construct a state using unitary operators. The complexity depends
implicitly on the reference state |R) from which we start and on the gate set p; used

to construct the unitary operator

) =UIR), (1.3a)
U=y ... . (1.3b)

While this concept arises naturally from theoretical computer science and (quantum)

computers, there is no well-defined notion of field theory complexity.

In particular, holographic complexity can easily be applied to subregions: the
volume reduces to the volume inside the Ryu-Takayanagi surface. This is even of
interest without considering it to be a dual to a field theory complexity: the holo-
graphic entanglement entropy automatically associates a bulk region to a boundary
region. Measuring the size of this region therefore loosely speaking gives a measure
on how efficient the field theory is encoded in the dual geometry. Based on the
aforementioned studies on entanglement entropy, I study this subregion complexity
in AdS Schwarzschild. Using a similar treatment as before, I derive analytic results
for the volume in Chapter [}

The subregion complexity shows an interesting behavior in this setup: while it is
extensive at high-temperatures, the leading order correction at small temperatures
is negative. Therefore, for strips with a width smaller than a certain critical value,
temperature reduces the subregion complexity. However, there is a transition at /.
and for larger strips the temperature increases the complexity of the reduced state.
Qualitatively speaking, the near-boundary region reduces the subregion complexity
for small strips and contribution arising from the horizon increase the subregion

complexity for large strips.

We compare these results to predictions from tensor networks [43-46|, a numer-
ical tool to study states in quantum many-body theory. A special kind of tensor
networks, the so-called multi-scale entanglement renormalization ansatz (MERA),
shares many structural features of the AdS/CFT correspondence. In particular, an
additional dimension emerges from the entanglement structure of the state. Fur-

thermore, entanglement entropy is measured analogously to the holographic Ryu-
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Figure 1.4: Wheeler-DeWitt patch for Two-Sided Black Hole.

Takayanagi formula. There is a model describing thermal states, however it might
not be optimized, i.e. it is more complex then necessary. We use this MERA model
and calculate the subregion complexity in the analogous gravity model: vacuum AdS
with a hard wall. Also in this geometry the subregion complexity exhibits an inter-
esting transition: while at low-temperatures the subregion complexity is identical to
the vacuum complexity, we have an increased complexity at high temperature. Our
results show that the subregion complexity in this setup is always larger than AdS
Schwarzschild. This tells us that AdS/CFT encodes thermal states more efficiently

then tensor networks.

The considered reduced states are mixed, which makes the definition of a proper
definition of complexity a delicate topic. States obtained by applying unitary op-
erators to a pure reference state as shown in are pure. For mixed states,
the definition of complexity has to be extended. However, even the complexity for
pure states is not well-defined in field theory and an active area of research. It is
not clear whether holographic complexity=volume proposal corresponds to a well-
defined field theory prescription, if it does to which one and what implicit choices
are involved. Furthermore, there are competing proposals for a holographic dual of
the complexity, most notably the complezity=action proposal [A7,/48] which relates
the complexity to the gravitational action evaluated on a spacetime region known
as Wheeler-DeWitt patch, see Figure [I.4f Therefore, it is of particular interest to
study holographic complexity, put constraints on possible dual field theory notions
and determine differences between the different proposals.

In Chapter [5] T present my approach in doing this by studying complexity in re-
lationship with conformal transformations in AdS;/CFTs. In this lower-dimension
example of an AdS/CFT correspondence, the conformal group is local and infi-

nite dimensional. This allows to construct various states by applying conformal
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Q>

R)

Figure 1.5: Curved Space of States.

transformations to the vacuum state. These transformations exist for any CFT.
Complexity can be interpreted as a distance measure between state and reference
state. The result is a induced geometry on the space of states as shown in Fig-
ure [[.5. We construct conformal transformations, which have the same complexity
as the vacuum state. Furthermore, we calculate the change of complexity for small
conformal transformations perturbatively. Our results show that the change of com-
plexity for a small conformal transformation is always non-negative. Consequently,
the vacuum state locally minimizes complexity. Moreover, it is known how the en-
ergy momentum tensor of the field theory transforms under such a transformation,
which allows to construct the corresponding operator. Therefore, the complexity
of this operator can also be studied in field theory proposals for complexity and is
an upper bound for the complexity of the resulting state. Our results comply with
field theory predictions, whereas the competing complexity=action proposal yields
contradictions [49]. Furthermore, a field theory calculation using a method inspired
by holography verifies our results [50].

This dissertation is based on my research under the supervision of Prof. Dr.
Johanna Erdmenger first at the Max Planck Institute for Physics in Munich and
later at the Julius-Maximilians-Universitat in Wiirzburg. Chapter [3| presents my
work published in [P1]. The results presented in Chapter |4] are a continuation of
this project and are soon going to be published in [P2]. Furthermore, Chapter
presents results from a project done in collaboration with M. Flory and published
in |[P3].
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— CHAPTER 2

FOUNDATIONS

The AdS4y1/CFTy correspondence is a duality between a conformal field theory
(CFT) in d spacetime dimensions and a gravitational theory in Anti-de Sitter (AdS)
space in d + 1 spacetime dimensions. The theory on the field theory side is a gauge
theory and the correspondence is therefore an example of a gauge/gravity duality.
Furthermore, AdS/CFT is an explicit realization of the holographic principle: the
dual gauge theory lives on the boundary of the AdS space. The correspondence and
its dictionary, i.e. its one-to-one mapping between field theory and gravity quantities,
arise from string theory.

This chapter reviews the basic ingredients of AdS/CFT, its origins in string
theory and insights into the holographic principle learned from it. The outline is as
follows. To understand what the duality is about, we first take a look at the theories
on both sides. In particular, Section 2.1 reviews Anti-de Sitter space and Section
conformal field theory. Therefore, these section review the theories on both sides of
the duality. Afterwards, Section takes a short look at string theory, with special
emphasis on supergravity and branes. With these ingredients on hand, Section
sketches the derivation of the duality for AdS;/CFTy, i.e. for a four-dimensional field
theory, and reviews the general AdS/CFT correspondence. More information can be
found in the standard literature for CFTs (e.g. [51]), for string theory (e.g. [94/10])
and in the standard reviews of AdS/CFT (see [52H55]). Afterwards, Section
takes a more general look at holography and discusses what AdS/CFT can teach us
about holography.
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2 Foundations

2.1 GRAVITY AND ANTI-DE SITTER SPACE

The dynamics of gravity is determined from the Einstein-Hilbert action

1
Senlgl = Tgram dPz /= detg- (R —2A),

(2.1)

where Gy is the gravitational constant in D dimensions and A is the cosmological

constant] R is the scalar curvaturd’l The associated equation of motions for the
metric g are the vacuum Einstein equations

1
RMN—§R'QMN+A'9MN:0, (2.2)

where the spacetime indices M, N run over 0,

..., D —1. Equivalently, the equation
of motion can be written as

2A

Ryny =——- . 2.3
MN =pH 5 9gMN (2.3)
In case we have matter coupled to gravity, the matter action Spatte; depends of the

metric. Einstein equations are then sourced by the energy momentum tensor 7', i.e.
the right-hand side of Equation (2.2) changes to

167T'GN 5Smatter
87TGNTMN = —\/m . dgMN . (24)

Anti-de Sitter (AdS) space is a solution to the vacuum Einstein Equation ({2.2))
for negative cosmological constant A < 0. More specifically, it is the maximally
symmetric solutionﬂ. The AdS metric in Poincaré coordinates is

dSQ—L—2(d22—{— dx”daz* —L—2 dz? — dt* + di? 2.5
_22 77”,“4'7; .I')—ZQ(Z +I)7 ()

'We consider the metric with mostly positive signature.

2The scalar curvature is the trace of the Ricci curvature tensor, i.e. it can be written as

R=g"N TP ynp T upn +T9unTl pg — T9yrlT vg),
™ v p =192 g0p,N + 9oN.P — INP,Q)-

3In gravity, symmetries are expressed as diffeomorphisms which preserve the metric. A maxi-
mally symmetric spacetime has the maximal number of independent metric preserving diffeomor-
phisms.
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2.1 Gravity and Anti-de Sitter Space

where 7 is the (D — 1)-dimensional Minkowski metric. This geometry has a con-
formally ﬂatf_f] boundary at z = 0. In spacetimes with boundaries, boundary terms
have to be added to the action to keep the variational principle well defined. These
boundary terms do not influence the equation of motions. The appropriate bound-
ary term for a timelike boundary is the Gibbons-Hawking-York boundary term. For
the AdS case, this yields
Scuy = L A’z v/—deth- K, (2.6)
87 Joads

where h is the induced metric on the boundary and K is its extrinsic curvature.

Instead of considering pure AdS, one can also consider geometries which are only
asymptotically AdS. One example is to consider a black hole solution such as the
AdS Schwarzschild black hole

ds? — <§)2 (—b(=)df + d2® + b(z)""d=?) (2.72)
b(z) =1-— (Z—Zh>D_1. (2.7b)

Due to the blackening factor b(z), this spacetime has a horizon at radial position
zp. To make black holes consistent with thermodynamics, black holes have to have

an entropy. In particular, the AdS Schwarzschild black hole has an entropy

S = Gn Area(Horizon),

1 [\ D2
=—|= Vol(RP 2 2.8
() Vel 2.9

and an associated temperature

D -1
T = 2.9
47TZh ( )

4For completeness, let us mention that there also exist AdS solutions with spherical and hyper-
bolic boundary.
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2 Foundations

2.2 FIELD THEORY AND SYMMETRIES

Field theory in flat space is invariant under translations and Lorentz transforma-
tions. These transformations form the Poincaré group 1.SO(d—, 1), where d is the
spacetime dimension of the field theory group. This symmetry group can be fur-
ther extended. To maintain causality of the theory, these transformations should
not change whether two points are spacelike, timelike or lightlike separated. The

condition can be written as

a — f(x), (2.10a)

G () = P g, (x) (2.10b)

for a finite transformation f(z). Therefore, the transformation rescales the metric by
a positive factor. Transformations of these type are called conformal transformations
and form the conformal group SO(d,2). A theory which is invariant under these
conformal transformations does not have a preferred length-scale. In particular, it is
massless and all coupling constants are dimensionless. Furthermore, this symmetry
can be broken by quantum corrections. In particular, all beta-functions have to
vanish for quantum field theory invariant under this symmetry.

For an infinite transformation, this yields

ot — ot 4 e'(x), (2.11a)

gu (@) = (1 +20(2)) - g () (2.11b)

For flat space, i.e. the metric is the flat Minkowski metric g, = 7, this is satisfied

for diffeomorphisms ¢ which satisfy the conformal killing equation
€y + 0ve, = 20(2) N, (2.12)

In two dimensions, this conformal killing equation reduces to the Cauchy-Riemann
differential equation and the conformal group becomes infinite dimensional. There-
fore, we first focus on spacetime dimension larger than two and look at the special

case afterwards.
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2.2 Field Theory and Symmetries

Table 2.1: Infinitesimal Conformal Transformations.

e (z) Number Generator
I
a" Translations d PH
_|._
w g, Lorentz Transformations sd(d—1) JH
_|._
Azt Dilatation 1 D
+
ba? — 2b, " * Special conformal transformations d K*

2.2.1 CONFORMAL FIELD THEORY FOR HIGHER DIMENSIONS

For d > 2, there is a finite number of transformations satisfying the conformal
killing equations: additionally to translations and Lorentz transformations, these
are dilatations and special conformal transformations. These are shown in Table
with their corresponding generator. From Equation , the change of the metric

is determined by
1
o(z) = Ea~e:)\—2(b~x).

Dilatations correspond to a rescaling of the coordinates. The effect of the special
conformal transformation is more subtle since it is non-linear. The transformation
for a finite special conformal transformation is

ot + b

H— . 2.13
v 14 2b- x4+ b2x? (2.13)

It can be directly seen that this maps the (d — 1)-sphere at infinity to a point b*/b?
and the point —b#/b? to infinity. Furthermore, lines are mapped the circles and vice

versa.

Conformal transformations rescale the metric by a positive factor. In particular,
the action in a conformal theory is invariant under a rescaling of the metric. For

the energy momentum tensor

2 08

Tp) =~
(L) v —det g g

(2.14)
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2 Foundations

this implies that its trace vanishes

5s
<T'Z> X (50—5 = Wg'u = 0. (215)

However, this is only true for the classical theory. In a quantum theory, the action
contains counter terms, which in general to not respect these symmetries and cause
anomalies. It can be shown that a conformal anomaly, i.e. (T*) # 0, can only appear

in even spacetime dimensions.

The generators presented in Table form an algebra. This conformal algebra

is an extension of the Poincaré algebra

[Juws Pyl =@ (Mup P — upPy), [Pu, P)] =0, (2.16a)
[Juws Joo) =1 Mupdve — Mo dvp — Nopduo + Mo up) - (2.16Db)

The additional non-vanishing commutation relations are

(D, K] = —iK, [D, P} =Py, (2.17a)
[Kw LVp] - i(n;pr - n#pKu) ) [Km Pv] - 2i(77uvD - L,UV> . (2~17b)

It can be shown that this is the Lorentz algebra in one dimension more, i.e. in
dimension (d + 1). Therefore, the conformal group and its algebra are denoted as
SO(d,2) and so(d,2) respectively.

Different representations of the group are labeled by their eigenvalue —iA with
respect to the generator of scale transformations D. A is called the scaling dimen-

sion. As can be seen from Equation (2.17a)), the scaling dimension can be raised by
P, and lowered by K.

An operator of scaling dimension A transforms as

x— 1 = A, (2.18a)
d(x) — &' (z') = A2 p(\x). (2.18b)

The two-point function for two operators is highly constrained by the conformal
symmetry. In particular, it has to vanish for operators of different scaling dimension

and is

1

|z —y[**

(O(2)O(y)) o (2.19)
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2.2 Field Theory and Symmetries

for two operators of the same scaling dimension A.

2.2.2 CONFORMAL FIELD THEORY FOR TWO DIMENSIONS

What is different in two dimensions? To discuss this, let us go to Euclidean signature,
i.e. we use r° = —ixz?. The conformal Killing Equation (2.12)) reduces to

1 2 2 1
826 = —816 y 826 = 816 R

which is the Cauchy-Riemann differential equation. We can define complex coordi-

nates’| z = 22 + iz'.In these coordinates, a conformal transformation has the form
z2—z+e. (2.22)

The constrain put on € is that it only depends on z, i.e. it is holomorphic. Analo-
gously, € is anti-holomorphic. Therefore, the symmetry group in two-dimensions is
infinite-dimensional with an infinite number of generators

n+1 2 [ — _gntl 9

n — = a-> 7.
9z’ S ne

l, =—2

The corresponding algebra is build buy two copies of the Witt algebra

Ly L) = (M — )i, [[n, lm] = (m — n)lm+n, Ly L] = 0.

However, these commutation relations are only valid for the classical theory and
receive quantum corrections. The resulting algebra is the direct sum of two copies

of the Virasoro algebra

) = (1 = )l + (= D (2.230)
[ ] ( - n) m4n T 1C2m(m - 1)5m+n,0, (2.23b)
A (2.23¢)

where ¢ is the central charge and commutes with all generators. Therefore, The
Virasoro algebra is a central extension of the Witt algebra and it can be shown to

be unique. The central charge is related to the conformal anomaly, which in two

5Going back to Euclidean signature, we obtain independent variables z = iz, Z = iz, where
* =t £ z are the light-cone coordinates of the field theory.
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2 Foundations

dimensions is

c
() = SR,

where R is the Ricci scalar. The value of ¢ depends on the specific theory considered.
A subset of these generators, to be concrete the three generators {I_1, o, [;} and
their complex conjugate ones, form a subalgebra whose commutation relations do
not contain the central charge. These six generators correspond to D, K*, P*, Jo
and generate so-called global conformal transformationsﬂ The remaining generators
generate local conformal transformations and have no equivalent in higher dimen-

sions.

2.2.3 SUPERSYMMETRY

In the previous section, we discussed how we can extend the Poincaré group to the
conformal group. The additional generators are bosonic. Another way to extend
the Poincaré group is to use fermionic generators Q°,, where i = 1,..., N labels the
different generators added and « is the spinor index.

Dirac fermions are introduced by first defining Gamma matrices, i.e. matrices
which satisfy the Clifford algebra

{7 AN} = =2t

It can be shown that these matrices have dimension 2" x 2", where n is given by
D = 2n for even and D = 2n + 1 in odd spacetime dimension. In even spacetime

dimension, we can define an additional Gamma matrix
.D/2— . 2
ADHL — D/27100 D with (YD) =1, {4P+ M) = .

It can be shown that SMN = ihM ,vN] satisfy the Lorentz algebra (2.16b]). There-
fore, they define a different representation of the Lorentz group. The objects trans-
forming in this representations are spinors with n components, i.e. they have 2n real
degrees of freedom. However, these representations are not in general irreducible.
For example, left- and right-handed Weyl fermions are fermions with eigenvalue +1

and —1 with respect to 7 respectively. Another possibility is to consider Majorana

610+1 generate dilatations, i(lo—zo) rotations, {_1, [_; translations and l1, I special conformal
transformations.
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2.2 Field Theory and Symmetries

Table 2.2: Number of Spinor Degrees of Freedoms.

D=4 : 8real components — Majorana or Weyl fermions
with 4 real components

D =10 : 64 real components — Majorana-Weyl fermions
with 16 real components

fermions, which are fermions which are their own charge conjugate
Y* = Cv, with v}, = FCyuC L. (2.24)

These are defined for dimension D = 0,1,2,3,4 mod 8 and reduce the number of
degrees of freedom by two. Furthermore, in dimension D = 2 mod 8 it is possible
to construct Majorana-Weyl spinors. Table shows how this reduces the number

of degrees of freedom for D = 4 and D = 10 as an example.

In the following, let us focus on D = 4. For notation, we switch from from Latin

indices to Greek ones. A convenient choice for the Gamma matrices is

0 ot ) W .
= g with o = (=1,7), o" = (=1, —7),

g

where ¢ are the Pauli matrices. With this choice, the fifth Gamma matrix is

(0 ) 22)

and a four component Dirac spinor splits into two-component Weyl spinors as

o \IIL o 1/)04
- (#)=(2) -

Left- and right-handed spinor transform in different representations of the Lorentz

oo
S — ( ’ ) , (2.27a)
0 o

g =" (cta” —a”a"), (2.27Db)

group, as can be seen from

ot = —(gte” — a"a"). (2.27¢)
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2 Foundations

The way the fermionic supercharges Q° extend the Poincaré algebra is highly con-

strained by symmetry. In particular, we have

[, QL) = —(0"),0 Qb (2.28a)
[, QL) = —es5(6)5 Q5 (2.28b)
(@i, QL) = 207(0") 3P (2,280

This is the most general supersymmetry algebra. The theory has a SU(N)p sym-
metry with respect to special unitary transformations acting on i, j. P? is a Casimir
operator of the algebra, i.e. representations can be labeled by their eigenvalue with

respect to it.

In particular, we are interested in massless representations, i.e. P? = 0. We may
consider P* = (FE,0,0, E'). With this choice, the supersymmetry algebra simplifies,

in particular

(@ay=wr(y)) »

af

This implies that acting with Q% on physical states results in zero and does not
create a new state. Furthermore, we can define creation and annihilation operators
proportional to Q% and Q’l respectively. The little group, i.e. the subgroup of the
Poincaré group leaving this choice invariant is J;5. We can label the states in this
representation with their eigenvalue to respect to Jio. This eigenvalue is called the

helicity A. These supersymmetry generators raise or increase the helicity

. 1 . _. 1_.
[ Zla Jl?] =3 ’iv [ Zia JIQ] = __Qé_ (229)
2 2
Therefore, they create a fermionic state from a bosonic one and vice-versa. Con-
sequently, a supersymmetric theory has the same number of bosonic and fermionic

degrees of freedom.

We can construct the massless multiplet by starting with a state of maximal
helicity |\) and acting with Q° on it to obtain all possible states of lower helicity.
Each of these supercharges can be applied at most one time since (QZ)2 = 0. To have
a representation invariant under CPT conjugation, one also has to add the states
with negative helicity. Table shows different multiplets. Supersymmetry with
N = 4 is special, since it has the maximal number of supersymmetries to obtain

a multiplet without gravity. Furthermore, the representation is automatically CPT
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2.2 Field Theory and Symmetries

Table 2.3: Massless Supersymmetric Multiplets in D = 4.

A N=1 N=2 N =4

1 vector boson A" . °

% Weyl spinor ¢ ° ° K

0 scalar field ) ee e o e 0 00
—% Weyl spinor 1) ° ° K
—1 vector boson A* ° °

invariant. Let us focus in this highly symmetric theory in the following.

2.2.4 N =4 SUPERSYMMETRIC YANG-MILLS THEORY IN D =4

The above discussed multiplet for N' = 4 is described by the following fields, which
transform in different representations in the SU(4), symmetry group:

e a gauge field A, transforming as a singlet,

e four Weyl fermions \* transforming in the fundamental representation,

e sixreal scalars ¢ transforming in the two-index anti-symmetric representation.
It is possible to construct a supersymmetric Yang-Mills theory, i.e. a gauge theory

where all these fields transform in the adjoint representation of SU(N). The CP-
invariant Lagrangian for this theory isfﬂ

E, F"™ —i)G" D\, — D,¢' D'

1
L=Tr |- Fu F"
N T T

— 2 . .
+gYMCiab>\a[¢Z7 o) + Ciap A [, )\b] + QgM (@', (157]2 . (2.30)

The Yang-Mills coupling gy s is dimensionless, which results in the theory being
scale invariant on a classical level. Interestingly, quantization does not break the
scale invariance. Therefore, the beta function vanishes and the theory does not have

a preferred length-scale.

7Cab are Clebsch-Gordan coefficients.

8Used conventions: F,, = d,A, — 0,4, +i[Au, A, D, =0, +i[Au, -]
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2 Foundations

2.3 STRING THEORY

The fundamental objects of string theory are strings, i.e. two-dimensional objects
embedded into a D-dimensional target spacetime. Table [2.4 shows how the descrip-
tion of a relativistic point particle can be generalized to a string. In the following,
we first review the quantization of strings. Afterwards, I take a closer look at two
concepts important for the AdS/CFT duality: the low-energy limit known as su-

pergravity and Dp-branes, which are non-perturbative objects arising from open

strings.
Table 2.4: Transition from Point-Particle to String.
point-particle — string
world-line X (1) world-sheet X (7, o)
mass m tension T' = ——

27l?

S=-m / dr /8, XM, Xy, S=-T / d7 o/~ det(3a XM 95X 1)

The action arising from the analogue to the relativistic point-particle is the

Nambu-Goto action

Sna = —T/dT do \/— det(0a XM X NnuN), (2.31)

where the metric 7 is the metric of the target spacetime, which in the following
will be the Minkowski metric. X is the target space embedding of the string
and 0® = {7,0} are the worldsheet coordinatesﬂ T is the tension of the string
T = (2712)"" and I, is the string length 12 = .

For quantization, it is more convenient to work with the classically equivalent
Polyakov action[]

T
Sp=-7 / A7 do 0,X - 95X n™°, (2.32a)
%

9The conventions used in this thesis are summarized in Section

10The dot implies contraction with the D-dimensional Minkowski metric.
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2.3 String Theory

with the additional constraint™
1
Top = 0uX - 05X — énaﬁnwawx - 05 X. (2.32b)

Nag 1s the two-dimensional Minkowski metric.

Convenient coordinates are light-cone coordinates for the worldsheet coordinates,

i.e. 0 = 7 4+ 0. In these coordinates, the equations of motions arising from the

Polyakov action are
0,0_XM =o. (2.33)
This allows to split the excitations into left- and right-moving ones
XM(r,0) = X[H(0F) + X[ (07). (2.34)

The equation of motion allows the following mode expansion

M ly . »
X(J\g)(UJr) = % + E alot + z— % exp ma*), (2.35a)
n#0
M l
Xi(o) = D4 L apiom 4ite Z . exp(—ino~). (2.35b)
2 \/_ nGZ
n#0

7{\04)*’ d]y = (dM)*

Since X have to be real, the coefficients have to satisfy o™ = (« " "

Using canonical quantization for X™ and their conjugate momenta, the coefficients

«, and &, are proportional to ladder operators of an harmonic oscillator

[af\éjv afzv] = mnMN5m+n,0> (236&)
[, an] = mn™™N 6, 0. (2.36b)

There is one subtlety: to make the variational principle well defined, bound-

HExactly speaking, the Nambu-Goto action is equivalent to
T TTraf M N
SP = —5 drdo v —hh 8QX 85X MMN -
>

This action contains an auxiliary, non-dynamical field A, which has the interpretation of a world-
sheet metric. It is gauged in Equation (2.32al) and its equation of motion remains as constraint.
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ary terms have to vanish. The Polyakov action Equation (2.32a]) gives rise to the

boundary term
[0: XM X 0] ™™ (2.37)

The trivial case for this term to vanish is to consider a closed string, i.e. the embed-
ding is periodic o ~ 0 + 27 and we have oy = y. The other case are open strings,
where we have o € [0, 0yax ]} There are two possibilities for the boundary terms to

vanish at the endpoints g € {0, oyax }:

e Neumann boundary condition: 0,XM(r,00) = 0,
These boundary condition ensures that there is no momentum flow at the

endpoint.

e Dirichlet boundary condition: 0. X (7,04) = 0.
This boundary condition fixes the endpoint of the string.

By choosing the boundary conditions on both ends independently, NN, DD, ND and
DN boundary conditions are possibld™}

Additionally to the equations of motions, we have to impose the constraint Equa-
tion ([2.32b)): the vanishing of the stress-energy tensor. In the coordinates o*, these

are

T++ - 8+X . 8+X T__ - a_X . a_X, (238)

72 T —imot N —imo ™
= [ g Le , =1 E L,.e )

In a classical theory, these modes have to vanish. However, things are more subtle
for a quantum theory: these modes become operators. The conditions for physical

states |¢) are

Lin|¢) = Lin|6) = 0, (2.39)
(Lo — a)|g) = (Lo — a) |¢) =0, (2.39D)

12Tt is possible to keep the mode-expansion ([2.35b]) the same for all boundary conditions by
choosing o,.x appropriately.

BImposing Dirichlet or Neumann boundary conditions at o = 0 results in «,, = &, and a,, =
—ay, respectively. Imposing the same boundary condition at on.x is achieved automatically by
Omax = 7, whereas imposing the opposite boundary condition is achieved by opmax = 7/2.
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2.3 String Theory

where a is a constant arising from normal ordering. For the modes Ly, Lg, one

obtains
~ 1. . ~ 1
L() = 50[0 - Qo + N 5 LO = 50(0 -+ N, (239C)
N=Y a_,-a,, N=> a.,- am, (2.39d)
neN neN

where N and N are number operator. It can be shown that N = N for all boundary

conditions, which is called level-matching.

The mass of the string can be derived from P? = —M? where P is the canonical

momentum. This yields

, 1 1 open string with NN boundary conditions,
M=+ (N—a)- (2.40)
I3 4 closed string.

To evaluate the mass, a has to be determined. One has to be careful to avoid over-
counting: the commutation relations Equation show that there are negative
norm states in the theory, which have to be removed by gauge fixing. Considering
this yields

1 > D
=-(D-2 =-—__= 2.41
=3 (D=2 =5 (2.41)

where D is the dimension of the target spacetime.

For open strings, the excitation of lowest mass is a vector boson «i |0, E} and
transforms under SO(D — 2). To avoid anomalies of the Lorentz symmetry, these
states have to be massless. Therefore, we have the restriction a = 1, forcing the
dimension of the target space to be D = 26. The zero-mass excitation of the closed
string is o]0, l;>, i.e. a rank-two tensor which can be decomposed into a symmetric

traceless tensor, an antisymmetric tensor and a scalar.

This emphasizes why string theory is a candidate for unifying gauge theory and
gravity: the lowest excitations of open strings describe gauge bosons, whereas the
lowest excitations of closed strings contain a symmetric rank-2 tensor which describes

a graviton.

The previous discussion only considers bosonic strings. A straight forward way

to achieve fermionic degrees of freedom is to impose worldsheet supersymmetry.
T

Every bosonic field X™ obtains a fermionic superpartner ¥ = <¢¥ (i > . The
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action receives the additional contribution

Sf = m d20\TlMpa8a\IJM,

i
272

dPo (Yr0_thy +9_010_) . (2.42)

The quantization and the calculation of the spectrum is then analogous to bosonic
string theory. The equation of motion for the fermions allows to split the result in

terms of left- and right-moving excitations
V= s S diep(-iny), Y=z Y diexp(—ing ). (243)
= — nexp(—inoy ), _=— nexp(—ino_). .
+ \/5 . p + \/§ . p
These Grassmann-valued coefficients satisfy anti-commutation relations

{d™ dNY = VM6, 0. (2.44)

m’Tn

To keep the variational principle well-defined, the boundary term

[0y — w—&/}f]gmx =0 (2.45)
has to vanish for open strings. This yields the boundary conditions
eato=0:1Y.(7,0) =v_(7,0),
e Ramond boundary condition: 1, (t,m) = ¥_(T,7),
e Neveu Schwarz boundary condition: 1, (1,7) = —_(7, ).

The NS boundary conditions describes bosons, whereas the R sector contains fermions.
For closed strings, the left- and right-moving excitations can be either periodic (R)
or antiperiodic (NS). This can be chosen for both type of excitations independently,
resulting in four different boundary conditions labeled as R-R, NS-NS, R-NS and
NS-RE

14Used conventions:
0 -1 0 1 (.
0 _ 1 _ _
A=) =) - ()

5These boundary conditions for both types of strings are named the same because they have
the same effect: NS boundary conditions cause n + % € Z, wheres R boundary conditions cause

26
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Repeating the same procedure as in the bosonic case, the same mass formula as
in equation ([2.40)) is obtained where know the number operator N is

N = i oy Oy + i d_, - d,n (2.46)
n=1 n=1

and a is changed. For superstrings, Lorentz invariance now requires spacetime di-

mension D = 10, resulting in

NS,
R.

(2.47)

S N

There are problems with the spectrum. It contains tachyons. Furthermore,
consistency requires spacetime supersymmetry, resulting in an equal number of
fermionic and bosonic degrees of freedom for each mass. This is obtained by trun-
cating the spectrum. For the Neveu-Schwarz sector, only states with odd fermion
number Zn>0 d_,d, are considered to avoid the tachyon. For the Ramon sector, one
can choose to consider either states with even or with odd fermion number. We will

go with the first choice. The resulting massless spectrum for open strings consists

of
e a gauge boson: dﬁ/2|O>NS,
e its superpartner, the gaugino: |0)g.

For the closed string spectrum, one can pick left- and right-movers from these states,

resulting in the combinations
i d¥1/2’0>NS ® djjl/ﬂo)NS
¢ 0)r®[0)r
o [0)r®dY, ,|0)ns, @) ;5|0)ns @ |0)r

These states split into irreducible representations as shown in Table 2.5
In string theory, one can either consider a theory with only closed strings or a

theory with open and closed strings.

n € 7. Therefore, the Ramond sector contains dy modes, whose anti-commutation relations are
the Clifford algebra and who hence create fermionic degrees of freedom, while the Neveu-Schwarz
sector only contains bosons.
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Table 2.5: Particle Content of Massless Closed 1IB String Theory.

Sector Field Particle
NS-NS ¢ scalar (dilaton)
Ba) antisymmetric two-form gauge field
(Kalb-Ramond field)
IMN metric (graviton)
R-R Cwy, n€{0,2} n-form gauge field
Cuy self-dual 4-form gauge field

NS-R A, I €{1,2}  spin 1/2 dilatinos
UM T e{1,2} spin 3/2 gravitinos with same chirality

2.3.1 SUPERGRAVITY

The only length-scale of string theory (in Minkowskian background) is the string
length [,. Therefore, the low energy limit of the theory corresponds to E - [, small
and can be considered by taking [y — 0. In this limit, all modes except the zero-
mass modes become infinitely heavy (see Equation (2.40)) and can be integrated
out. Only the massless modes shown in Table survive. Furthermore, the strings
become pointlike. This results in being able to describe the theory by an effective
theory living in the ten-dimensional target space. As discussed above, the theory has
(spacetime) supersymmetry and contains gravity. The effective low-energy action is
the so-called supergravity (SUGRA) action. It is a theory where supersymmetry is
promoted to a gauge theory. The resulting gauge fields are the gravitinos ¥4/. Since
two supersymmetric transformations result in a translation, gauging supersymmetry

automatically produces diffeomorphism invariance and consequently gravity.

The bosonic action of type IIB supergravity is

1
2r3,

1 1, - 1, - 1
—5[F = 51— Z\F@!?) + 5/@4) NHe AFg| . (248)

SIIB =

{/ dXx /=g (e‘2¢(R + 400 p0M p — %|H(3)\2)

The field-strength tensors in this action are Fi,) = dC(,—1) and H(3) = dB(y), as well

as

Fg) = Fiz) — CloyH ),

_ 1 1
Fis) = Fis) = 50 N H) + 582 A F).
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2.3 String Theory

This action correctly produces the equation of motions for the massless spectrum
of closed type IIB string theory. However, the action does not automatically incor-
porate the self-duality constraint on the five-form. Instead, it has to be imposed
separately. The complete action also contains the fermionic terms. We will not
present them here. Later on, we consider classical solutions of this action, for which
fermionic fields vanish.

To conclude this section, the gravitational constant can be expressed in terms of

the string length
22, = (2m)"I5. (2.49)

Furthermore, one can expand the dilaton around its classical solution ¢y, which is

related to the string coupling g,
gs = e?. (2.50)

Identifying the Einstein-Hilbert term of the action yields for the 10-dimensional

Newton constant Gg

2r2,e%% = 213, = 167G 0. (2.51)

2.3.2 D-BRANES

For open strings, there are two type of boundary conditions: Neumann boundary
condition and Dirichlet boundary condition. The physical interpretation of Dirichlet
boundary conditions is that the endpoint is fixed. This breaks translational invari-
ance and momentum is no longer conserved. The reason is that there is momentum
flow at the endpoints. Consequently, these strings have to end on physical objects
which can absorb this momentum flow. For a string with Neumann boundary con-
ditions for (p + 1) spacetime directions and Dirichlet boundary conditions for the
remaining spatial directions, this physical object is a (p + 1) dimensional surface
called Dp-brane. These objects are stable if they couple to one of the gauge fields of
the theory and have a conserved charge. In type IIB string theory, we have n-form
gauge fields with n = 0,2,4™ Therefore, the theory allows for stable Dp branes
with odd p.

These Dp branes are not rigid objects, but in fact dynamical [56]. The massless

16These couple electrically to D(n — 1) branes and magnetically to D(7 — n) branes.
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spectrum contains a worldvolume gauge field A, from the open-strings excitations
and 9 — p massless scalar fields, which arise as goldstone modes from broken trans-
lational symmetry and describe transverse excitations of the brane. The interaction
between these fields and the NS-NS sector of the closed strings is described by the
Dirac-Born Infeld (DBI) action]

SpBI = —T) / drtie e_¢\/— det (g + By + 27’ F),). (2.52)

The indices u, v = 0, ... p are for the coordinates parallel to the branes and
9uv, B, are the pull-back of the metric and the Kalb-Ramond field respectively. The
coupling between R-R sector and the brane-fields is described by a Chern-Simons
term Scg and yields to the brane being charged. If only the metric is fluctuating,
the DBI-action reduces to

B=F=0¢=Ing.: Sppr = —-2 [ dPig \/= det g, (2.53)
9s

This is the higher-dimensional generalization of the Nambu-Goto action (2.31)) (see
also Table . The tension of the brane is determined by examining a closed string
colliding with the brane and matching this process to the analog open string process

(see |56]), yielding
7, = (2m) 7P - ;P (2.54)
If we in contrast focus on the field-strength F' in flat space, we obtain

7,(2m’)

2
B=0,g=n a<l1: Sppr = const. — 1 /def F,F". (2.55)
Js

This is the Yang-Mills action with coupling constant
Gyar = 2m) P, (2.56)

The DBI action can therefore be understood as non-linear generalization of the

Yang-Mills action.

Instead of considering a single Dp-brane, one can also consider a stack of N

ITFor a small field strength, the DBI action reduces to Yang-Mills action in flat spacetimes.
Consequently, it can be understood as a non-linear generalization of Yang-Mills theory. The
corresponding coupling is g2 ,, = (27)" ?g,12=3.
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Ao
| - | -

(a) Open String Perspec- (b) Closed String Perspec-
tive tive

Figure 2.1: Dp-Branes

coinciding Dp branes. This promotes the fields to N x N matrices, where the indices
label the branes the open strings ends on. In particular, the gauge field A, becomes
a U(N) gauge field. All open strings states transform in the adjoint representation

of this gauge group. The DBI-action now involves taking the trace

SpPBI = —T)p / AP e ™ Tr \/— det (gag + Bap + 21’ Fp). (2.57)

From Equation (2.53]), we see that the tension of Dp-branes is given by 7,/gs.
Therefore, these branes are non-perturbative objects. Therefore, they are treated
as rigid objects and strings as perturbations. For this picture to work, the coupling

between open and closed strings has to be small, i.e. g N < 1.

Interestingly, it was shown in [57] that Dp-branes are equivalent to massive (p +
1)-dimensional surfaces in closed string theory. In the low-energy limit, these p-
branes are solitonic solutions of SUGRA. The ansatz for the metric preserving the
R x SO(p,1) x SO(9 — p) symmetry is

ds® =H,(r) "2y, da"dz” + Hy(r)*dy'dy’, (2.58a)

where x# are the coordinates parallel to the surface and y* are the transverse direc-
tions. The function H, only depends on the distance from the surface r = 1/ 3", (y)*.
The only other non-vanishing SUGRA fields are the dilaton and the gauge field under
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which couples to the brane

e =g, H,(r)* P/, (2.58b)
Cip+1) = (Hp(r)_1 —1)da® Ada' A~ Ada?, (2.58c¢)

This solves the SUGRA equations for motions if
DHP(T) = 07

L\
Hy(r) =1+ (_,,) 7 (2.59)
r
where L, is an integration constant at this point. To ensure that the SUGRA
descriptions can be applied, L, should be large.

To understand what these objects are, two limits are interesting:
e Asymptotically (i.e. for  — 00), the metric reduces to flat Minkowski space.

e In contrast, the metric diverges as we approach the surface, i.e. r — 0. The

spacetime has a (p + 1)-dimensional singularity at r = 0.

These p-branes are therefore higher-dimensional generalizations of black holes.

Therefore, there are two perspective of Dp-branes are shown in Figure in the
open strings picture, they are dynamical objects where strings can end and which
effectively give rise to a non-abelian gauge theory. In the closed string picture,
they are massive objects which curve the space around them and correspond to
higher-dimensional generalizations of black holes. How are these two perspectives
related? In both perspectives, these objects are charged under the p-form gauge
field. Matching the charge yields

7 _
L77 = (4m) 02T ( 2 p) g Na/ T2, (2.60)

where N is the number of considered braned™|

18Therefore, the limit L, large corresponds to gsN > 1. This implies that these two perspectives
only work in opposite limits.
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2.4 THE ADS/CFT CORRESPONDENCE

There are several realizations of AdS/CFT arising from considering branes in string
theory. In the following, we first review the most prominent example: the duality be-
tween a four-dimensional CF'T and AdS space in five dimensions (i.e. AdS;/CFTy) as
conjectured by Maldacena [11]. Afterwards, we take a look at the general AdS/CFT
correspondence and review aspects relevant for it. This also introduces the conven-

tions used in the remaining chapters.

2.4.1 DERIVATION OF ADS;/CFT,

In 1997, Maldacena considered the low-energy limit of D3-branes [11]. As discussed
in Section [2.3.2] these objects are described by two perspectives: as surfaces where
open strings end (open string perspective) or as heavy objects, which deform the

space around them and form a black hole (closed string perspective).

OPEN STRING PERSPECTIVE

In the open-string perspective, the action splits into three parts:
S = Sbulk + Sbrane + Sinty (261)

where Spu describes the closed string sector, Syrane describes the open string sector
and Sy, captures the interactions between both sectors. In the low energy limit,
Shuik reduces to the type IIB SUGRA action. The bosonic part of the remaining
terms arises from the DBI action Spp; and the Chern-Simons term. For a stack of
N D3 branes, the DBI action (see ([2.57))) is

SpBl = =T / dHg e T \/_ det (g + 270/ Fu), (2.62)

where B is set to zero for simplicity. The Greek indices u,v label the (p + 1)
directions parallel to the brane, £ are the coordinates parameterizing the brane and
9w is the pull-back of the metric. The DBI action describes the interaction of the
metric and the dilaton field with the bosonic fields living on the brane: the SU(N)
gauge field A* with the associated field strength F},, and six Goldstone modes X'
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for the broken translational invariance in six directiond™l

As discussed previously, the DBI action reduces to the Yang-Mills action for
small o/, see Equation ([2.55)). The corresponding Yang-Mills coupling is (see Equa-
tion (2.56))

27 gs = Goar- (2.63)

Considering also the remaining terms contributing to Sp,ane yields for the Lagrangian

describing the open string excitations

1
£brane =Tr |- F, VFMV +
29)2/M 8

2
gy COALXT, Ny] + Ciap N [X T N 4 gYTM[Xi, X, (2.64)

o B " —iX'0" DA, — DX DX

where F),, is the field strength tensor of A* and C® are Clebsch-Gordan coeffi-
cientd?]

The only parameter of the Lagrangian is the dimensionless coupling constant
gyn- Therefore, the theory is conformal on the classical level. A special feature of
this theory is that it also has conformal invariance as a quantum theory. This implies
that the beta function for the coupling vanishes. Furthermore, this is a theory with
N = 4 supersymmetry in d = 4 dimensions. This corresponds to 8 supercharges.
They arise since we started with a supersymmetric theory in D = 10, which has 16
supercharges. However, half of the supersymmetries are broken due to the brane.
The fields on the brane arrange in a N' = 4 gauge multiplet in four dimensions. This
theory is N' = 4 supersymmetric Yang-Mills (SYM) theory on R3!.

The remaining part of the action is Sj,;. When taking the small « limit, one has to
be careful with normalizing all fields appropriately. If done correctly, the interaction
term vanishes. Therefore, the closed and the open string modes decouple and we

obtain

N =4 SYM theory on R*! + type IIB SUGRA on R

19Tn the DBI action above, these are hidden in the pull-back.
20Used conventions: F, = 0,A, — 9,A, +i[A,, A)], Dy =0, +ilA,,- ], 0 = (—1,—0?)
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CLOSED STRING PERSPECTIVE

For 3-branes, the corresponding soliton-like solution of SUGRA has the metric

ds? :H(r)fl/Qana:“dx” + H(r)"2dy'dy, (2.65a)
N4
H(r) =1+ (?> . (2.65b)

a# are the coordinates parallel to the brane and 3y’ the transverse ones. A special

feature of the p = 3 case is that dilaton field is constant
e? = g, = const, (2.66)

corresponding to a vanishing beta function for the coupling. The function H(r)
appearing in the metric contains an integration constant L, which is related to the

number of branes

L* = 4mwg NI2. (2.67)

In the flat-space limit » — 0o, the geometry reduces to flat Minkowski space. In

the opposite limit » — 0, one obtains

L\ L\’
ds? ~ (—) N datdz” + (—) dr? + L2dQ2,
r r
where we wrote dy® = dr? 4+ d;. Therefore, the transverse S° has a constant size.

Combining these two limits, the geometry is shown in Figure

When taking the low-energy limit in a theory with gravity, one has to specify
with respect to which observer one is measuring the energy. The dual field theory
lives at r = oo, hence the low-energy limit has to be taken there. Considering the

energy F, measured at radial position 7, the energy for an observer at infinity is
Ew = H(r) "*E,. (2.68)

Therefore, there are two types of low-energy excitations: massless bulk excitations

with E, = 0 and near horizon excitations located at r/L — 0 with finite energy
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Figure 2.2: p-brane in SUGRA.
The six transverse directions are shown. The position of the brane is represented by
the dashed line.

EFPY In this limit, the metric reduces to the AdS metrid? times a five-sphere of

constant size. The metric can be written as
IN\2
dshas, s = (;) (Muwda*da” + dz?) + L2dQE, (2.69)

where we used the coordinate transformation z = L?/r. The cross-section between
these different excitations goes to zero and the bulk excitations decouple from the

near horizon excitations. Therefore, we obtain
type IIB SUGRA on AdSs x S® + type IIB SUGRA on R%!

in the closed string perspective.

21This limit has to be taken carefully. One has to fix [ E, to obtain arbitrary excitations in the
r — 0 region. The energy measured at infinity is the field theory energy Fo, ~ 7z - [sE,, which
also has to be kept fixed. This is achieved by the coordinate transformation # = r/I2. 7 is kept
constant while [ is taken to infinity. This yields an additional factors of I in front of the metric,
which cancels with factors of I, in front of the action.

22Gee the review in Section
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COMBINING BOTH PERSPECTIVES

Combining these two perspectives, one notices that both sides contain type IIB
SUGRA on R%!, which does not couple to the other sector. Therefore, the remaining

two sectors have to be correspond to each other. This yields
N =4 SU(N,.) SYM theory on R*»! +— type I[IB SUGRA on AdS;5 x S°.

Maldacena used the argument above and conjectured that both sides are equivalent
for arbitrary coupling [11]. The parameter of the field theory are the Yang-Mills
coupling gy s and the rank of the gauge group N, which can be combined to the 't
Hooft coupling A = ¢2,,N. It is related to the string theory quantities by

A :% (%)4 (2.70)

where L is the radius of the AdS space and [, is the string length. The field theory
is only well-understood in the perturbative regime, i.e. A < 1, whereas SUGRA is
only well-understood for weak gravity, i.e. A > 1. This empathizes the power of the
duality: one can work with a weakly curved gravitational theory to understand a
strongly coupled field theory or one can work with a weakly coupled field theory to
understand a strongly curved gravitational theory.

Both sides of the correspondence are highly symmetric theories. Focusing on the
bosonic symmetries, the CFT has the conformal symmetry SO(4,2) and the SU(4) ,
R-symmetry from rotating the supercharges. These correspond to the symmetries

of AdS5 and S°® respectively.

2.4.2 GENERAL CORRESPONDENCE AND FIELD-OPERATOR-MAP

The limits used to derive the AdS;/CFT, correspondence are the large N and large
A limit. The duality in its strongest form is far more general: it conjectures that
N = 4 SU(N) Super Yang-Mills theory with arbitrary N and coupling is dual to
type IIB string theory on AdSs x S°. This statement is then weakened by performing
the limits mentioned above. The three forms of the correspondence obtained in this
way are presented in Table

Besides AdS;/CFTy, similar dualities for different dimensions can be derived by

considering other brane—setupsFE]. Formulating the correspondence in a general way,

ZFor example, AdS3/CFTg, AdS4/CFT3 and AdS;/CFTg can be derived this way [58-60].
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Table 2.6: Different Forms of the AdS/CFT Correspondence.

Strongest general AV =4 SYM theory = Quantum string theory on AdSsx.S®

l Ni?o‘),oit:l:;:st J{ gs — 0, ls/L = const.
Strong Large N N =4 SYM theory Classical string theory on AdSsxS?®

strong coupling limit point-particle limit
A—00 500

Weak Strongly coupled large N Classical SUGRA on AdS;x.S%
N =4 SYM theory

one considers
CFT, — massless theory on AdS;y; x K,

where K is a compact space. Using Kaluza-Klein reduction, the theory on the

gravity side can be written as a massive theory on AdSy,1, i.e. the statement is
CFTy — massive theory on AdSgy1,

where the mass-spectrum depends on the compact space. The gravitational the-
ory has three length-scales: the string-length [,, the AdS radius L and the Planck
length determined by the gravitational constant Ggf,lﬂ). The field theory is param-
eterized by an effective coupling A\ and the central charge ¢, which is proportional
to the number of fields and for a SU(N) gauge theory therefore proportional to N2.
Qualitatively, both sides are related by

Ld—l
Gl

Ao (lf)’y (2.71b)

with positive 4. This is known as AdS/CFT dictionary. The action on the gravity

c X (2.71a)

side is of the form

1
S = dz /—det g (R + —— ) + matter terms) (2.72)

where the second term arises from the cosmological constant A = —d(zdL}l). The

(d+1)-dimensional Newton constant G ) is related to the string length as G
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d—1
1d-1,

The AdS metric has the scale invariance of the conformal theory. A rescaling of
the CF'T coordinates z# — Ax* leaves the metric invariant if the radial coordinate
is rescaled appropriately, i.e. z — Az. This has an interesting interpretation when
associating high energies with short distances and vice-versa. The radial coordinate
z can be interpreted as an energy scale with z — 0 corresponding to the UV and
z — oo to the IR. In particular, a UV cutoff in the field theory corresponds to a
cutoff at z = e < 1.

How exactly does it work to reduce the theory on AdSd + 1 x K to an effective
theory on AdSd + 17 Since we consider a product space, the d’Alembert operator

reduces to

Oadsgxx = Uadsy,, + Uk

Therefore, we can compactify the compact space K using Kaluza-Klein reduction.

The ansatz is assume

(ﬁ(Z,%,Z/) = ¢(Z,$) ’ Y(y),

where Y is an eigenfunction of the d’Alembert operator on K. Therefore, the equa-

tions of motion reduce to

Oadas,., 0(2,2) = m?¢(z, x),

where the mass m is determined by the eigenvalue of Y. Therefore, SUGRA of
massless fields ¢ on AdS;;; x K can be understood as a theory with massive fields
¢; on AdSgy,. For a sphere K = SP~4-1 the fields can be decomposed into spherical

harmonics, e.g. for a scalar field ¢

Oz, 2,y) =Y dilz,2)i(y), with OgYi(y) = - ézu +D—d-2)Yi(y), (2.73)

where y are the coordinates of K. Therefore, the exact form of the compact space

determines the possible eigenvalues of [l and consequently the mass spectrum.

The mapping between degrees of freedom on both sides can be understood by
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considering the near boundary expansion of the equation of motions

Oadsg. (2, 2) = % (2282 —(d—1)z0, + ZQU“”@@) o(z, ), (2.74a)
~ % (z28z —(d— 1)282) o(z,x), (2.74b)
= m?¢(z, x) (2.74¢)

The asymptotic solution has the form

O(z,2) & ¢y (x) - 2% + o) () - 22 (2.75)

where the powers A1 depend on the mass m of the scalar field

d [ d?

Therefore, the differential equation (2.74)) has two solutions: a normalizable one

proportional to 2+ and a non-normalizable one proportional to z2- [61]@

Dimensional analysis helps to understand what the normalizable and the non-
normalizable solution correspond to on the field theory side. A scaling transforma-
tion can be performed on the gravity side by considering x# — Az#, 2 — A\z. Looking
at the solution Equation and the scaling behavior of ¢(o)(x), ¢(4)(x), one can
identify ¢(;)(x) with the expectation value of an operator of conformal dimension
A = A, and ¢(o)(z) with its source. This identification is known as field-operator

map, which for scalar operators states

Ox — P(2, x),
A oo m? = A(A — d).

For field of different spin, the relation between mass and scaling dimension A is
changed, but the fundamental statement is the same: there is a one-to-one map

between operators of a certain scaling dimension A and fields of a certain mass m.

In [12,/13], the partition function on both sides of the correspondence are identi-

24The action evaluated for a normalizable solution is finite, whereas the action evaluated for a
non-normalizable solution is infinite. The non-normalizable solution exists independent of the sig-
nature of the spacetime. In contrast, the differential equation only allows for a normalizable
solution in Lorentzian signature.
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fied. For classical SUGRA this implies

(2.77a)

Zorr|po(x)] = Zusld(z, v)] lim ¢(z,2)2 2= =go(x)’
z—0 Iz - ;

<exp ( / ¢00) >CFT — exp (Ssuna(®))

where the sources ¢y and the fields ¢ are related as discussed above. This relation is

: (2.77b)

1i_)rr}) ¢(z,x)z_A* =¢o(x)

called GKP-Witten relation after the authors of the aforementioned papers. While
the saddle-point approximation in the second line is only valid for the weak form of
the duality, the identification of the generation functionals in the first line applies
also to the strong form. This relation allows to calculate correlation functions by

considering derivatives with respect to the sources.

There are two approaches to obtain a duality of the form
CFT, — massive theory on AdSgy1.

In the top-down approach the duality is derived by starting with an explicit string
theory setup and compactifying the compact space K. These models have an explicit
mapping between field theory parameters and string theory parameters. Further-
more, the explicit theories on both sides are known. In contrast, it is also possible
to follow a bottom-up approach by modeling the gravitational theory corresponding
to the properties of the CF'T. In this approach, the relation between parameters on

both sides has to be read of from observables.

2.4.3 SPECIAL ASPECTS OF ADS3/CFT,

Section reviews the near-horizon limit to obtain AdS;/CFT, from the low-
energy limit of D3 branes. The same procedure can be applied to other brane
setups resulting in other examples of AdS;,;/CFT,. In particular, Maldacena [11]
published cases resulting in AdS3/CFT, already in his first paper conjecturing the
AdS/CFT correspondence.

Symmetries of the metric are formulated in terms of Killing vector, i.e. infinites-
imal diffeomorphisms which leave the metric invariant. The number of Killing vec-
tors is finite. However, one can also consider asymptotic symmetries. Therefore,

we consider diffeomorphism which leave the boundary behavior of the metric to be
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asymptotically AdS, as was done in [62,63]. For a metric
ds? = gyydz™daz™ (2.78)

with M = (t,z,2) to be considered asymptotically AdS, the required boundary

behavior is

L? ?
Juw = ?nuu +0(2"), 9on = O(2), 9zz = ?T]MV +0(2"). (2.79)

If we consider now an infinitesimal diffeomorphism of the form zM — M 4+ ¢M

which leaves this asymptotic form invariant, the solutions are of the form

£ = 00, (a%) + 3o (") + O(*) (2.800)
=09 (27)+ %agi(:ﬁ)f + 0Oz (2.80b)
& = —0> (9/(a") + 9-"(a7)) + O(), (2.80c)

where g4 are arbitrary functions and o is a small expansion parameter. On the
boundary, the diffeomorphisms reduce to * — z* + g.(z%), i.e. the asymptotic
symmetry reduces to the local conformal symmetry on the boundary. The algebra
for the generators may be derived using Hamiltonian analysis on the gravity side,

see |62]. This results in two copies of the Virasoro algebra with central charge

3L

C:E.

(2.81)
Therefore, it was already discovered before AdS/CFT that the asymptotic symmetry
of AdS; agrees with the conformal symmetry in CFTy. Furthermore, the mapping

between central charge ¢ and AdS-radius L is universal.

What happens if we do not consider the vacuum state of the CFT, i.e. T = 0,
but a state with

87GNT,y = — L(z™), (2.82a)

el

8TGNT__ = = L(z7)? (2.82b)
The energy momentum tensor on the boundary is dual to the metric on the gravity
side. This however only fixes the asymptotic behavior of the metric, see Equa-
tion (2.75). To determine the whole metric, one has to solve the Einstein equations
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for the metric order by order in z2. This expansion is not guaranteed to converge in

general. For AdS3; however, it was shown in [64] that this expansion yields

1 2 1

ds® = - (d2® — datda™) — %dx+dx_ + 2 (L(z")(da™)® + L(z7)(dz™)?) .
z

This metric is singularity at the horizon at radial position

2
(L(z+) L))"

20 =

The coordinates used in Equation (2.83)) only cover the outside region and not the

interior.

2.5 HOLOGRAPHY AND QUANTUM INFORMATION

This chapter takes a look at quantum information and its importance in holography.

2.5.1 QUANTUM INFORMATION AND ENTANGLEMENT

This short review of quantum information is based on [65],66].

One crucial ingredient when considering quantum systems is entanglement. It
is no longer enough to understand each part of the system, but one also has to
understand the entanglement between different parts [6,67,68|. This has interesting
effects: subsystems can no longer described independently from each other.

More formally, let us consider a bipartite system H = H4 ® Hp. The composite
state is described by a density matrix p. The entropy of the state is given by the

von Neumann entropy
S(p) =—Trplnp. (2.83)

It can be understood as the missing information about the state. In particular, it is

non-negative and only vanishes for pure states,
S(p) >0 with S(p)=0 <= p=|p)(¢|, ie. pisa purestate. (2.84)
The subsystems are described by reduced density matrices

pPA = Trp P, PB = Try P, (285)
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where we integrate out the degrees of freedom living in the complement. Let us turn
to the difference between classical states and quantum states. Classical pure states

are of the form

V) = |Ya) @ ) with  [Yap) € Has, (2.86a)
p =) (¥l (2.86b)

For these states, the reduced states of the pure state

pa = |a) (Yal, ps = |VB) (V5]

are also pure. Mixed classical states are of the form
p="> pilthi) (il. (2.87)

gg lIn contrast, a quantum state can be any normalized states in the Hilbert state

Ha ® Hp. Therefore, quantum states are of the form

) = aileby) with (1[ep) = 1. (2.88)

)

Any pure state in H can be written as
W) = ZC'L' lei) @ |fi), (2.89)

where |e;) and |f;) are appropriately chosen orthonormal bases of H4 and Hp re-
spectively. This decomposition is called Schmidt decomposition. For these states,

the reduced states are
PA :Z’Ci|2‘3i><€i‘, PB :Z’Ci’2|fi><fi‘

and are in general mixed. This mixture is caused by entanglement between A and
B. Tt shows that complete knowledge of the state |p) does not imply complete

knowledge of the reduced states |p)4 and |p)p and vice-versa.

How can this entanglement be quantified? First, we consider pure states. As we
discussed above, entanglement creates missing information about the reduced states
even with full knowledge of the state. This missing information can be quantified

using the entropy of the reduced state. This entropy is called the entanglement
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entropy

See(pa) = —Trapalnpy. (2.90)

If we consider a pure state |p), the entanglement entropies for both subsystems agree,
which can be seen from the Schmidt decomposition . However, the problem
is more subtle for mixed states. For these, the entanglement entropy also receives
contributions from classical correlations. How can we see whether a mixed states is
entangled? A mixed state without entanglement between A and B can be written

as
p=> piply @ ply. (2.91)

Such states are called separable. These states can be created by so called Local
Operations and Classical Communication (LOCC), which allows operators which
only act on one subsystem as well as classical communication between both sub-
systems. Unfortunately, there is no definite answer on what is a good measure for
entanglement for mixed states. Necessary conditions on such a measure E(p) are

the following:

e They are positive, i.e. E(p) >0 Vp € H.
e They only vanish for separable states.

e They do not increase under LOCC, as these transformations do not create

entanglement.

Any function FE satisfying these conditions is called an entanglement monotone. For
an entanglement monotone to be a measure of entanglement, it has to reduce to the
entanglement entropy for any pure state.

There are many different proposals for measures of entanglement. One com-
putable measure is the entanglement negativity [69]. It is based on the Pere’s crite-
rion |70] for separable states, which considers the eigenvalues of the partial transpose

pT4 of the density matrix. The partial transpose is defined as

(il @ (eil p™ lew) @ |fi) = (fi] ® (exl p les) ® | 11)- (2.92)

While the eigenvalues of the density matrix p are positive, the eigenvalues of p™ can
become negative. The Pere’s criterion states that p’4 has no negative eigenvalues

if the state is separable. These can be measured by the trace norm of the partial
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transpose

141 = e/ (p7)Tp™s = " |Adl,

Pl =1=2 % A,

i, A;<0

where )\; are the eigenvalues of p™4. The second line follows from Tr p™ = Trp = 1.

It is however more convenient to consider
e(A) = In]|p"™], (2.93)

which is called entanglement negativity. While the entanglement negativity is an
entanglement monotone, it is strictly speaking not an entanglement measure since

it does not reduce to the entanglement entropy for all pure states.

Let us empathize that there exist numerous other entanglement measures. We
focus on the entanglement negativity because it is calculable and, as we later see,

has a holographic dual.

2.5.2 HOLOGRAPHIC ENTANGLEMENT ENTROPY

When considering entanglement in AdS/CFT, one considers the entanglement in a

field theory. Here, the Hilbert space can be written as a tensor product

H= & Hz

ZcRd-1

Therefore, it is natural to split the system into parts by considering a region A and
split the Hilbert space into degrees of freedom living on A and degrees of freedom

living on the complement A, [’
H=HisQHa,.

The surface splitting this regions is called entangling surface 0A. This decomposition

is shown in Figure 2.3] We can now restrict our attention to the degrees of freedom

258plitting degrees of freedom in this way is problematic in gauge theories. There is no gauge-
invariant way to perform this decomposition.
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[

0A

\
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/

Figure 2.3: Decomposition of Space into Region A and Complement A..

living in A by considering the reduced density matrix

pa = Tra, p. (2.94)

This reduces density matrix has an intuitive physical interpretation: it describes the
state for an observer in A without access to the complement. In this interpretation,
the entanglement entropy measures the missing information for an observer in A,
who has no access to the complement A..

The entanglement entropy gives insights into the entanglement structure of the
state. Therefore, it is an interesting observable to study. In particular, it can be
used as an order parameter for quantum phase transition. Calculating the entangle-
ment entropy requires knowledge of the eigenvalues of the reduced density matrix.
For systems with a finite number of freedoms, this is often a feasible problem. How-
ever, in quantum field theories we have an infinite number of freedoms the problem
becomes drastically more complex, even for free field theories. The exception from
this are two-dimensional CFTs, where the problem can be rephrased into evaluat-
ing the partition function on an n-sheeted Riemann surface and reduces to
evaluating two-point correlation functions of particular twist fields. There do not
exist numerous results for higher-dimensional field theories, making it particularly
interesting to study the entanglement holographically.

In [25,126], a dual for static time-independent states was conjectured, which
was later generalized to time-dependent setups . An extensive review of these
holographic proposals can be found in . Let us follow an heuristic argument to
derive the holographic entanglement entropy. In this discussion, we restrict ourselves

to time-independent setups. They have the special feature that the timelike killing
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Figure 2.4: Bulk Surface anchored on Entangling Surface.

vector uniquely extends the boundary time-slicing into the bulk. Therefore, we can
restrict ourselves to considering a constant bulk time-slice. Let us return to the
setup shown in Figure 2.3l We consider a reduced state p4, i.e. the state for an
observer who only has access to A. This state should be dual to the gravitational
theory in an attached region of space. The entanglement entropy is the entropy of
this reduced state, i.e. it measures the number of degrees of freedom. The duality
is a one-to-one map, i.e. this number of degrees of freedom has to agree with the
number of degrees of freedom living in the dual bulk region. However, this number
is bounded in a theory with gravity: the Bekenstein entropy bound tells us that
it is bounded by area of the surrounding surface. This construction is shown in
Figure 2.4 To obtain the strictest bound, one selects the region with the minimal
boundary area. It was conjectured in that this bound is saturated, i.e. the

entanglement entropy can be calculated Viaﬁl

A
SEE(B) = —g T (295&)
4G5
A= i A . 2.95b
i, Arealvs) (2.95b)

This considers only surfaces 4 which are homologous to A, i.e. which can be

smoothly retracted to the boundary region A. This proposal for the holographic

26 generalizes this to time-dependent states. For these, one has to minimize over extremal
co-dimension two surfaces.

48



2.5 Holography and Quantum Information

entanglement entropy relates the entanglement entropy to the area of the minimal
co-dimension one surface anchored on the entangling surface 9A. One further moti-
vation for this conjecture was that it correctly reproduces field-theory calculations
for d = 2. An explicit proof for spherical regions in CFTs was later found in [76].

For a more general setup, it was proven in [77]@

Let us briefly discuss how this works. Our surfaces v4 can be parameterized by

(d — 2) coordinates w. The embedding is z,,(w). The surface area is

A= / At/ (2.96a)

YaB = gpuaaiﬂ,%aﬂl’,’;, (296b)

where v is the induced metric on the surface. Therefore, finding the minimal surface
reduces to solving the variational problem with respect to the embedding x,,. The

boundary conditions are given by anchoring the surface on JA.

Already before the proofs of the conjecture, there was already confidence in
its validity since it satisfied several properties of the entanglement entropyF_g]. Two
prominent inequalities for the entanglement entropy are the subadditivity and strong
subadditivity. They arise when considering a region A split into two or three regions

A; respectively and state

Holographically, these inequalities can be proven geometrically: by cutting and glu-
ing the different surfaces on the right-hand side yields non-minimal surfaces an-
chored on the regions on the left-hand side [81,82]. Interestingly, the holographic
entanglement entropy satisfies an infinite set of inequalities, which are not neces-
sarily satisfied by the field theory entanglement entropy [83]. They carve out the
so called holographic entropy cone in the space of entropies, i.e. a subset of entropy

combinations allowing a holographic dual.

Further supporting evidence is the agreement with the UV-behavior of the en-
tanglement entropy. Due to UV-correlations across the entangling surface, the en-

tanglement entropy is UV divergent, which requires to introduce a UV cutoff ¢ < 1.

27See |78| for the covariant proof.

Z8More properties are discussed in |79,80].
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Figure 2.5: Bulk Surface for Finite Temperature.

The divergent term scales with the area of the entangling surface 9A. On the bulk
side, this is reproduced by introducing a bulk cutoff. The AdS metric diverges at
the boundary, yielding the correct area term. For conformal theories, there is no
length-scale. Therefore, the UV-divergent term is Sgp ~ Area(9A)/e?~2. Further-
more, let us have a look at finite temperature states in CFTs, i.e. states dual to
AdS Schwarzschild black holes. The radial component of the metric diverges at the
horizon. This results in a repulsive for the minimal surface. For a large boundary
region A, the minimal surface can be approximated by a part falling straight into
the bulk and a part along the horizon as shown in Figure [2.5] In this limit, the lead-
ing contribution to the entanglement entropy is the thermal entropy of A, which is

obtained by the part of the surface along the horizon.

As discussed previously, the entanglement entropy is only a measure for entangle-
ment for a pure state. Therefore, it in particular does not apply to thermal states.
One measure suggested for CFT states at finite temperature is the entanglement
negativity [84-88]. A holographic dual for the entanglement negativity is proposed
in ,. Starting from the result for a two-dimensional CF'T reduces to

e(A) =

DO o

(Spr(A) — S"(A)) + f (e, (2.98)

where f is a non-universal function which depends on the particle content. In

general, f is non-vanishing and the entanglement negativity is more than just a

20



2.5 Holography and Quantum Information

combination of entropie@. Fortunately, this non-universal contribution is sublead-
ing in the large central charge limit considered in AdS/CFT and can be neglected.

Therefore, the entanglement negativity for a two-dimensional field theory

e(A) =

DN o

(Spr(A) — S™(A)). (2.99)

The authors of [89,/90] conjecture that this result is as it is also valid for strip
entangling regions in higher dimensions. The entanglement negativity may also be

expressed in terms of the mutual information, which is defined as

The complement for a strip can be split into two parts as shown in Figure[2.6] Using

this, the holographic entanglement negativity can be expressed as

3 3
e(A) = 1 (Z(A: By)+Z(A: By)) = §I(A : B;) for i =1,2. (2.101)
The mutual information is an upper bound on the correlations between two regions.
The connected correlation function for two observables O 4, Op acting on A and B

respectively is bounded by [91,92]

1

T(A-B)> ———
(A:8) 2 55, 0P

((0408))".

Holographically, the mutual information between two regions can vanish. However,
one has to keep in mind that the Ryu-Takayanagi proposal works applies to classical
gravity, i.e. it only captures the leading N contribution. Considering quantum effects
on the gravity side, one obtains subleading terms in N which result in a positive

mutual information [93[}

Let us empathize that this proposal for the entanglement negativity is a purely
holographic proposal. In general, the entanglement negativity is not simply given

in terms of mutual information or entanglement entropies. In particular, we saw

29This non-universal part arises from four-point functions in the theory and depends on the
detailed field content of the CFT.

39Tn quantum information, it can be shown that Z = 0 only happens for product states
pAuB = pA @ pp. If these states have a holographic duals, they are disconnected. One way to see
this is to consider correlation functions of operators with large scaling dimension in the geodesic
approximation, where the bulk-distance have to become infinite when the mutual information goes

to zero, see Section
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Figure 2.6: Construction for Entanglement Negativity.

Consider a strip A with width ¢. The complement can be split into two strips
By and B, with width £ — oco. The mutual information Z(A, B;) is calculated
holographically using minimal surfaces.

that in two-dimensional CFTs the entanglement negativity contains a non-universal
term [84H86]. Such a term depends on the detail field content. Therefore, such a
term could not depend solely on the geometric of the gravity dual. Fortunately, this

term is subleading in the large central charge limit, which is exactly the limit we
consider in AdS/CFT.

2.5.3 COMPLEXITY

The success of the holographic entanglement entropy sparked the interest in consid-
ering holography from a quantum information point of view ,. In particular,
it was noted that not everything is captured by the entanglement entropy. When

considering a reduced density matrix p4, the entanglement entropy

Sgp=—Trpalnpy = —Z)\iln)\i

only depends on its eigenvalues \;. Therefore, also other quantum information

measures are of interest.
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2.5 Holography and Quantum Information

One interesting measure is the notion of complezity, which measures how difficult
it is to construct a state. To define such a measure, we first have to fix some implicit
assumptions. The first one is the state we are starting from: the reference state |R).
To this we apply unitary operators to construct the desired state. Therefore, we can

write our state as
vy =U|R). (2.102)

Furthermore, one has to assign a notion of difficulty to operators. This is done by
considering a gate-set {p;} of universal gates and counting how many of these we
need to construct an operator. This cannot be achieved exactly, but in a certain
error tolerance €. Therefore, the complexity C of an operator is the minimal number

of gates in the circuit constructing it

U=py...uc.

After assigning this notion of difficulty to an operator, it is straight-forward to define
a notion of difficulty for states: the complexity of a state is defined as the minimal

number of gates to construct it from the reference state
W) & pua .. pie| R).

Equivalently speaking, it is the minimal complexity of operators U satisfying (|2.102]).
Nielsen formulated the problem in a different way [95-97|. Instead of applying

discrete gates step by step, the unitary operator is implemented continuously

dU(s)
ds

= —iH(s)U(s),

where s parameterizes the path in the space of unitaries which begins at U(0) = 1
and ends at U(1) = U. This removes the necessity of an error tolerance. Assigning
a difficulty to the infinitesimal steps is done by imposing a Finsler geometry on the
tangent space where H(s) lives. For this, a cost function F'(H) with the following

properties is assigned:
e It is subadditiv: FI(Hy + Hy) < F(H,) + F(H>2).
e It is positive homogeneous: F(AH) = AH for A > 0.

e [t is positive definite.
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Therefore, the length of the path Uf(s) is

/1 dsF[U).

In this framework, finding the optimal circuit reduces to finding the optimal geodesic.

Therefore, the complexity of an operator U is

1

= min / ds F[U] (2.103)
U(0)=1,
U)=U 0

While complexity is a natural measures for quantum computers and discrete
qubits, the field theory definition is not that straight forward. The group of unitary
operators in this case is infinite dimensional. Furthermore, it is not know what cost

functions and reference state are appropriate.

What does this has to do with holography? Susskind studied extremal volume
slices to probe inside the black hole. He found that their volume change linearly for
late times in the two-sided AdS black holes, This linear increase in time is known
for complexity, which provoked Susskind to conjecture that volume of the extremal

slice is proportional to the circuit complexity [40}/42, 98]

v

C= Gul’ (2.104)
where Gy is the Newton constant and L the AdS radiug’]] V is the maximal volume
of a spacelike slice anchored on the boundary time slice. The proposal is known as
complexity = volume proposal. The reasoning behind using extremal spatial slices is
that for spacetimes without timelike killing vector, there is no unique way to extend
the boundary equal time-slice into the bulk. Considering maximal volume grands a

unique covariant way to do this.

For completeness, let us mention that there is also a competing proposal: it

relates the complexity to the gravitational action evaluated on the Wheeler-DeWitt

31For the cases we consider, the length-scale in the denominator will be the AdS radius. However,
that is not the case in general.
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N

(a) Isometries. (b) Disentanglers. (c¢) Combination.

Figure 2.7: Building Blocks of Tensor Networks. Isometries implement coarse
graining by mapping two spins to one effective one. To correctly coarse-grain all
short-range correlations, one has to apply disentangler on neighboring spins which
go into different isometries.

patch [47,48|

1
C=— 2.105
ﬂ'h, ( )

This is known ad complezity=actions proposal. At first, this expression was not well
defined since it requires additional boundary terms to be added to the action, but
the form of these boundary was is known by now [99]. Both holographic proposals
are only conjectures: it is not known whether they really correspond to circuit
complexity as known from quantum information. Even if they do, the corresponding
cost function and reference state are unknown. In this thesis, we focus at the volume
proposal for the holographic complexity. As discussed in the next section, this is

analogous to the notion of complexity in tensor networks.

2.5.4 TENSOR NETWORKS

As discussed in Section there are various open question about the realization
of field theory complexity. There is the question of finding an appropriate set of
gates, an appropriate cost function and an appropriate reference state. Furthermore,

considering complexity for mixed states and particular for reduced states is not well
defined.

Therefore, let us approach complexity from a different perspective: tensor net-
works [43H46]. Tensor networks are a method in many-body physics to approximate
quantum states. They allow efficient computational treatment and a pictorial rep-
resentation of states in terms of a quantum circuit. We focus on a special type of

tensor network: multi-scale renormalization ansatz (MERA). Considering a discrete
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lattice width n lattice points, a quantum state is of the form

T) = Y Tt @ -+ @ ). (2.106)

M1y siin

The basis of the Hilbert space at the kth point is written as |ug) with pup =
1,...,dim(Hs). The idea is to start with this UV state and coarse-grain the tensor.
This coarse graining operation is implemented by isometries. The lattice points
are grouped in blocks of size two on which the isometries act to describe them by
one effective degree of freedom, see Figure The idea is to start with a lattice
of size n and apply a layer of isometries. This reduces the number of points by a
factor of two. This is done repeatedly until one ends with one point. The full UV
state then is encoded in the used isometries. This results in a tree-like structure as
shown in Figure [2.8a] However, a tensor network like this does not appropriately
simplify the state, as it does not remove all short range correlations. This makes
describing the quantum state in terms of the isometries inefficient. The reason is
short-range entanglement between different blocks. It has to be removed by acting
with disentanglers on neighboring points which are not contained in the same coarse
graining block, see Figure and Figure[2.7d For simplicity, the disentanglers are

not drawn explicitly in the following.

The tensor network approach has similarities with AdS/CFT. One starts with
a field theory state and constructs a structure in an additional direction. In both
pictures, this additional direction has the interpretation of an energy scale. It is
shown that MERA can be understood as a discrete version of AdS/CFT and repro-
duces the pure AdS geometry [100,/101]. The layer number in MERA is related to
the radial coordinate in AdS by

u  log <z> )
€

The approach to obtain MERA for a continuous system is called continuous MERA
(cMERA). It can be used for more general setups as AdS/CFT to obtain a geometric
dual, see [102]. Entanglement entropy in tensor networks is determined by the
minimal cut-surface. This is the discrete analogue of the Ryu-Takayanagi surface.

The area of the surface is replaced by the number of lines one has to cut.

Such a tensor network can be interpreted as a circuit constructing the vacuum
wave-function. For this, ancillary spins are added to promote the isometries to

unitaries. Therefore, the network is the circuit constructing the vacuum state from
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(a) TN with Isometries. (b) TN as Constructive Circuit.

Figure 2.8: Tensor Network.

an unentangled reference state, This gives tensor network an intuitive notion of
complexity: they represent a circuit synthesizing the wave function from a simple
(i.e. unentangled) reference state. The complexity of the circuit is measured by
the minimal number of tensors required. Therefore, every network gives an upper
bound on the complexity of the state. An optimized circuit then should reproduce
the complexity of the state. Therefore, MERA does us also give some intuition about
subregion complexity. The minimal-cut surface used to determine the entanglement
entropy splits the circuit into two parts. The subregion complexity measures the
complexity of the part connected to the subregion.

Connecting this to field theory, a quantum state is constructed using the Eu-
clidean path integral. For the vacuum state, this is shown in Figure [2.9a] Optimiz-
ing this circuit yields MERA as shown in [103]. This approach can also be applied
to finite temperature state. For finite temperature, the Euclidean time-direction
is finite and we have two open boundaries. Using MERA to optimize this circuit
starting from both boundaries results in two MERA networks being ‘glued together’
by bridge tensors. In particular, the tensor layers in the UV are identical to the
vacuum tensor network. The bridge tensor entangle both sides and are responsible
for the thermal spectrum of the state. There is diverse discussion on the exact form
of these bridge tensors [100,[101},[104,[105], but it is not important to gain qualitative
intuition. This network can be understood as the MERA network dual to a spatial
slice of the two-sided AdS Schwarzschild black hole. The bridge corresponds to the
horizon. The intuition is that the bridge layers growth over time, see Figure [2.10a]

This corresponds to the linear growth of the wormhole over time.
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Figure 2.9: Discretized Path-Integral.
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Figure 2.10: MERA Network for a Thermal State.
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— CHAPTER 3
NON-LOCAL OBSERVABLES
AT FINITE TEMPERATURE

One approach to study the emergent geometry and make contact with field the-
ory observables is using the field-operator-map (see Equation and Equa-
tion (2.76)) and study the operator dual to the metric, which is the stress energy
tensor of the CFT. The expectation value of the field theory stress energy tensor
determines the asymptotic behavior of the dual geometry. This is the most intuitive
approach from the field theory perspective: expectation values are natural observ-
ables in the field theory and the GKP-Witten relation allows for an explicit
mapping to gravity quantities. In this work, I follow a different approach motivated
from a quantity that is natural to consider on the gravity side: extremal surfaces
anchored on the boundary. These assign a unique minimall] area to given boundary
conditions in the CFT in a covariant manner. These extremal surfaces probe the
geometry of the gravitational dual along their support. The derivation of the dual
field theory quantities does not follow systematically from the partition functions
for these non-local objects. We already get to know one observable corresponding
to minimal surfaces: in Section we saw that the holographic dual of the entan-
glement entropy is a co-dimension one surface in a constant time-slice. This is not
the only entry of the AdS/CFT dictionary referring to extremal surfaces. A second
example is the Wilson loop expectation value. This gauge-invariant observable is as-
sociated with the phase factor arising for a probe quark which is parallel transported
along a closed loop. Holographically, the Wilson loop expectation value is related
to the minimal area of dimension two surfaces anchored on the closed loop [106]. A

third observable related to extremal surfaces is the two-point correlation function

!There are potentially several extremal surfaces, but the minimal area of these is unique.
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3 Non-Local Observables at finite Temperature

Table 3.1: AdS/CFT Dictionary for non-local Observables.

two-point function — one-dimensional minimal surface,
i.e. a geodesic

Wilson loop — two-dimensional minimal surface

Entanglement entropy — (d — 1)-dimensional surface

for operators in the limit of large scaling dimension. Holography relates them to
the length of the bulk geodesic connecting both boundary points [107]. These three
observables are so-called non-local observables?]

In this work, I study these observables in AdS Schwarzschild geometries in general
dimension. These black hole geometries correspond to finite temperature states
of the dual field theory. In Section the additional non-local observables are
reviewed: the two-point correlation function and the Wilson loop. Since there is
no constructive way to obtain the field theory dual of non-local objects such as
these minimal surfaces, the origins of these entries to the holographic dictionary
are diverse. Afterwards, Section [3.2] discusses the considered geometric setup. In
particular, the problem is phrased in a general fashion: I consider minimal surfaces
anchored on a strip on the boundary. The dimension of these surfaces is arbitrary
and the restriction to the cases relevant for the non-local observables is done later.
I derive closed, analytic expressions for the width of the strip and the area of the
attached minimal surface for arbitrary surface dimension. In Section [3.3] I use the

aforementioned results to obtain results for the non-local observables.

3.1 NON-LOCAL OBSERVABLES IN ADS/CFT

In this section, we review the new non-local observables considered here, i.e. the
two-point correlation function and the Wilson loop expectation value. The third
observable, the entanglement entropy, is already introduced in Section [2.5.1] and
its holographic dual is presented in Section [2.5.2] These observables all correspond
to boundary-anchored minimal surfaces of different dimension on the gravity side.

Table shows the relationship between observables and dimension.

2There has to be some caution using the terms ‘observable’ and ‘non-local’ here. The entangle-
ment entropy is not an observable in the sense of a linear operator acting on states. Furthermore,
the two-point correlation is bi-local, but since it also correspond to extremal surfaces holographic-
ally, it is often considered as non-local in this context.
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3.1 Non-Local Observables in AdS/CFT

3.1.1 Two-PoINT FUNCTION

The first observable is the two-point correlation function

(O(=)O(y))

for an operator OF] Correlation functions give insights into how different points in
space are correlated. This can be seen by understanding the two-point correlation
function as the overlap of two states: the state obtained by acting with O(x) on the

vacuum state and the state obtained by acting with O(y) on the vacuum state.

Holography relates the generating functional of the correlation functions to the
classical gravity action Equation (2.77). This relates the two-point correlation func-
tion for an operator O to the correlation function of the dual field . The exact

prescription is [108§]

(O, D)0, 7)) = lim e *2(p(ba(€))p(by(€))). (3.1)

where the bulk-points b,(¢) and b, (¢€) approach the boundary points (¢, Z) and (¢, ¥)
respectively in the limit e — 0 (see also [108]|). For a general operator O one
therefore has to calculate the two-point correlation function on the gravity side.
As conjectured in [107], the two-point correlation function can also be obtained by
evaluating the path integral

(po)) = [ DP e (m - @) | (32)

where x,y are bulk-points and the integral is over all paths P connecting these
pointsf_f]. L is the proper length of the path in the given geometry. Here, the con-
ventions are in a way that spacelike geodesics have positive imaginary length. This
alternative expression for the two-point correlation function is obtained by demand-

ing that it is a Green’s function to the equation of motion and solving this dif-

3What we consider here is the connected two-point correlation function (O(z)O(y))conn.- It is
obtained from the ordinary one via

(O(x)O(y))conn. = (O(x)O(y)) — (O(2))(O(y))-
The appropriate generating functional is the effective action. In AdS/CFT, the GKP-Witten
relation tells us that the effective action of the field theory is given by the classical gravity action.

4The path-integral measure is not specified as this expression is only used in the saddle-point
approximation.
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3 Non-Local Observables at finite Temperature

ferential equation in the WKB approximation, i.e. in the semi-classical limit [109].
Furthermore, if one considers an operator with large scaling dimension A, we can ap-
proximate the path-integral by evaluating the integrand at the saddle-point, i.e. we
only have to find the minimal path connecting x and y. In this limit, the two-point

correlation function of the field ¢ reduces to

(p(x)p(y)) = exp (—A : %) , (3.3)

where A is the length of the connecting geodesic. Combining these expressions yields

(O(t,D)O(t, 7)) = 113% e 22 exp (—A : ?) (3.4)

for the CFT two-point correlation function.

Hence, the two-point correlation function for an operator O with large scaling di-
mension A is related to the length of the bulk-geodesic connection the two boundary

points.

3.1.2 WILsoN Loopr

The second observable considered in this work is the Wilson loop expectation value
(see |110] for a review). The theories we consider in AdS/CFT are gauge theories,
therefore we in particular have a gauge field A* and a gauge symmetry. For the
fields transforming in the fundamental representation of this symmetry, there is a

well-defined notion of parallel transport along a path C
W(C) = Pexp/dm“A“, (3.5)
c

where P is the path-ordering operator. This acts on fields ¥ in the fundamental
representation of the gauge group, i.e. which source the gauge field. A field ¥(z)

being parallel transported from x to y transforms as a field at y,

Therefore, the phase factor W (C) transforms in the adjoint representation for a

closed loop C. A gauge-invariant observable is obtained by considering the trace of
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3.1 Non-Local Observables in AdS/CFT

v

-~

Figure 3.1: Rectangular Wilson loop corresponding to a Quark-Antiquark Pair.

this expression, i.e.

W(C) = %Tr (79 exp }[g dx“AM) | (3.6)

Therefore, this Wilson loop expectation value is proportional to the phase factor
associated to the parallel transport of a particle in the fundamental representation
(e.g. a quark) along a closed path. The particle is a probe particle and does not

backreact on the gauge-field, i.e. it is assumed to have infinite mass.

The Wilson loop expectation value can be used an order parameter e.g. for
confinement. Of particular interest for this is to consider a path describing a quark-
antiquark pair. The corresponding path is shown in Figure [3.1; a rectangle with
width Az in one spatial direction and width At — oo in the time direction. This
corresponds to a quark-antiquark pair of constant distance Az being created at
t = —oo and being annihilated at ¢ = oco. Using this configuration, the quark-

antiquark potential for a probe quarks in distance Az is

In (W)
‘/ql? - Altlinoo At ’

(3.7)

The behavior for large separation, i.e. for large Az, determines whether the potential

is confining or not. In a non-confining theory, the potential converges as

Alim V,g < Az” + subleading terms.
T—r00

In contrast, a confining theory has a potential grows with separation Az as

lim V,zoc Az® with a>1.

Az—00
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3 Non-Local Observables at finite Temperature

Let us consider examples if this. For a confining theory with a constant force between

quark and anti-quark, the potential is linear in the distance, i.e.
Vyg ~ 0Azx,

where Az is the tension. This tension introduces a length-scale. In contrast, a scale

invariant theory only allows

«

Yo = Ry

where « is a dimensionless constant. In four dimensions, this is the Coulomb po-

tential.

In AdS/CFT, the relevant Wilson loops are the supersymmetric version of Equa-
tion . For these, also the compact space comes into play. How can we calculate
Wilson loops expectation values holographically? To consider Wilson loops, one has
to introduce probe quarks. However, the standard fields considered in AdS/CFT
arise from a stack of branes deep in the bulk. Therefore, all of the field theory
fields arise from open strings between these branes and transform in the adjoint
representation of the gauge group. To obtain fundamental degrees of freedom, one
has to have a different brane where strings can end as shown in Figure [3.2] The
fundamental degrees of freedom arise from strings with one end on the stack of
branes and one end on the probe brane. The distance between the stack of branes
and the additional brane is related to the quark mass. If we consider probe quarks,
i.e. infinitely heavy quarks, the distance is infinite and the probe brane is at the

boundary. The action of these strings is given by the Nambu-Goto action

1
SNG = ﬁ / deU\/’ det gﬂyaxg’.uaﬁxy"

) (3.8)

2o

and consequently proportional to the volume spanned by these branes. As shown

in |106], the holographic dual of the Wilson loop expectation value is

(W(C)) = exp (—Sa) (3.9)

Of particular interest is to consider the rectangular temporal Wilson loop corre-

sponding to a quark-antiquark pair. Using the holographic proposal, the potential
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3.2 Results for extremal surfaces

e

|| - -

Figure 3.2: Flavor Branes in AdS/CFT.

18

B . Im(W) . Sna
V;Iq - Altlgloo At - Altlinoo Tt ' (310)

The result is UV-divergent, i.e. it diverges as we take the bulk cutoff € to zero. This
divergent term is due to the infinite mass of the quark. After deducing the mass

terms from the potential [111], the renormalized quark-antiquark potential is

v _SNG L2
w0 e
L2

= (3.11)

where A is the minimal area of the attached two-dimensional surface.

3.2 RESULTS FOR EXTREMAL SURFACES AT FINITE TEMPERATURE

I derive the minimal area of boundary anchored extremal surfaces in this section.
Since the non-local observables reviewed in the previous section are dual to minimal
surfaces of different dimension, this allows a combined treatment of all three of
them. First, I follow the usual method to determine extremal surfaces in geometry.
The results are integral expressions. These can be expressed as power series, as

was done for minimal surfaces of specific dimensionality already in [112]. Using this
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3 Non-Local Observables at finite Temperature

groundwork, I write these power series as generalized hypergeometric functions and

find closed, analytic expressions.

We consider a CF'T state in d dimensions at finite temperature. The geometric
dual is described by planar AdS Schwarzschild [113|114] with a horizon at radial

position z, (see Equation (2.7))

N2
ds® = (—) (=b(z)dt? + dz? + b(z)'d2?) (3.12a)
z
2\ ¢
b(z) =1-— (—) . (3.12b)
Zn
The temperature of the dual field theory is
d
T = 3.13
47T,Zh ( )

and density of the thermal entropy is

s = L (L - = L dm - La-t (3.14)
4GN Zh 4GN d ) ’

Furthermore, the energy density is

(d — 1)L

T =
< tt> 167TGZhd

(3.15)

which follows from the asymptotic falloff of the metric [115].

As reviewed in the previous section, the AdS/CFT dictionary relates the two-
point correlation function, the Wilson loop expectation value and the entanglement
entropy to one-, two- and (d — 1)-dimensional surfaces on the gravity side respec-
tively. For the entanglement entropy, the considered surfaces are extremal surfaces
are anchored on an equal time slice. The metric of AdS Schwarzschild is static,
which allows to restrict the attention to a constant time slice and calculate the min-
imal surface. Motivated by this, my work focuses on non-local observables dual to
minimal surfaces in this constant time-slice, as these can be calculated using a simi-
lar procedure as for the entanglement entropy. Therefore, we consider the two-point
correlation function for two spacelike separated points and the spatial Wilson loop

expectation value.

After having specified the gravity dual we consider, I still have to specify how

the minimal surfaces are anchored on the boundary. For the two-point correlation
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3.2 Results for extremal surfaces

Figure 3.3: Boundary Region and associated Bulk Surface.

The strip has the width ¢ in direction z* and length ¢ > ¢ in the directions z* with
i = 2,...,n. The remaining directions (i.e. 7 with j = n+1,...,d — 1) are not
shown.

function this is trivial: it depends on two-points, i.e. the boundary of a line. The
Wilson loop expectation value depends on the closed path (i.e. the boundary of a
closed two-dimensional surface) considered, whereas the entanglement entropy on
the entangling surface (or equivalently on the entanglement region). In this work,
I consider a strip on the boundary. The width in one spatial direction, which is
without loss of generality z* = z in the following, is ¢. The length ¢ in the remaining
spatial directions is much larger. Figure[3.3|shows this configuration. The advantage
of this setup that the metric is independent of the spatial coordinates. The transverse
directions only yield the transverse volume as an overall factor. The whole problem
can be phrased as finding geodesics in a conformally equivalent metric, as discussed
in |116,/117]. Furthermore, the metric does not depend on the coordinate x, which
results in a conserved quantity along the geodesic.

To summarize, I consider the two-point correlation function for two points of
distance ¢, the Wilson loop expectation value for a rectangular path and the entan-
glement entropy for a spatial region bounded by two parallel hyperplanes of distance
¢. In the considered limit ¢ < ¢, the length of the strip appears as an factor of { or
(92 for Wilson loop and entanglement entropy respectively.

Qualitative aspects of extremal surfaces anchored on strip geometries are studied
in [118]. In particular, it is shown that for fixed spacetime dimension d, higher-
dimensional surfaces reach deeper into the bulk. This implies that the holographic
entanglement entropy is the non-local observable probing deepest into the bulk.
Furthermore, these extremal surfaces cannot cross the horizon, but can reach arbi-

trarily close. This happens because the horizon acts as a potential wall pushing the
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3 Non-Local Observables at finite Temperature

x(lz) 0

VB
8

Figure 3.4: Minimal Bulk Surface.

The strip has the width ¢ in the spatial direction z. The (n — 1) remaining spatial
directions are not shown, since the shape of the surface is independent of these
coordinates.

minimal surfaces away. Therefore, the radial position of the turning point of the

minimal surface lies in the range
0< 2z, < 2z

In the following, I present my results for the area of a minimal surface of general
dimension. It is obtained in a closed form involving generalized hypergeometric
functions. While the results do not simplify further, various well-known properties of
these functions (such as known derivatives, indefinite integrals and transformations)
make properties of the result easier accessible. I use one of these properties to
examine the high-temperature/large-width limit closer and derive a closed form for
the leading subleading contribution. Since this term depends on the whole bulk
metric, it can not be derived from a simple approximation as is possible for the

leading contribution.

3.2.1 GENERAL FORMULATION OF PROBLEM

In this section, I derive the minimal area of bulk surfaces attached to strips on the
boundary of (d+ 1)-dimensional AdS Schwarzschild. Figure shows the boundary
region: a strip with width ¢ and infinite extend in the (n — 1) transverse direction.
For a geodesic, i.e. the case n = 1, some subtleties related to logarithmic divergences
arise.

The embedding of the bulk minimal surface is shown in Figure 3.4 The trans-
verse directions are not shown, since the surface is translational invariant in these

directions. Consequently, the only relevant spatial direction is 2! = x. Following
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3.2 Results for extremal surfaces

standard procedure, the minimal surface is parameterized by the radial direction z
and the (n — 1) transverse direction. The integration in these transverse directions
yield an overall factor of £"~!. The turning point of the minimal surface is at radial

position z,. The area of the surface can therefore be written as a one-dimensional

_ npn—1 i -n L / 2
A =21mi /dzz Vi o (3.16)

where z(z) is the embedding of the surface. The factor of two arises because we

integral

obtain the same length for the left (2 > 0,2 < 0) and the right (2 < 0,2 >
0) branch. As empathized by [116},|117], the minimal surfaces can be treated as

geodesics in an auxiliary spacetime

o (5" (Lot )

At this point, the advantage of considering a strip emerges: the metric is inde-
pendent of the spatial coordinates. This implies that along the minimal surface, the

quantity

=4+ (3.17)

is conserved. The sign is for the left and the right branch respectively. This con-
served quantity is expressed in terms of the radial position of the turning point by
considering the limit z — 0. Therefore, the extremal embedding is determined by

the differential equation

rn z "ol 1
r'(t) ==+ (z;) ) \/1 = (Z/Z*)Qn. (3.18)

The sign depends on whether the left or the right branch of the surface is considered.

()~ ((2)'1) v

with the effective potential V,g. This helps to understand why these extremal sur-

This is equivalent to
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3 Non-Local Observables at finite Temperature

faces cannot cross the horizon, as discussed in [118]: assuming that the turning point
of the minimal surface is inside the horizon at radial position z, > z,, there is a
range z, < z < 2z, where the potential becomes positive and there exists no solution
to this differential equation. Therefore, extremal surfaces cannot cross the horizon
and we have z, < z,. The whole spacetime outside the horizon is accessible, i.e. we

can reach arbitrary close to the horizon with minimal surfaces.

Since we are not interested in the explicit embedding, this differential equation
does not have to be solved explicitly. Instead, it can be used to obtain an integral
expression for the minimal Area A. The resulting expression for the minimal area
is

Zx

A= 2L”g”_l/dz 27"

(3.19a)

\/1— (z/zn) \/1— z/z*

This expresses the minimal area in terms of the turning point z,. The relevant field

theory parameter is the width of the strip ¢. It can be expressed as

Zx Zx

€:2/dz|x()|—2/ ()\/1 — \/1 — (3.19b)

0

The difficulty integrating these expressions arises from the appearing square rootsﬂ
This expression shows that higher-dimensional surfaces reach deeper into the bulk:
increasing n while keeping the turning point z, fixed increases the denominator and
hence decreases the integrand and the Widthﬂ Therefore, the same turning point

corresponds to a smaller width for a higher-dimensional surface.

These integrals can be written as power series as derived by [112]. First, both

square roots are expressed as power series as follows from their representation as

5A closer analysis shows that these terms are of the form

These can be expressed as hypergeometric functions 1 Fy (1/2;;0) (see Equation (B.12a)) and may
be expressed as a power series in o.

6This can be seen by writing the integral as

1

(=2 [ dz .
/ \/1— (2/zn) \/z*/z)znfl
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3.2 Results for extremal surfaces

hypergeometric functions, see (B.la)) in the appendix. These power series are abso-
lutely convergent and it is possible to exchange summation and integration. After

simplification, the area can be written as power seriesﬂ

n pn—1 n gn—1 mdl" md—n+1
A 2 VTt 3 (1) (Z—) PCS) (300

_ n—1 n—1 _l md+1
n—1e n Z = m! 2 Zh F(—% )

for n # 1 and as
22 =1 /1 2\ T ()
=2LIn | = LE — = = —2 2
A n< € ) +ﬁ m=1 m' (2)m <Zh) F(ma;_l) <3 Ob)

for n = 1 The analogous procedure can be applied to the width of the strip, resulting

m

RO C Y

A review of hypergeometric functions and Pochhammer functions (a),, can be found
in Section of the appendix. The results in [112] focused on the cases n =
1,2,d — 2, which my calculation generalizes to general n, i.e. general dimension of

the extremal surface.

How can these power series be simplified? In a generalized hypergeometric func-
tion or rather their power series representation, the ratio of consecutive coefficients
¢m and ¢, have a certain form: they have to be a rational function of m, i.e.

Cmy1  P(=m) 1

Com, v Q(—m) m’

where P and () are polynomial functions. As discussed in Equation , the roots
of P and () correspond to numerator and denominator parameter of the resulting
hypergeometric function respectively and w is the argument of the hypergeometric
function. It is directly obvious that the coefficients of the power series derived
in do not have correct form. The problem lies in the denominator 2n appearing
in the Gamma functions. However, the ratio between the coefficients c,, and c,,1 2,

has the correct form for generalized hypergeometric functions. Therefore, I am able

"The result is in terms of a double sum. One of the sums simplifies to a hypergeometric function
at unit argumemﬂ This hypergeometric function is finite at unit argument and simplifies in terms
of Gamma functions, see Equation (B.7).
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3 Non-Local Observables at finite Temperature

to construct generalized hypergeometric functions from the power series derived
in (3.20) by reordering them. This is allowed because these series are absolutely

convergent for z, < zj,. The reordering is done by redefining the index of summation
m = Am+ 2n - om, om=20,...,00, Am=0,...,2n — 1.

om is the quotient with respect to 2n and Am is the remainder. Using this, I split
the series into (2n) series which in the following are expressed as hypergeometric
functions. Am labels the different series, whereas dm becomes the new index of
summation. However, it is not always necessary to split the original series into (2n)
ones. If the greatest common denominator between 2n and d is larger than one,
less hypergeometric series are required to express the result. Incorporating possible

simplifications, the redefinition of the index of summation reads

9
m = Am + —n5m, X = ged(2n,d) € N, (3.21a)
X
9
§m=0,... 00 Am=0,.. 2 _1. (3.21b)
X

This performs the replacement

2n_q

S0 S [5e]

m=0 Am=0 Lém=0

Since all of these sums are absolutely convergent in the argument range considered,

this reordering is allowed and does not change the result.

For the area, the coefficients of the series are

: . L1 2\ (25
Com = cm‘Am—i—%(Sm with Cm =— % (é)m (Z_h) Til)

2n

The ratio we are interested in is

Zh

= L 2n 2n 2n
Com+1 (é)?5mF<5+Am+?5m+7> F(1~I—Am+?5m>
é&m

F<§+Am+2§6m) F<1+Am+2§5m+27”)

2n

[ (Amintl 4 dym) T (Ametl 4 d(5m + 1))

2n

r (—Amd*’”‘“ + %((5m + 1)) r (—A“;g“ + %(Sm)
X

(3.22)
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3.2 Results for extremal surfaces

X is the greatest common denominator of d and 2n, hence both 2n/x and d/x are
integer numbers. As we see, the trick of summing over dm instead of m results in
these the arguments of the numerator and denominator Gamma functions differing
by integer values. Consequently, the Gamma function can be rewritten as products
Comer (2 %0 P (L b A Z2om )| e (Amdntl o dypy o
:(z_h> H <(1+Am—|—27”5m—l—j)> H <%+§5m+k>'

¢

Therefore, the ratio has the desired form
. 2nd 5, 2n/x—1 d/x—1
é&m Zh izo om + bj+1 0 om + ag ’ ’

where the parameters are

X . X .
=" (A 1+2 =" (A . .24
a; 2nd( md + 1 + 2ni), b 2n( m+j) (3.24)

Furthermore, hypergeometric functions are normalized such that ¢y = 1. Careful

analysis of the coefficients therefore yields

2n

~\ n—1 ~ 21 d
Ae QLN g N ﬁLn -1 XZ 1 1 ﬁ Amd]’ (;a—1/2>
n—1\¢€ n zo1 = Am!'\2/ 4, \zn d

_1,...,@17;,();,...,[)2&_; > ~
2 2’ 2 x 2 *
X 2n;d+1F2nX+d x (_) (325)

for the area of the surface.

Following the same procedure, the coefficients for the width are

Com = Cm‘Am_,_?j(;m with Cm = ol (5) <_*) T (mdf;n—‘rl) :
X m: m \~h ( 2n )

The difference to the analog calculation for the area is the shift in the argument of

the Gamma functions. This results in

Com—1 2 Bfom 2 [ §m 4 bjy1 Pt (Sm + Qporl
=\ - — . 3.26
é&m (Zh) H om + b]'+1 1;[0 om + Q41 ( )

7=0 k
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Consequently, the width of the strip can be expressed as

L E 0, (0

1,@ lably"'abQ—”—l z %
2 2 x 2 (_*) ) (327)
7617--'7b2—" Zh

ooy @

1 d_
2 X
X 2n+d F2n+d
=410 ==

X X

aly,...,ad
X

for the minimal area of the surface. Therefore, the results can be written in term of
2n/x hypergeometric functions.

As mentioned above, the case n = 1 requires some subtlety when calculating the
area. The power series result in Equation applies for m # 0 and only the
m = 0 term has to be modified by using the correct logarithmic term. Therefore, the
construction above remains valid for part of the result if Am is shifted. Combining

this with the correct treatment of the lowest order term yields

2

Yo g (2), () e

A:2Lln<

3.2.2 LOW-TEMPERATURE/SMALL-STRIP LIMIT

The above discussed calculations started with the result as power series in the di-
mensionless parameter (z,/z,) in (3.20), as was discussed in [112]. I generalize this
discussion to general values for n. Therefore, a low-temperature /small-strip expan-
sion can be directly derived from (3.20)). First, the width ¢ is

RN ><1+2£<d+21+1> F(QZII)<§>‘%+O<Z_*)M>’ (3.29)

n T (%50 (=5 T(57)

2n 2n
which allows to express the turning point as

L _ (s (1_ r (L) r<23;:1>( nt )dw(a)”), (3.30

VAT (50) (T2 T (5)

2n
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The behavior of the area reduces to

n pn—1 n pn—1 I (=ntL dF d—n+1
A= 2T VAL ( ) 1('2) L) )+...). (3.31)

n—1e1 n ozl 2 z_h r (@)

_|_
1
Since the turning point can be expressed in terms of the width ¢, also the area A
can be expressed in terms of it. Keep in mind that the width is the quantity of
interest in the field theory, whereas there is no physical meaning attached to the
turning point z,. Combining the correction of the turning point with the leading

order change of A yields

o (T (evAr ()" [\
Awn—1<g> _n—1< F(%) ><Z> (3:32)

N QLRﬁF (dfgr::rl) 2ﬁr (n_nl) n-l-d ‘ gd—f—l—n@n—l
(d+ 1T (%) 2

The terms in first line are the result for zero-temperature. The term in the sec-
ond line yields a positive leading-order change. We postpone the discussion of the
physical interpretation of this term to a later point.

For the geodesic, one has to start with the power series result in [3.20b] which

results in

A=2Ln (21) +@<ﬁ)d L)

€ 2 Zh r (%)

+ O(ﬁyd. (3.33)

Zh

In particular, only the O(T - £)° term differs from the n > 1 result. It can also be
obtained by taking the limit n — 1 of (3.31)) under consideration of

1
n—1

n

"' — log x.

This yields

A= 2L (é) - ( 2LV (3) 7 (i)d +O(T - 0)* (3.34)

€ d+ 1)l (4L 2z,

for the low-temperature/small-width limit of the area.
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3 Non-Local Observables at finite Temperature

3.2.3 HIGH-TEMPERATURE/LARGE-STRIP LIMIT

It is interesting to examine the high-temperature/large-width limit more closely.
In this limit, the arguments of the hypergeometric functions approach unity. To
understand how the hypergeometric functions behave in this limit, the difference
between the sum of the denominator parameter and the sum of numerator parameter
is relevant. Both for the area and the width, this difference vanishes, result in a
logarithmic behavior of the hypergeometric functions, see Equation in the
appendix. Therefore, the high-temperature /large-strip limit is

Al xIn (1 _ ﬁ) (3.35)

Zh

and the minimal area becomes proportional to the width in this limit.

The reason is that the minimal surface reaches far into the bulk and wraps along
the horizon as shown in Figure This already shows the structure of the result
we can expect. The leading-order term of the area is proportional to the width of
the strip and arises from the horizontal piece along the horizon. Additional, the
vertical pieces yield a constant contribution as subleading term. The leading-order
term is already derived correctly from this approximation and only depends on the
geometry at the horizon. Following this approximation, the area of this piecewise-

smooth surface is

2/2 zh
- L\" - I\" _
Ay = i1 / de (—> Y / dz(—) ON
Zh, z

—0/2 €

N -\ n—1 F(I_J) ~ n—1

n—1 L L(£> + Q—W%<L> ) , N> 1,

_ ! f + (”‘1 ‘ 4 r(3+ign) \ = (3.36)

Zh 2L(—ln<j>+§ln2), n=1.

The authors of [112] derived an expression for the subleading term in terms of a
power series for the considered observables, i.e. for n = 1,2,d — 1. I generalize their

calculation to general dimension n, which yields

2L gnfl Lngnflg

A= n—1e1 zZ,"
\/—Ln gn 1 o¢] ( ) (ﬁ)md 1’\ (md2:+1)
2, 1 n;) 2 T (mdgi;r?n) (3378,)
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3.2 Results for extremal surfaces

Z = Zp

Figure 3.5: Rectangular Approximation of the Minimal Surface.

for n > 1. For the geodesic with n = 1 the result is

A:2Lln<2?)+§—f—2L @L;%G)m(%)mdrf(( 2) (3.37b)

2

The subleading term depends on the whole bulk geometry and is not captured
correctly by the naive approximation analyzed above.

The same method to construct hypergeometric functions may be applied to the
power series in Equation . More intuitively, I derive them using the so called
contiguous relations of hypergeometric functions, see Equation in the ap-
pendix. The relevant property is that only two parameters appearing in the hyper-
geometric functions in the result for the minimal area differ by integer values from
parameters for the width. The relevant parameters in and are

a

=a -1, ag=ad — 1,
X

D=

d_
X

N

where the parameter on the left-hand side applies to the area and the one on the
right-hand side to the width. This allows to express part of the minimal area in
terms of the width

2n

~\ n—1 ~ =1
21" (f) Lt AL T s (1) (z*>AmdF( a- 1/2)
Am

n—1 Z," 2n  z,v 1 Am! z d
* Am=0 h [ o
2nd
1,a_% ""a%*g’b%""’b%—% 2y ~
X 2n+d+1F2n+d — . (338)
X X (11,...,a ,b]_ . .,an Zh




3 Non-Local Observables at finite Temperature

While the last term has the same structure as before, there is one important dif-
ference: one parameter is shifted. Due to this shift, these hypergeometric functions

converge at unit argument, which allows for an asymptotic expansion.

As seen from the asymptotic behavior of the width (3.35]), the radial position of
the turning point is identical to the radial position of the horizon up to exponentially

decaying corrections in the large ¢ limit. Therefore, the leading terms are

-\ n—1 - n_q d
2L" T it 1 1y Fliae
A= (€> + _ngn—lg + vrL® ¢ E (_) M
A

n—1\¢€ 2n 2n vl AmI\2/ ., F<4a1>
X

Am=0
EE ] ' (3.39)

X 2n+d+1F2n+d
X X

The dots represent subleading contributions. We discussed above, that the leading
order correction at low temperature is positive. In contrast, the sign of the first

sub-leading term at high temperature is ambiguous as the parameter a_: can be

1
2
negative. Therefore, this has to be studied case-by-case.

The case n = 1 is similar. The rewritten result for the area is

2

X Amd ]’ ia—l/Q
acan () Lo s L (1) (=)
Am : Am \%

€ Zy 2 2 h F(im)
X

4 5.b1, . b2 1 2
x 22T AT (ﬁ)" . (3.40)

X 2td 1 Fata
X X

Therefore, the high-temperature/large-width behavior is described by

A:2Lln<%>+£€_2L+ﬁLi | (1) r(Zaiy0)
€ Zh 2 Am F(%‘h)

2_1
A B S (3.41)

l,a_1,..,a

d
X

[N

X 24d Fota
T x afla“waiablw“vbg

X X
In this case, the subleading term is always positive. The reason is that the parameter
a_y/2 is always positive for the considered values of Am.

To summarize, my results allow to derive the high-temperature /large-width limit.
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3.2 Results for extremal surfaces

In particular, it yields a closed form for the subleading term, which differs from the
naive approximation in (3.36]).

3.2.4 RESULT IN TERMS OF MEIJER G-FUNCTIONS

In the last section, I presented the result in terms of hypergeometric functions

(c.f. (3.25)) and (3.27))). Comparing these to Meijer G-functions (B.15)) yields

(j—h) H) (3.42a)

for the width of the strip. Analogously, the minimal area can be written as

~\ n—1 ~
2L™ [/ 2L vy,
A= e + 3.42b
( ) vV 2nd Z*n ( )

’ 22y G%’% a1/2, -+ Adjx—1/2, 0172, - -, banjr—1/2
2n+ > ~ ~
bo, ey bgn/Xfl, ap, - . . ,ad/X,1

Ag/2y -« -5 Ad/x+1/25 b1/2, e >b2n/x—1/2
b07 s 7b2n/xfla Ag, ... 7ad/x

The new parameters are
d = X b, = X j+1 : (3.43a)
d’ ) d

The convergence criterion for Meijer G-functions (B.16|) shows that both expressions

diverge in the limit z, — z;, which matches our earlier observation.

Furthermore, the properties of Meijer G-functions can also be used to derive the
alternative expression which simplifies the limit z, — z;,. The analog expression to
the contiguous relations for hypergeometric functions are recurrence relations (B.17))

for Meijer G-functions. These allow to write the area as

~\ n—1 ~ ~
2 n—1 " I n—1
A= (f) O Xl (344)

z*n V 2nd3 Z*n
2nd
Zx X
Zh ’

Expressing the result in terms of Meijer GG-functions is in particular useful when

ag/2y -« -5 Ad/x+1/25 b1/27 s >b2n/x—1/2
bOv sy b2n/X717 Qagy - - -5 Ad/x—1

generalizing the construction of hypergeometric functions from power series expres-

sions. The whole procedure presented above depends on being allowed to reorder
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3 Non-Local Observables at finite Temperature

the original power series. Therefore, it has to be absolutely converging. In our case,
that was given for z, < z,. However, for general problems of this type that is not
always possible. If the series is no absolutely convergent, reordering changes the
result. The Meijer G-function is the analytic continuation for the hypergeometric
functions. Therefore, these Meijer G-functions are a powerful tool to tackle far more
general integral expressions. First one solves the problem in terms of hypergeomet-
ric functions for arguments where reordering is allowed. If the result is expressed
in terms of a Meijer G-function, this result as the analytic continuation also ap-
plies to arguments where the result in hypergeometric functions does not apply. In
some case, there is an alternative expression in terms of hypergeometric functions

applying for these parameters.

3.3 RESULTS FOR NON-LOCAL OBSERVABLES AT FINITE TEMPER-
ATURE ADS441/CFTy

After deriving the general result for minimal surfaces anchored on strips on the
boundary, it is now evaluated for a one-dimensional surface corresponding to the
two-point correlation function, a two-dimensional surface corresponding to the three-
point function and the (d—1)-dimensional surface corresponding to the entanglement

entropy.

3.3.1 RESULTS FOR THE TwO-POINT FUNCTION

As reviewed, the two-point function of an operator O of large scaling dimension A
is holographically dual to a bulk geodesic. Following Equation (3.4)), the field theory

two-point function is given by

(O(t, 7)O(t, 7)) = yi%e—m exp (—A : @) : (3.45)

where A is the scaling dimension and A the length of the geodesic. The UV-
divergent term of the length is completely removed and the result hence UV finite.
Furthermore, by length is divided by the AdS radius L which thereby drops out.
Therefore, the holographic results are of zeroth order of both the central charge ¢
and the 't Hooft coupling A\. We are applying AdS/CFT to the large ¢, large A limit
and only determine the leading term. Subleading corrections to the observables

require to consider quantum gravity and stringy corrections respectively.
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3.3 Results for non-local observables

My results for the length of the geodesic (i.e. the case n = 1) are derived in ([3.27))
and ([3.28)). For the two sets of parameters, we can write out one set explicitly. The

remaining appearing parameters are related tdﬂ

a; =— (Amd + 1 + 2i). (3.46)

2d(

For the area of the geodesic, i.e. the geodesic length, the result is

22\ LAl (%) [z, 2% a1, ay 5]/, \M
A= 2Lln( - ) VT (2) (Z_) dy2Fa v ;1 2 =3 (Z_>
5 .

2T ( t) \zn 3 Q05 -5 Ad—1 “h Am=1
3L\/_F( ) 17g7£7a—%7“'7ad—% 2, 2d
+ - 8 (2 \ 5, d+3Fd+2 — (3.47a)
( 2 ) <h %,2,&0,...,%_1 Zh Am=2
In even spacetime dimension d, the two hypergeometric functions simplify to
3
L T d —,1,20,7;,...,26@_; d
A=+ = vr (2) (—> dofay, i i c (ﬁ> (3.47b)
2T ( ) “h 2,2&0,...,ag_1 Zh Am=1
The width in terms of the turning point is
‘ ﬁzﬁ(%(a)d o [ty (z)d
- d+3 - d+214d+1 -
2 T (%) h ai, ..., aq, % Zh Amei
13 2d
ai, 7a’d717_7_ 2y
22, gpoFu |2 214 (-) (3.48a)
Ay, ..., Ad, % Zh Am=0
This can be further simplified for even spacetime dimension d td']
2a1,..,2a4d-1, % 2, d
(=22, 4 Fa 2 2 (—) (3.48Db)
S 2a;, . ,Qa% Zh P

As can be seen, some hypergeometric functions have one numerator and one denom-

9For better readability, we removed the factor y in the definition of the parameter.

10T incorporated this simplification in the general calculation with the greatest common devisor
X- This can also be derived from properties of hypergeometric functions.
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Figure 3.6: Result for two-point Function at Finite Temperature.

inator parameter less than the ones describing the area, while the one appearing in
the general result all had the same number of parameter. The reason behind this
is that in some cases the unit numerator parameter is identical to a denominator

parameter and cancels out.

The finite part of the geodesic length is shown in Figure It is obtained by
removing the loge - T term. Keep in mind that 2, does not have a field theory
interpretation on its own and only the temperature T = d/4mz;, is relevant. The

dashed line in the plot represent the zero temperature result

14
Aﬁnite|T:0 =2LIn (_) 5

€

which is independent of the spacetime dimension considered. It corresponds to the

power-law behavior of the correlation function

(O(t, D)O(t, 7)) = 1722

Let us focus on the low- and high-temperature limits. Considering the low-

temperature/small strip limit, my results in (3.48|) and (3.47)) easily reproduce the
known behavior in this limit known from the result in terms of a power series ((3.20)).
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3.3 Results for non-local observables

The hypergeometric functions behave as
rla |u =1+ 0(u),

Therefore, in this limit my results simplify to the low-temperature expansion dis-
cussed in [112]

(O, D)Ot, 7)) = 072 |1 -

. (3.49)

The strong feature of my result is that it also captures the high-temperature /large

strip limit. As discussed in [112], the geodesic length in this limit takes the form

Ll
A~ —LA;—2LIn(e-T)+ — (3.50)
h
For the two-point function, this implies
(O(t,2)O(t,y)) =~ T exp(A - Ag) exp (—4nA - T|x — y|/d). (3.51)

My result yields a closed analytic expression for A;4. The high-temperature limit cor-
responds to z, — 2. The hypergeometric functions appearing in all diverge
logarithmically. However, this consideration only yields the well-known leading be-
havior. It is not possible to perform a Taylor expansion around z, = z,. Taking

derivatives of hypergeometric functions yields

dr A1y ey Qpil ar+mn,...,0p41 +1N

@HIFP u| = pr1kp u
bi,..., by by +mn,...,b,+n

Since this increased the difference

\I’:Zbi—Zai—HIf—n

and hypergeometric functions diverge as (1 — u)\p, taking derivatives worsens the
divergence. Therefore, it is a non-trivial problem to perform a systematic high-
temperature expansion to high orders. In particular, the geodesic length also receives
exponentially decaying corrections, see [112]|. For the subleading term however, it is

useful to consider the alternative result for the geodesic length I derived in (3.40)).
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3 Non-Local Observables at finite Temperature

It yields
22, L\/EF g Zx ! %’%’a*l""’adfé Sk .
A=2LIn ( ; ) + ETL(E)) (;) dr2Fa \ : ’ (z_>
) h 21005 5 Gd—1 h Am=1
T 2d+1)\ \ o | d+3td+2 -
8 F( 5= ) 2,209, .., 041 “h Am=2
Lt
+ = (3.52a)
h
for general spacetime dimension and simplifies to
25 L LV (5) (= 21204, .,208 ) 17\
A=2LIn 2F(i) z_ 2F§+1 —
2 h 2, 2ay, 1 h Am=1
Ll
+ —. (3.52b)
Zh

in even spacetime dimension. In principle, this has the same form as in with
an additional extensive term. There is one crucial difference: one denominator pa-
rameter is shifted by +1. Therefore, ¥ is no longer zero, which was the reason for
the logarithmic divergence previously. It is now larger than zero and the hypergeo-
metric functions converge for a finite value as z, — z,. This allows to evaluate the
subleading term of A explicitely. Since the width ¢ diverges logarithmically in this
limit, correction to the turning point z, decay exponentially fast. The subleading

term A, therefore reduces to

35
d F d 1020 A_1,...,Q4_3
Ad = 2—210g (—) — P 2?)’ d+2Fd+1 a4 2 43 1
2m 4T (5""5) %,ao, , Ag—1 Am—1
5 7
3\/_F( ) 17 A4 A_1,..,04 3
160 (d—l— B d+3Far2 X ’ ‘11 (3.53)
5727a17---7ad Am=2
For even spacetime dimension d, this simplifies to
3
d T d —,1,2(1_1,...,2&4_;
Ay =2—2log (—> _ﬁ d<2)3 0 oFa 2 2 27204
2m) 4 T(3+3) 27 2 2,21, .., 2. N
(3.54)
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Aq

3.6758
3.1248
2.6659
2.2836
1.9585
1.6767
1.4284
1.2067
1.0065
0.8242
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Figure 3.7 & Table 3.2: Subleading Term for two-point Function at High-
Temperature.

These expressions can be evaluated using computer algebra systems. The values for
Ag for d =2,..,11 are presented in Figure 3.7 and Table 3.2

3.3.2  COMPARISON TO THE ADS3/CFT,; TwWO-POINT FUNCTION

For two-dimensional CF'Ts, a closed expression for the two-point function is known
both from CFT considerations and from holographic calculations. Therefore, my

general result derived above simplifies to this expressions. Evaluation the distance

Equation (3.48b)) for d = 2 yields

Ll /2\2
2

Zh

Therefore, the hypergeometric functions only has three parameter. This hypergeo-
metric function can be expressed as areatangens hyperbolicus (see Equation (B.12b)

in the appendix)

z
|7 — ] = 2z, artanh(—*) (3.56)
Zh
In contrast to the general result, we are able to express the turning point as a
function of the distance
|7 — 9]

o= antant (1), (357)

22}1
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3 Non-Local Observables at finite Temperature

Similarly, the expression for the geodesic length (3.47b|) simplifies to

22, Z 2 1,1 Z 2
A=2LIn ( ) + L<—) o (—) . (3.58)
€ Zh 2 Zh

As for the distance, the hypergeometric function can be expressed in terms of a
known function, in this case the logarithm (B.12c|). Therefore, the geodesic length

simplifies to
2z 0\’
A=2LIn (—*> — Lln (1 — <—*) > . (3.59)
€ Zh

Combining these two simplifications allows to express the geodesic length in the
(field theory) distance

A=2LIn (ﬁ sinh (M)) . (3.60)
TE 15}

Using this result to evaluate the two-point function holographically yields

(Ot )0t 7)) = lim e exp (_A . %) |

- ) —2A
()

where 8 = T~!. This results also applies for the holographic entanglement entropy
in in two dimensions. Therefore, this shows how my general result in Equation ({3.48|)
and Equation (3.47)) simplifies to the known closed form expression [25]26].

3.3.3 REsuLTS FOR WILSON LooP

Let us turn to Wilson loops. They correspond holographically to two-dimensional
surfaces in the bulk. My result applies to spatial Wilson loops. However, the tem-
poral Wilson loop is the one related to the quark-antiquark potential and interesting
for conﬁnemenﬂ. Considering the quark-antiquark potential can be achieved by a
double-Wick rotation: this transforms the AdS Schwarzschild into the AdS-Soliton

HGimilarly to the temporal Wilson loop, the spatial Wilson loop expectation value is an order
parameter for confinement. At finite temperature, a better order parameter is the temporal Wilson-
Polyakov loop: a loop with constant spatial coordinate, which is closed in the imaginary time
direction [O, %]
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3.3 Results for non-local observables

solution [119-121]

L2 d—2
7= |- —dt” + b(z)dy” + x; +0(z 2, .62a
ds? dt? + b(z)dy? da? + b(z)7'dz? 3.62
yA

i=1

b(z) =1— (2A)% (3.62b)

The dual CFT lives on RM~! x S! ie. one spacetime direction is compact. The
size of the compact direction is 4wA/d, where A plays the rule of the QCD scale.
The geometry ends smoothly at radial position z = A~!. In particular, the theory
is confining [122]. In the IR, the compact direction can be integrated out and most
fields acquire a mass of order A. The resulting effective theory is a (d—1)-dimensional
pure gauge theory. The interpretation of the results in this setting is in particular
helpful for the Wilson loop: my results derived for the spatial Wilson loop apply to
the temporal Wilson loop in this geometry. The quark-antiquark potential is
related by the area by

Az

a orall a 7Tl§€.

Vo

The UV-term is subtracted to remove the (infinite) mass of the quark-antiquark

pair.

Let us turn to my result for the Wilson loop, i.e. for the case n = 2. As discussed
during the calculation, the result simplifies for certain spacetime dimensions. For
the Wilson loop, this happens for spacetime divisible by two and even more for
spacetime dimension divisible by four. I define y as the greatest common divisor
between d and 4

4 for d divisible by four,
X =142 ford even, (3.63)

1 else

to incorporate these simplifications in the result. The parameters of the hypergeo-
metric functions (see Equation (3.24]) for the general result) are in this case

a; :4% (Amd + 1+ 4i) | (3.64a)
b, :% (Am + j) . (3.64b)
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3 Non-Local Observables at finite Temperature

Evaluating my result in Equation (3.25)) for n = 2 results into

éf]_ d
ot Sy (zyilen)
T 4m2 2, = AmEN2) 5, \ 2 T (%a()) :

X atd g Fasa
X X

for the potential of the potential of a quark-antiquark pair. The factor (L/ ls)2 is
proportional to A*7, where X is the 't Hooft coupling of the field theory and ~ > 0.
The distance between the quark-antiquark pair is (3.27))

4
X

0 ﬁz* Z 1 1 ﬁ amd L (%al/z) (3 66)
2 Am! \2 /), \ 2 d ’

Am=0

1,(11,...,ag_;,b;,...,bg_; > %
2 x 2 2 X 2 *
X atd g Fata —
X

x ai, .., a

Therefore, the result can be written in terms of four hypergeometric functions, which
simplifies to two terms in even spacetime dimension and to one term in spacetime
dimension divisible by four. The results for different spacetime dimensions are shown
in Figure 3.8, The results are shown in comparison to the zero-temperature result,
which is independent of the spacetime dimension.

Again, we analyze the low- and high-temperature limit similar to the discussion
for the two-point function. For the low-temperature limit, the leading term yields
the low-temperature result

V, = —iLZ ! [1+0O(tA)Y]. (3.67)
Br(3) ¢
The result is UV-finite since the term containing the bulk-cut off is removed. In prin-
ciple, the temperature introduces an additional length-scale in the theory and one
could also remove a finite term proportional to /7. However, the regularization has
to be chosen in such a way that the UV-behavior is temperature-independent |111].
Therefore, this renormalized potential is unique.

Since my result applies to any value for the width, it allows to examine the

high-temperature limit. The hypergeometric functions appearing in diverge

in this limit, which results in a potential proportional to the distance. While a
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Figure 3.8: Result for Quark-Antiquark Potential at finite Temperature.

systematic expansion in inverse temperature is not possible, the properties of the
hypergeometric functions allow an alternative form of my result, which expresses

the potential as

~ 9. 272 2 5

22,272 8mly  z S~ Aml\2 2n
La_i,.,aa_s,b1,.;ba_1| 7, \%

2 x 2 2 X 2 *
X d+4+1Fd+4 —
z
x x ai, aaiabla 7b3 h

X X

In this result, the divergent is contained in the width and the remaining hyperge-
ometric functions converge in the high-temperature/large-distance limit. Since the

distance diverges logarithmically in the high-temperature limit

Eoc—ln(l—ﬁ)
Zh

corrections to the turning point z, decay exponentially. Therefore, the high-temperature

limit can be written as

L2A\?

Vo= 27[2

N PR (3.69)
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0.20 1 d (ZZS)QK K
15 - PRI 3 0.14010
3 4  0.15915

. . — (2m)""
0.16 3 5 0.16854
6 0.17401
0144 o 7 0.17753
8 0.17996
- 9  0.18172
3 4 5 6 7 8 9 10 11 10 0.18305
d 11 0.18407

Figure 3.9 & Table 3.3: Subleading Term for the Quark-Antiquark Potential.

where the leading term scales with the quark-antiquark distance ¢. This is the
expected behavior for the potential in a confining background. The first subleading
term is a constant and of the same form as the subtracted UV-term. Therefore,
can be interpreted as a (UV-finite) shift of the mass of the quark. The result for &
is can be derived from and yields

A_l d
T 1 1)y e
A Sl e e
s A

1,..,0d_3

2 X 2

X d+4+1Fd+4
X X

al,...,ag,bl,...,bg

X X
The results for k for different spacetime dimension are presented in Table [3.3] and
Figure The results show that & is positivd'} In particular, this shows that wall
induces an increase of the effective IR quark-mass. Keep in mind that L/l; oc A7
with v > 0 and that A is the analog of the QCD length. For the Wilson loop

expectation value itself, the high-temperature limit is Figure [3.9) and Table [3.3]

12The results show this for specific spacetime dimensions and there is no indication of anything
drastically changing at some point.
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3.3 Results for non-local observables

3.3.4 RESULTS FOR ENTANGLEMENT ENTROPY

Let us turn to our final observable: the entanglement entropy and observables related
to it. In the following, we restrict ourselves to spacetime dimension larger than
two, i.e. to the case d > 2. For the two-dimensional case, the Ryu-Takayanagi
corresponds to the geodesic considered for the two-point function. The closed form
of this results is well-known and as showed earlier a simplification of my result for

general dimension.

We saw that the entanglement entropy is proportional to the minimal area of
a (d — 1)-dimensional bulk surface. This corresponds to n = (d — 1) in our nota-
tion. Since the results simplify for even spacetime dimension, let us introduce the

parameter

2 for even dimension d,
1 else,

to be able to phrase the results in a general fashion.

This allows to write the width of the strip and the minimal area of the attached
surface as functions of the turning point z,. In terms of hypergeometric functions,
the width is

2(d—1)_1 Amd d
g VT S 1 /1 )\ F<§a1/2> 3.72
T -1 Am! \ 2 o <d ) (3.722)
Am= Am r ;CLl
1,ai,.., a4 2(d—1)d

and the entanglement entropy is

/= \42 ~ 2(d-1)
L) e et g, T () ()"

Spp = +
BE 2(d —2)Gn Ad-1)Gy 242 S~ Am! 4, 2
X
1,CL_;,...,agig,b;,‘..,bz(d—l)_l > w
X 3d7—2+1F3di—2 ’ e X ’ (—*) . (3-72b)
x x ao,...,agil,bl,...,bﬂd—l) <h
X X
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Figure 3.10: Result for Entanglement Entropy at finite Temperature.

The parameters used are introduced in Equations (3.24)) and reduce to

a; =

%Txl)d (Amd F1+2(d— 1)¢), (3.73)

X .
b =5 (Am+ ). 3.73b
The results for different spacetime dimensions are shown Figure The zero-
temperature result depends on the spacetime dimension and not shown. The pref-
actor LY1/Gy is proportional to the central charge of the theory.
If we study the low-temperature limit as discussed in Section [3.2.2] the leading

correction has the following form

g B Ld—l g =2 B Ld—l 2ﬁl—‘ <ﬁ> g =2
d - -
N d vl (3%) (U (2(d71)> (d—1)Lhe (3.74)
d+1 1 d 7 '
N —~ v AE
=1

ent

where AF is the energy contained in the strip region. This limit is related to entan-

glement thermodynamics [123,/124]. This first law of entanglement thermodynamics
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3.3 Results for non-local observables

applies when we consider a small temperature. It yields a law analogous to the

second law of thermodynamics
Tont0SEE = 0F, (3.75)

which applies to any perturbation of the state. In particular, the entanglement
temperature T, only depends on the geometry of the entangling surface and not
on the excitation, i.e. on our case, it does not depend on the temperature. From
our result, this limit can be obtained by expanding the hypergeometric functions in

terms of power series.

Taking the high-temperature limit is more involved. The generalized hypergeo-
metric functions appearing in the result (3.72)) are diverging in the high-temperature
limit z, — z;,. It is more convenient to work with the alternative form of the result

for the entanglement entropy as derived in ([3.38))

-\ d—2 -
Ld—l ¢ Ld_lﬁd_Q
Spgp=——"—"-—1| - —/ 3.76
BB = S 2)Gn <e> TGy (370
- 2d-1) 4 d
P ey (=) (fo-1)
8(d —1)Gnzb2 A= Aml\2/ 5, \ 2 r <%a1>
l,a_1,..,ada_3,b1,..,b2a-1) 1 5 Q(d;l)d
X sa-2 1 Fsa2 2o X2 (—*
X X ay, .., Qd, b17 e b2(d71) “h
This can be brought to the form
Ld—lgd—Q -1 gd—2 / d-1 gd—z 2,
SeEr = - — — . 3.77
EE 2(d — 2)Gned=2 + 4G N 2,972 2, + 2G N 2,472 (zh> ( 2)
where the function C' is defined as
2(d—1) J
o(2) il S e () ()l
Zh 4(d—1) A0 Am! \ 2 Am \?h F(%Ch)
La_1,..,aa_3,b1,.. ;b2 .|/, HHe
X sd=z yq Flaas ’ o o (—* - (3.77b)
X X ai, 7aiab17“'>b2(d*1) “h
X x

The divergent part of the entanglement entropy is completely contained in the term

containing the width ¢ explicitly. The remaining hypergeometric functions have one
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3 Non-Local Observables at finite Temperature

« ¢ * d C(1)
0.0 *
M 3 —0.880
0.9 - ¢ 4 —0.333
= . 5 —0.142
G 044 6 —0.0444
~0.6 - 7 0.0148
8  0.0545
—0.8 - . 9  0.0829
T T T T T T T T T 10 0.104
4 5 6 7 8 9 10 11 11 0.121
d

Figure 3.11 & Table 3.4: Subleading Term of the Entanglement Entropy.

denominator parameter shifted. In particular, this shift causes the hypergeometric
functions to converge to a finite value at unit argument. Furthermore, corrections

to the turning point decay exponentially in this limit.

The high-temperature limit therefore reduces to

41 gd—Q 41 gd—z /¢ 41 gd—Q
S = R - -
EE 2<d — 2)GN€d72 * 4GN Zhd72 Zh + 2GN Zhd72

c). (3.78)

The results for C'(1) are shown in Figure and Table 3.4 In contrast to the
previous observables, the subleading term in the high-temperature limit changes
sign. We see that the term is negative for field theory dimension d < 7 and positive
for d > 7. To study this more closely, let us look at other measures derived from

the entanglement entropy.

ENTANGLEMENT NEGATIVITY

The problem with the entanglement entropy as a measure for entanglement is that
it also measures classical correlations. In the thermal state we consider, we observed
that the entanglement entropy becomes extensive for high-temperature /large-width.
Therefore, the entanglement entropy approaches the thermal entropy and is governed
by classical correlations. A proper measure for entanglement of mixed states is the
entanglement negativity. In general, it cannot be expressed in terms of entanglement

entropies, but for holographical theories it can. For the setup considered, it reduces
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3.3 Results for non-local observables

to

3

S(A) = 2 (Spr(A) - S™(A)) = 2 (SEE<A> Lo ) 7

2 B 4GN Zhd_l

i.e. we subtract the thermal entropy and therefore classical correlations arising from

it. If we write our result for the entanglement entropy as expressed in Equa-

tion (3.76)), the entanglement negativity is

~ ~ d—2
3LA-1pd=2y 2\ 3L (7 2,
— ... = - "1 (= _— | = jatal .
€ + 321Gy < <Zh) + G\ 2 C’(Zh), (3.79)

where the dots represent the usual UV-divergent term. We discussed previously that
the low-temperature correction to the entanglement entropy is positive and of order
O(¢ - T)% This term is subleading to the extensive subtracted term of the order
O(¢-T). Consequently, the low-temperature result of the entanglement negativity

reduces to

d—1
~\ d—2 ~\ d—2
3L (f) spi-t [ 2vml <2<d‘fl)> (e)
€ 8(

E=—— —
4(d — 2)GN d— 2)GN T (2(d1—1)) 14
B 341 gd—Qg (3 80)
8GN Zhdfl '

and the leading correction is related to the thermal entropy of the considered strip.
Therefore, turning on the temperature reduces short-range entanglement. Since the
entanglement negativity is related to the mutual information (see (2.101)))

A is the strip and the regions By and By are the regions to the left (z < —¢/2)
and to the right (z > ¢/2) of the it. The mutual information implies an upper
bound on correlations between the A and B;. The leading temperature correction is
positive and places therefore a stricter upper bound on the correlations. The results
for the two-point functions showed a similar behavior: The leading order correction
is negative and reduces correlation (|3.49)). There are however to points to keep in
mind: the result for the two point function is of order O(c)? and therefore satisfies
any bound of order O(c)! in the large ¢ limit. Furthermore, the result for the two-

point function applies exclusively to special operators: the one with large scaling
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3 Non-Local Observables at finite Temperature

dimension. The upper bound from the mutual information applies to any operator.
Let us turn to the high-temperature limit. The entanglement negativity reduces
to

341 gd—2 3Ld—1gd—2
€= : + 1),
4(d — Q)GN €d—2 4GNZhd72

(3.81)

where C(1) is a temperature-independent constant obtained by evaluating the func-
tion defined in (3.77) at z, = z;. Therefore, an area remains as leading order term
after removing the extensive, thermal contribution from the entanglement entropy.

Keep in mind that at zero temperature, the entanglement negativity is

-\ d— -1 -\ d—

spt (" 3141 2/ml <—2(dd—1)> N

E=—- — — . —_ ,
4(d — Q)GN € 8(d — Q)GN T <2(d1—1)> 14

i.e. C(1) is a temperature depending shift of the area term at finite temperature
compared to the zero temperature result. This area term arises from short-range
correlation across the entangling surface [32-34], i.e. the boundary of the strip. As
we already saw in Table , the constant C'(1) changes sign depending on the space-
time dimension. For spacetime dimension d < 7, the shift is negative. Therefore,
even for large strips the entanglement entropy (and hence entanglement and cor-
relations) are reduced due to the temperature. In contrast, C(1) is positive for
d > 7. Consequently, long-range entanglement is increased due to the temperature.
In particular, there has to be a transition between the ¢ < e|r—g behavior at small-
temperature/small-width and the ¢ > ¢|p—¢ behavior for high-temperature/large-
width. The size of the strip ¢ can also be interpreted as an inverse energy scale.
Therefore, the low-temperature limit 7" < ¢~! corresponds to the UV where the
theory is effectively massless and the area term is given by the UV cutoff. The
high-temperature limit 7' > ¢~! corresponds to the IR. Since the fields obtain a
thermally induced mass, this theory has a mass-gap. My result show that there is a
shift of the area term. Intuition tells us that at low-temperature, there are effectively
less degrees of freedom which should reduce short-range correlations. However, my
analytic result show an increase in short-range correlations for d > 7.

The result for the entanglement negativity is shown in Figure The results
for spacetime dimension d < 7 is always smaller than the corresponding finite tem-
perature result. In contrast, there is a transition for higher dimensions as discussed

above.
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Figure 3.12: Result for the Entanglement Negativity at finite Temperature.

ENTANGLEMENT DENSITY

Another measure derived from the entanglement entropy is the entanglement density

o as defined by [125]. It is defined as the change of entanglement entropy per strip

volume, i.e.

1

=T (3.82)

[Ser(l) — See(f)|r=0] -

g

It can be understood as a generalization of the entanglement temperature (3.75)) to
general states. With the previously presented result for the entanglement entropy,

the entanglement density can be written as

d—1
L1 2/ml <—2(dd—1)) N A S T |
7T Ad-2)Gx () \7) Taagyner I
2(d—1)
Lt 1 1 24
ol =), 3.83
2GN Z*d72 { (Zh) ( )
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Figure 3.13: Entanglement Negativity for different Dimensions.
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3.3 Results for non-local observables

Since the zero-temperature result is subtracted, the result is UV-finite. Considering
the low-temperature limit, the entanglement entropy behaves as (see (3.74))

ent

Ser =See|r=0 + (Tw) T
-~

2m
d+1€

Consequently, the entanglement negativity behaves as

Therefore, it is linear in the width of the strip for a small entangling region. In

contrast, the entanglement density in the high-temperature limit behaves as

LA 1 Lt
= Gy T T 2Gy

o c(1), (3.84)
where the first term is the density of the thermal entropy. Therefore, the entangle-
ment density approaches the thermal entropy. The sign of C'(1) determines whether
this asymptotic value is approached from below C(1) < 1 or from above C(1) > 1.

This shows how the sign of the subleading area term determines the behavior
of the entanglement density: for low spacetime dimension the entanglement density
can approach the thermal entropy density monotonically from below, whereas for
large spacetime dimension the entanglement density reaches a maximum and then
approaches the thermal entropy from above. Therefore, the entanglement density is
a useful tool to study the area term. This area term is related to a variant of the
c-theorem |37], the so called area theorem. This theorem states that for an RG-flow
from a UV to an IR fixed point, the coefficient of the area law term has to be lower
in the IR than in the UV[T_SI. For field theories, there exist proofs for spherical regions,
for d = 3 using strong subadditivity [35] and for d > 3 using the positivity of the
relative entropy [36]. The high-temperature behavior of the entanglement density

captures the area term as subleading term

Boundary-Area

o=s5— A« . (3.85)

Volume

é*l

13This is a weak c-theorem, where the term does not have to decrease monotonically along the
RG-flow.
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Figure 3.14: Result for the Entanglement Density at finite Temperature.

It is useful to look at the dimensionless quantity

Aa = %Aa = —2C(1). (3.86)
Therefore, for small spacetime dimension d < 7, A& is positive and the area term
complies with the area theorem. In contrast, for d > 7, A& becomes negative, which
results in a violation of the area theorem.

Having the coefficient Ad satisfying a c-theorem for RG-flows suggest to interpret
this quantity as a measure for the number of effective degrees of freedom at an
energy scale £ oc £~1. Therefore, our results hint to the appearance of new degrees
of freedom in the IR for CFTs with an AdS dual for dimension d > 7. Interestingly,
there is also something happening on the CFT side: there exist no superconformal
field theories in spacetime dimensions d > 7 [126-128]|. There also does not exist
a string theory embedding of AdS/CFT in these dimensions. Therefore, we do not
know what the dual field theory would be for these geometries. These new degrees
of freedom could also be related to the fact that non-extremal black hole approach

a two-dimensional black hole in the near-horizon limit [129}/130]. This gives rise to

an additional conformal symmetry.
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3.3 Results for non-local observables

3.3.5 SUMMARY AND DISCUSSION

In AdS/CFT, AdS Schwarzschild black holes are dual to finite temperature states
on the CFT side. We examined boundary anchored surfaces anchored on strips of
various dimensionality. From the gravity side, these covariantly assign an area to
the considered boundary strip. The AdS/CFT dictionary relates the area of such
surfaces to different non-local observables on the field theory side: the spatial two-
point correlation function, the spatial Wilson loop and the entanglement entropy.

The previous sections present my analytic results for the area of such boundary
anchored surfaces in terms of generalized hypergeometric functions. Properties of
hypergeometric functions allow to analyze the behavior of the result. Furthermore,
the results can be evaluated using conventional computer algebra systems.

Special focus is put on the high-temperature/large-width limit. The leading
term follows trivially from the geometry at the behavior and the area is becomes
extensive. Since the hypergeometric functions diverge in this limit, it is not possible
to perform a systematic expansion in (¢7")~!. However, the properties of the specific
hypergeometric functions allow to determine a closed result for the subleading term,
which is proportional to the boundary of the strip. This term is highly non-trivial
and depends on the entire spacetime geometry.

The interpretation for this subleading term various depending on which observ-
able is considered. For the two-point correlation function, this subleading constant
produced a rescaling of the two-point correlation function and therefore an increase
in long-distance correlations.

Of particular interest is studying the subleading term for the entanglement en-
tropy. For this observable, we have an unexpected behavior: the subleading term
changes sign between d = 6 and d = 7. Studying this in terms of the entanglement
negativity and entanglement density, this shows unexpected behavior for field the-
ory dimension d > 7: finite temperature produces additional IR degrees of freedom
and increases long-range entanglement. This contradicts the behavior of field the-
ories. However, it is well-known that there are no superconformal field theories in
these dimension. Therefore, a potential field theory dual has to be described by a
different theory. A similar behavior was found numerically in [125] also for Reissner-
Nordstrom solutions as well as further examples. In particular, they found that this
phenomenon occurs when the near-horizon geometry approaches AdS2 x ... in some
limit and hence an additional conformal symmetry emerges in the IR. These addi-
tionally appearing degrees of freedom may therefore be related to massless degrees

of freedom appearing when approaching these limiting cases.
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3 Non-Local Observables at finite Temperature

For the Wilson loop, my results apply to spatial Wilson loops in AdS Schwarzschild.
A double-Wick rotation transforms them into temporal Wilson loops of a different
geometry: AdS-Soliton. This geometry has a compact spatial direction which shrinks
to zero at radial position z = z,. This introduces an analog of the QCD length scale
and makes the theory confining. In this theory, the Wilson loop is related to the
quark-antiquark potential. The subleading term corresponds to a renormalization
of the mass of the probe quark.

Furthermore, the method I applied to AdS Schwarzschild can be easily general-
ized. The main part is expressing a power series in terms of hypergeometric functions
by reordering it, splitting it and summing it up separately. This is possible when
the series obtained after splitting in a certain way are rational functions of the index
of summation. The reordering is only allowed when the original series converges
absolutely. The analytic continuation of hypergeometric function is known: Meijer
G-functions. While I did not phrase the result for the considered observables in
terms of these functions, the result for the area of surfaces of arbitrary dimension in
terms of these functions is discussed in Section [3.2.4] Therefore, the condition that

the power series has to be absolutely convergent can be bypassed.
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— CHAPTER 4
SUBREGION COMPLEXITY
AT FINITE TEMPERATURE

In the previous chapter, we studied non-local observables in AdS/CFT. For static
spacetimes, they are related to minimal surfaces in a constant time slice. In partic-
ular, the entanglement entropy is proportional to the area of the Ryu-Takayanagi
surface, i.e. the minimal co-dimension one surface in this slice. This associates a
unique bulk region to the given boundary region. This motivates studying the vol-
ume enclosed by the Ryu-Takayanagi surface [131]. In analogy to the holographic

complexity, the holographic subregion complexity is defined as

1

Ca= GnL

Va, (4.1)

where V is the volume inside the Ryu-Takayanagi surface anchored on A, Gy the
Newton constant and L the AdS-radiud] Motivated by previous work which con-
sidered the entire spacetime [39,[41] and reviewed in Section , this quantity has
the interpretation of complexity, a measure of the difficulty of constructing a state
p. The volume inside the Ryu-Takayanagi surface is the generalization complexity

to reduced states pa.

In particular, I consider the volume inside the subregion complexity in AdS
Schwarzschild. The authors of [132] showed that the complexity of formation, i.e.
the additional complexity required to construct the thermal state, is proportional
to the thermal entropy. This can be motivated by considering the dual tensor
network picture, see Section 2.5.4] In the following, I extend this discussion to

subregion complexity. While the complexity of the state only allows us to study

!The proportionality factor in this expression is a mater of convention.
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4 Subregion Complexity at finite Temperature

the complexity of the whole network, studying the subregion complexity also allows
drawing conclusions about how the complexity is distributed in the network.

The structure of this chapter is as follows. In Section[f.Iwe take a look at reduced
states. The treatment in the field theory as well as the holographic realization is
reviewed. Afterwards, I present my analytic results using the methods applied in
Chapter[3] To gain some intuition, I take a look at the corresponding MERA network
in Section [4.3] use a hard wall gravity model corresponding to this and compare
results in this setup to the one for AdS Schwarzschild derived above. Afterwards,

the chapter concludes with a summary and outlook.

4.1 REDUCED STATES IN ADS/CFT

This section reviews reduced states and their treatment in AdS/CFT. It is based
on [75],80,/133].

In a field theory, the degrees of freedom on a constant time-slice?| can be split into
the degrees of freedom living on a region A and the one living on the complement A€.
Therefore, the Hilbert space is a product space Ha ® H4c. The degrees of freedom
are described by the reduced density matrix ([2.94))

pa = Tracp.

Knowledge of p,4 is sufficient to calculate observables in the region A. In fact,
knowledge of p4 and the Hamiltonian acting on A allows to calculate observables in
a larger spacetime region using unitary time evolution. The region in which this is

possible is the so-called domain of dependence, which is defined as
D[A] = {p € R""| V causal curves through p intersect A exactly once}, (4.2)

where we consider the spacetime to be d-dimensional Minkowski space RM~1. A

given region A defines a splitting of the spacetime into four regions
boundary = D[A] U D[A°]U J*[0A] U J~[0A],

where J7T are the causal past and causal future respectively. These regions do not

intersect except at A = JT[9A] N J~[0A]. This splitting is shown in Figure [4.1]

2More exactly, a Cauchy slice, i.e. a slice which is intersected by any causal curve exactly once.
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4.1 Reduced States in AdS/CFT

Figure 4.1: Causal Splitting of Boundary Spacetime.

In particular, if two regions A and A’ have the same domain of dependence, the

reduced states can be obtained by a unitary transformation from each other. Since
the entanglement entropy (2.90)

Spp=—Trpalnpa

is not changed by unitary transformations, it strictly speaking only depends on D[A].

Therefore, it is a so-called wedge observabld’]

To understand the emergence of geometry, it is of interest what gravity region
corresponds to the reduces state. In particular this requires that p4 can be uniquely
determined from this gravity region and vice-versa. If we consider different states
p and p which have the same reduced state, i.e. they are different purifications of
the same reduced state, their gravity duals (if existent) shares this region. The first
guess would be the causal wedge We[A], which is defined as the spacetime region

which can send signals and receive signals from D[A]. This region can be written as
WelA] :== T [D[A]|n T~ [D[A]],

where J7 are the bulk causal past and causal future. In AdS/CFT, this gravity

3Even if it is not an observable in the usual sense.
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region can be constructed from knowing correlation functions on D[A]. Therefore,

this is the minimal region has to be covered by the region dual of the reduced state.

However, it was shown in [118] that the Ryu-Takayanagi surface is a better
observable to probe the geometry. Let us donate its covariant generalization, i.e. the
minimal extremal surface anchored on the entangling surface 0A, as £. In general,
this surface lies outside of the causal wedge We. For the Ryu-Takayanagi proposal,
it is important that the minimal surface is homologous to A. In the covariant case,
this translates to the existence of a so called homology surface R 4, which is a Cauchy
surface interpolating between A and £. The entanglement wedge is defined as the

bulk domain of dependence of the homology surface, i.e. as
WIA] :==D[R4]. (4.3)

An alternative definition is that the causal wedge consists of the points which are
spacelike separated from £ and connected to D[A]. This definition does not require
to consider a homology surface. This entanglement wedge W[A| is conjectured to be
the correct holographic dual for the reduced state. In particular, the entanglement
wedge is its own domain of dependence, i.e. the region where we can construct
the state by knowledge of the reduced state. This is not in general the cause for
the causal wedge, but a necessary condition to obtain the correct bulk dual of
the reduced state: the region is the one being constructible from knowledge of
pa. Complete knowledge of a region implies complete knowledge of its domain of
dependence. Therefore, the region dual to a reduced state should be its own domain

of dependence.

Analog to the causal splitting of the boundary by 0A, the extremal surface £

defines a causal splitting of the bulk spacetime into four parts:
bulk = W[AJU T [EAJU T [EAJUC

where the region C' are the points spacelike separated from £ but not connected to
D[A]. The region C'is in general larger than W[A€], e.g. when considering geometries
with a horizon. This causal splitting corresponds to the causal splitting of the
boundary . In particular, we have

WI[A] N boundary = D[A],
J* [€4] Nboundary = JE[DA].
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t

(a) Causal Wedge. (b) Entanglement Wedge.

Constructed by sending lightrays from Constructed by sending lightrays from
O0D[A] into the bulk. €4 to the boundary.

Figure 4.2: Bulk Regions associated to a Reduced State.

The naive intuition would be that since the extremal surface lies outside of the causal
wedge We[A], the intersection between the entanglement wedge and the boundary
WI[A] could contain more of the boundary spacetime than the domain of dependence
DIJA]. A detailed study on null-congruences, i.e. the set of null curves starting
on a general spatial co-dimension two surface anchored on 0A, shows why this
cannot be the case. In the case that the surface lies inside the causal wedge, the
congruence intersects the boundary inside D[A]. If the surface lies at the boundary
of We[A], the congruence exactly intersects the boundary at the boundary of 9D|[A],
as one would intuitively expect. If one now considers a surface outside of the causal
wedge, the intersection does not move outside of the domain of dependence. Rather,
nearby curves start intersecting, which results in caustics outside the boundary
and a termination of the congruence. Therefore, the kind of construction used for
the entanglement wedge for any spacelike surface anchored on 0A does not yield
an intersection with the boundary larger than D[A]. This causal wedge and the
entanglement wedge are shown in Figure
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—L£ 2(2) 0 x

N | o

Figure 4.3: Entangling Region and Ryu-Takayanagi Surface.

The strip has the width ¢ in the spatial direction x. The (d — 2) remaining spatial
directions are not shown, since the shape of the surface is independent of these
coordinates.

4.2 SUBREGION COMPLEXITY IN ADS SCHWARZSCHILD

The bulk dual to a reduced state is the entanglement wedge. Therefore, holography
automatically assigns a unique volume to the reduced state: the volume of the
maximal extremal slice in this wedge. For static spacetimes, this reduces to the
volume inside the Ryu-Takayanagi surface on the constant time slice. The volume

is proportional to the holographic subregion complexity (4.1)).

Based on my study of the entanglement entropy in the previous Chapter [3]
I study the subregion complexity for strips at finite temperature. Therefore, the

considered bulk geometry is AdS Schwarzschild

ds? = (§>2 (—b(=)df* + d2® + b(z)'d=?), (4.4)
b(z) =1— (Z—zh)d (4.4D)

In the previous chapter, I calculated the area of the Ryu-Takayanagi surface, i.e.
the co-dimension one surface anchored on the boundary in a constant time slice as
shown in Figure [£.3] In the following, I derive an analytic expression for the volume
inside this surface. For the AdS Schwarzschild metric , the integral expression
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for the volume is

Zx —:L‘(Z)

V= Ldgd_z/dz / dz 274 b(z)_l,
€ z(2)
Zx .

= —2Ldl7d_2/dz r(2)27%/b(z) (4.5)

€

where z(t) is the embedding of the Ryu-Takayanagi surface. Since the metric
is independent of the spatial coordinates, the volume reduces to a one-dimensional
integral. The volume is divergent and has to be regulated by considering the bulk
cutoff e. The conventions in this expression are that the left branch of the minimal
surface is considered, i.e. where z < 0 and 2/(z) > 0. As derived in (£.0), the

differential expression for the embedding of the (d — 1)-dimensional surface is

(= -1 1
w0)= (Z*> Vb(2) \/1 _ (Z/Z*)2(d—1). (46)

In my previous study of the entanglement entropy, I did not solve the embedding

explicitly. This is also not necessary to determine the volume. In order to obtain
an integrand which only depends on the derivative of the embedding, I partially
integrate the expression obtained in (4.5). For this, I define x via the differential

equation
K(2) = 20 /002) (4.72)
which has the solution
S1-d %, Cll —1] /7 5\¢
R(2) = =07 o . (Z—h> : (4.7b)

Therefore, the volume inside the Ryu-Takayanagi surface is

V= —2Ldgd_2/dz x(2)K'(2),

€
Zx

= 2Ld(7d2/dz o' (2)k(z) — 2Lz (2)k(2)]7. (4.8)

€

€
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4 Subregion Complexity at finite Temperature

This formulates the volume in a way which enables us to directly use the differential
equation for the embedding (4.6)).
The boundary term depends on the near-boundary behavior of k and z(z). Ex-

panding both expressions as a power series yields

K(z) = — j_dl (1 + @(Zih)d> , (4.92)

2(2) = — +z, - o(i>d. (4.9b)

Zx

These limits are obtained by expanding the hypergeometric function in (4.7)) and
expanding the differential equation for the embedding (4.6). The boundary term

reduces to

Volume of strip

~
Lt ot?

d—1 €1

Y = 20042 / dz 2'(2)k(2) +

€

(4.10)

Therefore, the UV-divergent term for the volume arises from the boundary term.
The term agrees with the UV-divergent term of the vacuum result [134]. The addi-
tional integral expression if UV-finite and allows to take the bulk cutoff to zero. The
integrand can be simplified using the Euler transform of the hypergeometric function
(see (B.10) of the appendix) in order to simplify the integrand by absorbing one of

the square roots. This results in

Zx 1
o1 Lh- 3y N
Viinite = _W/dz o F1 <Z) 11— (2—*) . (4.11)
0

Therefore, I reduces the calculation of the volume to solving this integral. The

Ul

integral can be solved using the same method as I used to derive a result for the
minimal area: it can be written as an absolutely converging power series, which
I integrate term by term and reconstruct in terms of generalized hypergeometric

functions.
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4.2 Subregion Complexity in AdS Schwarzschild

4.2.1 ANALYTIC RESULT FOR THE SUBREGION COMPLEXITY

The integral of interest is

2 1, é _% A\ ¢ R 2(d—1)
1 Zh Zx
0 d

Both the hypergeometric function and the square-root can be written as absolutely
convergent power series in (z/2,)" and (z/z,)%“™" respectively. Integrating this

power series yields

1o 3 Oulod, ! "
- m1'< ) dm2+2(d—1)m1+1 Zh ’
)

00 dm+1 m
2/ Z(é—%m F(2<d—+1>> (g)d

-0 B (g )\

(4.13)

where the sum over ms reduces to a hypergeometric function 5 F7, which is evaluated

at unit argument and simplifies in terms of Gamma functions as described in (B.7)).

Let us take a short detour and consider the case d = 2 separately. The integral

reduces to
7="* (4.14)
2
Therefore, the two-dimensional case is trivial as the volume is constant
L lfd72 L Egde
y=-= + S (4.15)
d—1 d—1 ¢d-1

It was shown in [135] that this arises because in three dimensional gravity the Gauss-
Bonnet theorem applies and renders the complexity a topological quantity. There-

fore, the following discussion only treats d > 2.

The problem with constructing hypergeometric functions from Equation (4.13))
is that subsequent coefficients do not have to correct form. As before, I first have

to reorder the series. This is done by redefining the index. Analog to the case for a
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4 Subregion Complexity at finite Temperature

minimal surface of general dimension discussed in Equation (3.21)), I define

2(d—1
m = Am + u(Sm, (4.16a)
2(d—1

om=20,...,00, Asz,...,ﬁ—l, (4.16b)

X

where the parameter y
1 dodd
X =ged(2(d—1),d) =
2 deven

incorporates possible simplification for even spacetime dimension d. This splits the

series into 2(d — 1)/x ones which are labeled by Am. The coefficients of these are

) 1 /1 1\ (= ’”dr@ﬁf))
o = nlapatng e =myeG7e) 5 Ty

2n

In order to construct hypergeometric functions, the ratio between successive coeffi-

cients has to have the form

égm+1 u- P(—5m) i
Com Q(—om) om’

where P and @ are polynomial functions (see (B.4))). Careful analysis shows that

the ratio for Z can be written as

; U (4= 4+ Am+ 2806m 4 240) 1 (14 Am + 2eom)
om+1

Com p(é_%+Am+T—)5m> F(%I—I—Am—i—?(dlém—i—( )>

(4.17)

T (5BEL+ 2@m+1)) T (382 + Lom) (Z 21 gy,
)

Amd d Amd+d | d
F( (dJ{)l—l— (5m) F<2(d_J{)+;((5m+1

The redefinition of the index of summation guarantees that the arguments of the

numerator Gamma functions differ by integer values from the denominator Gamma
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4.2 Subregion Complexity in AdS Schwarzschild

functions. Therefore, the ratio can be written as products

2d-Ddgs, . 2(d—1)/x— . .
é(;mﬂ_(ﬁ 0 2(d11_)[/x 1(5—%+Am—|—2( 1)6m+]>

— X
Com Zh o L Am 4+ 29D 4
d/x—1 Amd+1 dém +k
X H Amd d d >
( 2 j Lom+k

This simplifies to
éém+1 2nd5m 2n/X 1 5m+ C. 7% d/X*l 5m+ ak+% 4 18
— == X . —2 . )
Csm H om + ¢; g om + agsq ( )

where the parameters are defined as

a; = 2(d+1)d <Amd +1+2(d— 1)@), (4.192)
X . X

The parameters a; are already relevant for the minimal surface. The new param-
eters ¢; are up to a constant shift identical to the parameters b; defined for the
minimal surface calculation. Therefore, I simplified the power series 7 as @

hypergeometric functions

2(d—1)d
17(10, ,CLZ 176—%7 7CM_% Za X
X 3d—2+1F3d72 x — . (420)
X X 1,...,0d_1,C0,...,C2d=1) Zh
2 x 2 x

The finite part of the volume simplifies to

2(d-1) r(d
d pjd—2 X 1_1 -a Amd

Venito = VLt L (d Q)Am (X 0> <z*)
nite = T N0 42 1 P
(d 1) Zx Am—=0 (d)Am I (%a1/2> Zh

1,a0,...,a¢_1,cfé ,C2(d-1) 3 . 2(d;1)d
X 3d—2 1F3d72 X X 2 — . (4.21)
X X al Zh
2

sy @d_3,Coy ..y C2(d—1)71
x 2 X
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4 Subregion Complexity at finite Temperature

I derived the corresponding width of the strip in the previous section (3.72a)) as

2d-1) 4

VT Z 1 (1) (z*>wr<§al/2>
d—1 ot Am! \2) A, \zn d

T <;a1>

2(d—1)d

1,a;, ,(lg_l,bl,...,bﬂd—l)il > X
X 3d72+1F3d72 ’ 2o X 2 <—*) ) (4.22)
x ai,...,ad, by, ..., baa—1 <h
X X
where the parameter b; is defined as
b= X (Am +j>. (4.23)
72(d—-1)

Figure .4 shows the results for different spacetime dimensions in comparison to the

zero-temperature result.

4.2.2 HIGH-TEMPERATURE/LARGE-STRIP LIMIT AND COMPARISON TO AREA

In Equation (3.72b)) of chapter 3] I presented my analytic result for the entanglement

entropy or equivalently for the area of the Ryu-Takayanagi surface as

2(d—1) 1

d—2

€ d—1 292 Am/! d z
* Am—0 ' Lao h
1,&7%,...,agfg,b%,...,bzmq) Ll /s W
2 Y 2 *
X 3d—2+1F3d—2 X x 2 (— (4.24)
X X aO:---7ai_17b17---7b2(d*1) “h
X

X

Let us compare the result for the area to the result for the volume inside the Ryu-
Takayanagi surface. The UV-divergent part of the minimal area and the one of the
volume inside it are different: it is proportional to the area of the boundary of the
strip for the area whereas for it is proportional to the volume of the strip for the
volume. However, the structure of the power series for the UV-finite part is the
sameﬂ but the coefficients are different. This similarity between the power series is
discussed in [134].

Similarly as before, I put special focus on the high-temperature limit. In Chap-
ter [3], I showed how the width and the area both diverge logarithmically. Hence, the

4The hypergeometric functions can be expressed as power series in (z,/ zh)z(d_l)d/ X,
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Figure 4.4: Subregion Complexity for different Dimensions.
We subtracted the cutoff term. The dotted grey line is the zero-temperature result.
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4 Subregion Complexity at finite Temperature

Z =2z

Figure 4.5: Rectangular approximation of the Ryu-Takayanagi surface.

area becomes extensive and the entanglement entropy is in leading order the ther-
mal entropy of the region. While the hypergeometric functions for the volume have
different parameters then the one for the volume (4.21), the divergent behavior (c.f.
(B.8) is the same. Therefore, the volume diverges logarithmically as the turning
point approaches the horizon and has the same divergent behavior as the width of
the strip. The leading contribution in the high-temperature limit is a therefore a
volume behavior. The coefficient can be obtained by careful analysis of the divergent
behavior described in Equation in the appendix.

I take an alternative approach in the following: I obtain it by considering the
rectangular approximation as discussed for the area in Section [3.2.3] The Ryu-
Takayanagi surface in the high-temperature/large-width limit is approximated by a
rectangular surface with two vertical pieces falling from a boundary to the horizon
and a horizontal piece along the horizon. Figure shows this construction. The

volume inside this rectangular surface is

1o 7 Le -1
Vdisc. =l ; V b(’Z) )

€

_ 1dgp-2 ( V7l (él— 1) n el ) . (4.25)

dF(é— )Zhd_l d—1

Therefore, the high-temperature/large-volume limit is in leading order

L 1 L r(i- N
Vdisc_z< + vl (; ))W—?. (4.26)

1
1 e T ()

This extensive behavior is also observed for the complexity of formation for the whole
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4.2 Subregion Complexity in AdS Schwarzschild

system [132]. The authors introduced the complexity of formation as difference to

the vacuum AdS result, i.e.
AC = C — Clr—o. (4.27)

In particular, the extensive behavior also observed above implies that the complexity

of formation is proportional to the thermal entropyf’] Written out, the authors found

AC = kqStherm. kg =4V

(4.28)

for AdS Schwarzschild, which agrees with the extensive behavior discussed above.

For the entanglement entropy, I was able to write the result in an alternative
form : the divergent behavior is completely expressed in terms of the width
and the remaining part is finite in the large-width/high-temperature limit. This
was possible because the parameter of the hypergeometric functions appearing in
the area result only differ by integer values from the result for the width. Properties
of hypergeometric functions then give a linear relationship between these. This is
not possible for the volume. Since the parameter appearing in the hypergeometric
functions is ¢; instead of b;, there is an additional shift of }i, which prohibits to use

the same procedure as for the area.

As shown above, the high-temperature behavior of area and volume is the same:
both are extensive and therefore proportional to the thermal entropy. Furthermore,
we discussed how the structure of area and volume as power series are the same,
but have different coefficient. This gives rise to one crucial difference: the leading
correction to the area is positive, whereas the leading correction to the volume is

negative. Explicitly, the leading order corrections are both of the same form

A= Alp—o+ca- ((T)* + OUT)*?, (4.29a)
V =V]r—o+ ey - ((T)? + O(LT)* . (4.29D)

As discussed in Equation (3.74), the coefficient ¢4 is positive and related to the
entanglement temperature (see [124]). The corresponding coefficient for the volume
cy is negative. Furthermore, we discussed in Section that the entanglement en-

tropy is increased due to the temperature. This is not the case for the volume inside

SFor other geometries, this is only valid in the high-temperature limit [132].
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4 Subregion Complexity at finite Temperature
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Figure 4.6: Result for Subregion Complexity of Formation at finite Temperature.

the Ryu-Takayanagi surface. Since the leading order correction at low-temperature
is negative and the leading order behavior at high-temperature is extensive and
positive, there is a transition between reduced complexity due to temperature at
low-temperature/small-width and increased complexity at high-temperature/large-
strip. This was already discovered qualitatively in [136]. This difference can be

studied by looking at the complexity of formation, i.e.
AC = C — Clr=o. (4.30)

for the reduced states. Figure shows the complexity of formation for my result
presented in Equation (4.21)).

Therefore, there is a critical width at which the subregion complexity at finite
temperature agrees with the subregion complexity at zero temperature. At this
critical width the sign of AC changes. Using my analytic result, I determined it

numerically for different spacetime dimension d. The result is shown in Figure [4.7|
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Figure 4.7: Critical Length.
For AdS Schwarzschild, the subregion complexity becomes larger at the critical
length than the subregion complexity for the vacuum solution.

4.3 MERA APPROXIMATION

To gain some intuition, let us take a look at the corresponding MERA network.
Tensor networks and MERA in particular are reviewed in Section [2.5.4 In par-
ticular, MERA can be understood as reproducing a discrete version of AdS/CFT.
The tensor network model dual to a thermal state is proposed in [100,/101,/137] and
shown in Figure 4.8l The network corresponds to a spatial slice in the two-sided
AdS black hole. The open indices at the top and at the bottom correspond to the
two CFTs of the TFD state. The discrete spins are grouped into blocks of two, on
which then a coarse graining operation is applied. These are the isometries in the
network. Additionally, disentanglers act on neighboring spins in separate blocks to
remove short-range correlations appropriately. These are not shown explicitly here.
In the UV, the tensors in the MERA network for the finite temperature state are
the same as for the ground state. They coarse-grain the state layer by layer. The
obtained reduced states become more and more mixed. At some point, the effec-
tive temperature becomes infinite and the state infinitely mixed. At this point, the

tensor network ends in fixed point tensors, which are responsible for the thermal
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4 Subregion Complexity at finite Temperature

Figure 4.8: MERA Network for a Thermal State.

correlations and glue the two networks starting from the different boundaries to-
gether. These fixed point tensors form the bridge layer. The comparison between
the MERA network and the gravity dual is summarized in Table [4.1]

The advantage of tensor network is that they give some intuition about complex-
ity. The analog of the Ryu-Takayanagi surface, i.e. the minimal surface anchored on
the boundary is the minimal-cut surface. Complexity in tensor networks is measured
by the number of tensors (i.e. isometries and disentanglers). Therefore, there is also
a notion of subregion complexity as the number of tensors inside the minimal-cut
surface. Instead of doing numerical calculations in MERA, I use the tensor network
picture to obtain a gravity setup corresponding to it: a AdS hard wall model. Af-
terwards, I calculate the subregion complexity in this setup and compare it to my

previous results.

Table 4.1: Comparison between MERA and AdS Picture.

open indices at top and bottom +— two entangled CFTs
tensor network +— spacelike cross-section of black hole
coarse graining direction +— radial direction

bridge layer of fixed point tensors <— Einstein-Rosen bridge, horizon at zj,
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4.3 MERA Approximation

4.3.1 DuAaL GRAVITY PICTURE

The tensor network for the thermal states consists of two truncated vacuum networks
glued together along a bridge layer. This can be translated into a gravity picture.
The transition is shown in Table [4.2] The corresponding metric is

L? y
ds* = = (—dt?* + dz* + di?), (4.31a)
2z <z (4.31Db)

and describes vacuum AdS with a hard wall at radial position z;,. In the following, I
use this hard wall model to calculate the subregion complexity. Later, the result is
compared to the previous results for AdS Schwarzschild. In particular, I empathize
how the bridge tensors influence the complexity and how this fixes the sign change
of AC.

To analyze the Ryu-Takayanagi surfaces and the complexity in this setup, we
first take a look at the vacuum results. These are valid as long as the (vacuum)
minimal surface does not reach past z,. If the vacuum turning point lies deeper
in the bulk, the minimal surface in this geometry is truncated at the horizon and
connected along the horizon. This truncated surface is shown in Figure [1.9

In the following, I fist consider the vacuum AdS calculation which applies to small
boundary regions. Afterwards, I calculate the minimal area and enclosed volume of
the truncated surface discussed above. Furthermore, there is a competing surface:
the rectangular one. I show how this surface is always larger than the truncated one

and there is no phase transition.

Table 4.2: Inspiration for Gravity Dual from MERA.

UV part identical to vacuum — geometry unchanged for 0 < z < z,
IR part removed — hard IR wall at z,

fixed point tensors of bridge — additional contribution to complexity
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4 Subregion Complexity at finite Temperature

boundary z = €

Ap

<h

Figure 4.9: Ryu-Takayanagi Surface in hard wall Geometry.

The discussed MERA network for the TFD state inspires to consider the following
setup: we consider pure AdS with a hard-wall at z = 2, (dashed line). The minimal
surfaces consists of two parts: the minimal surface for the zero-temperature case
which is cut off at z;, (orange) and a piece along z;, (green). These correspond to A,

and .Ab.

4.3.2 RYU-TAKAYANAGI SURFACE IN PURE ADS

In the following, we rederive the vacuum result which applies to the hard wall
geometry as long as the surface stays outside the wall. I start with the integral

expressions for the width of the strip and the area of the minimal surface derived in
Chapter [3| The results (3.19) reduce to

Zx

0= Q/dz (i)d_l ! = 2:,/7- w (4.32a)

ke

) V1= (/2D I (5)

when we integrate over the whole range. The indefinite integral evaluates to

2 (2\" (1 4 d 2\ 2N T

0

and will be useful later. For the minimal area, we obtain

N d—1 *d—2 B )
\/1 — (z/z*)Z(d b ( )z r <2(2d—d1) + %)

Zx ~ ~ —d
o [d—1jd—2 1d-1gi-2 T (2—_)
A= /dz 2 L Ay (4.33a)
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4.3 MERA Approximation

where the dots represent the usual UV-divergent term. Before evaluating the ex-

pression on the boundary points, the indefinite integral reduces toﬁ

ord=1pi=2 [/ :\* (1 2-d4 4 AGAY
A= =9 [(z_) 2 (5’ 2(d—2) 2(d —1)’ (z_) - (4.33)

For the volume calculation, x reduces to kK = —2'7¢/(d — 1). Using our previous

results (4.8]), the volume can be written as

_ djd—2 2(d—1)
V = 20U 2 (2)k(2)]7 — 2L f / dz\/l — :

2/ L4 2F( w 1)>
(d—1)r <§ + ﬁ) 2,02

= UV term —

(4.34a)

where the UV-divergent term is the usual power-law dependent term. If we consider
the intermediate step after determining the indefinite integral and before plugging

in the boundary values, we obtain

1 1 #x

2L¢d-2 2 2L04~2 2 2(d-1) 2\ 24D
V= [x(z)zl_d] — | = F (—) (4.34b)
d—1 € d—1 *dfl *
( )z L+ 2(d171) :

0

At zero temperature, we can invert the result for the width . This has the
consequence that both the area and the enclosed volume can be expressed directly
in terms of the width /. While these results are only valid for z, < z;, in the wall
geometry, we can still use z, as a parameter for larger regions. Therefore, if we use

the parameter z, in the following, we consider a strip with the width ¢(z,) as given
in the vacuum result (4.32al).

5Notice the alternative notation for hypergeometric functions

ai,...,0qp

pFy(ar, ... ap;01,...,0gu) = ,F,
by,.... b,

which is sometimes used to save space.
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4 Subregion Complexity at finite Temperature

4.3.3 RYU-TAKAYANAGI SURFACE IN WALL GEOMETRY

The zero-temperature result is valid for minimal surfaces with vacuum turning point

Ze < zp, l.e. for

N
0 < Lo = 220 /7 - M (4.35)

I ()

Therefore, we have to consider a different result for the strips wider than a critical
width leq: the truncated Ryu-Takayanagi surface. This is shown in Figure [4.9
There are two contributions to the area of this surface. First, I calculate the area
arising from parts connecting the boundary to the wall. Using the indefinite integral
in and only integrating up to the wall yields

d—1jd—2 _ 2(d—-1)
A= UVterm— =22 % p (1 2-d d <Z—’“°) ) (4.36)

(d—2)zm2 2\ 272[d— 1) 2(d—1) \ 5

Furthermore, I have to determine the width along the wall we still have to close.
Using (4.32b)) and integrating from z; to z, yields

[g(z*) R 22* <?>d > (é 2(dd— 1) 2(dd_ ot (j—f)g(d_l))]

for the width along the wall. Using the geometry of the wall, this piece has the area

(2 /2\¢ 1 d d 22D\ T a2 g
= |5z | =) 2F1 | 5 ; L | — S
A =157 <z> 2 (2 2d—1) 2d—1) " (z) 201

zp
I 2 d—1 1 -9 2(d-1) ~d—2Ld—1

T EA .Y e L . s
2z d \ 2 2°2(d—1)"2(d—1)" \ 2 242

Combining these results, the area of the surface is given by

d—1pd—2 . 2(d-1) jd—2 1d—1
PR F(} 2-d d (z_h) )+ee L

(d—2)z22 '\ 22— 1) 2(d— 1) \ % 21
B 2 Z_h d—1 . l d ‘ 3d — 2 ‘ ﬁ 2(d-1) gd—2Ld—1
d\ z M\ 272(d -1 2(d—1)" \ % 2,92
+ UV term. (4.38)
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Figure 4.10: Area of Ryu-Takayanagi Surface in hard-wall Geometry.

For these surfaces the width of the strip is given by . However, the parameter
2, does no longer have the interpretation of the turning point, but is only the com-
parable vacuum turning point. The large-strip/high-temperature limit corresponds
to z,/zn — oo. In this limit, the first term containing a hypergeometric function
approaches a constant, whereas the second one goes to zero because of the prefactor.

The area therefore behaves as

QLdflgde ggdf2Ld71

A~ UV term — A= + g

(4.39)

and becomes extensive. The extensive term arises from the piece along the bridge.
This is in particular important because it produces the contribution from the thermal
entropy. The results of the area of th Ryu-Takayanagi surface in the hard-wall
geometry are shown in Figure [£.10]
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4 Subregion Complexity at finite Temperature

boundary z = €

Zh

Figure 4.11: Rectangular Surface in hard wall Geometry.

4.3.4 POTENTIAL PHASE TRANSITION

In principle, there is a competing piecewise-smooth surface: the rectangular one.
Figure shows how this surface consists of three surfaces: two falling from the

boundary to the wall and one along the wall. The area can be calculated as

Zh

B L d—1 41 pd—2
Arec = 2€d_2/dz <_) + #7
z Zh

€

97,d-1 <l7d—2 jd—2 ) Id-1gd—2p

_ 4.40
i (4.40)

d—2 Zhd_2

Therefore, I obtain the usual UV-divergent term, an extensive term and a constant
shift. This rectangular surface therefore agrees to the high-temperature behavior of

the one obtained by truncating the vacuum Ryu-Takayanagi surface.

The difference between the truncated of minimal surface and the rectangular one

is
A~’4:-/4_~/4rec
- 9 ,d—1jd—2 . 1 2—d' d (2 2(d-1) . 9 ,d—1jd—2
T (d=2)z2 2 27 2d—1) 2(d— 1) \ =, (d — 2)2,9-2
_g ﬁ d—1 . 1 d . 3d — 2 ‘ Z_h 2(d-1) gd—QLd—l
d \ 2 M\ 272(d-1)2(d—-1)" \ 2 202

and approaches zero in the large-strip limit z, — oo. Taking the derivative with
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respect to the length yields

d d 2z, d

2, LA~1742 1 2-d d \
=z R(= - u) (1—uz) > 441
u dzpt? ? 1(2’2(d—1)’2(d—1)’u>< “ >—O’ (4.41)

where we defined

2(d—1)
u = (ﬁ) < 1.
Zx

We used the known derivatives of hypergeometric functions, see (B.5)) in the ap-
pendix. Therefore, the truncated surface approaches the rectangular one monoton-
ically from below and is always the smaller surface. This proves that there is no

phase transition for any dimension.

It is interesting to see that AA approaches zero in this MERA inspired hard
wall model for the finite temperature state. In Section [3.2.3 T examined the analog
rectangular surface in AdS Schwarzschild and found a constant shift to the area of

the real minimal surface.

4.3.5 VOLUME IN THE WALL GEOMETRY

Now that I have determined minimal surface, I calculate the volume inside it. Using

the intermediate result in (4.34b)) and integrating up to the wall yields

2LUI25 (2,
(d— 1)z, %1

2042y, sl 1 21 [z 2(d-1)
(d—Dzd12 1\ 272(d=1)2(d—1)" \ 2 '

The second term arises from the boundary term after partially integrating. Using

Veupped = UV term —

that 22(z,) is the size of the horizontal piece along the horizon, I write the second

term in terms of A;,. This results in

Sl 1 1 2(d—1)
Ap 21444 22}1 27 2(d—-1) Zh
Y = UV term — =1 ([d=1)so0 oy Q(d—l) ~ (4.42)
2(d—1
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4 Subregion Complexity at finite Temperature

Without restricting the form of the fixed-term tensors, the complexity contribution
arising from the bridge layer has to be proportional to the vertical piece along the

bridge

1
Wy, = — | A, 4.43
b (a + e 1) b (4.43)
with a not determined constant c. This follows from the picture of having a constant
density of the same fixed point tensor forming the bridge. Combining these two

results, the analog of the subregion complexity in this MERA approximation is

~ 1
20422, %7 2d-1) | [ zn 2(d-1)
VY = UV term + OéAb - m 2F1 g1 (Z_*> . (444)
2(d—1)

To be in compliance with [132], the extensive term in the large-width limit should
be related to the complexity of formation of the whole state. Therefore, I fix the

constant a appropriately and obtain

where the dots are the usual UV-term. The result is shown in Figure [£.12]

4.4 SUMMARY AND DISCUSSION

To summarize this chapter, I first reviewed the tensor network for a thermal state
and considered the analogue model on the gravity side: vacuum AdS with a hard
wall at radial position z = z,. In particular, the structure in the UV is unchanged,
the IR is removed and the wormhole connecting two CF'Ts of the thermofield double
state is encoded as a bridge layer. This layer gives an additional contribution to the
complexity. This tensor networks corresponds to a hard wall model in pure AdS.
As shown above, the complexity obtained by considering the hard wall model
yields a higher subregion complexity than AdS Schwarzschild, see Figure [£.12] For
a small strip, this is obvious: the Ryu-Takayanagi surface does not reach the wall
and only probes the pure AdS spacetime. Therefore, the result agrees to the zero
temperature result, which is larger than the one obtained for AdS Schwarzschild.

This shows that the MERA network for a thermal state is more complex than the
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Figure 4.12: Subregion Complexity for hard wall Model.
We subtracted the cutoff term. The dashed line is the AdS Schwarzschild result.
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4 Subregion Complexity at finite Temperature

holographic description. Considering larger strips, the minimal surfaces start prob-
ing the wall. The subregion complexity for such strips obtains contributions from
the bridge. This contribution is in particular responsible for the extensive behavior
in the large-strip/high-temperature limit. The comparison presented in Figure m
shows that due to this contribution, the result from the hard wall geometry is larger
than the one obtained for AdS Schwarzschild.

In particular, my results show where the tensor network is not optimally efficient
in encoding the state. The model was obtained by considering two copies of the
MERA network optimized for the vacuum state, truncating them and gluing them
together. In particular, the tensors are not changed in the UV. Therefore, further
optimization might be possible. This can be seen in the results, where the subregion
complexity for the hard wall model is always larger. However, the tremendous
difference arises when the minimal surface reaches the wall.

As remarked previously, there is a critical width /.. at which the subregion
complexity at finite temperature becomes larger than the zero temperature result.
As discussed above, it is more meaningful to compare our result to the one for the
hard wall model then to compare it to the vacuum result. For this MERA inspired
model, there is also a critical width, under which the result is given by the vacuum
result and above which the bridge layer comes into play. Figure |4.13| compares the
values for different spacetime dimension. It shows in particular that the transition
from the vacuum minimal surface to the truncated surface always takes place before
the critical width of AdS Schwarzschild is reached.
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Figure 4.13: Critical Length.
For AdS Schwarzschild, the subregion complexity becomes larger at the critical
length than the subregion complexity for the vacuum solution.

131



4 Subregion Complexity at finite Temperature

132



— CHAPTER 5
CONFORMAL TRANSFORMATIONS
AND COMPLEXITY IN ADS3/CFTs

In the previous chapter, we examined subregion complexity. It arises as a natural
quantity since the Ryu-Takayanagi surface automatically associates a unique bulk
volume to a boundary region. However, considering complexity in AdS/CFT is
tricky since the field theory definition is not known. To make the problem less
involved, we consider the complexity of the pure total state, rather than restricting

ourselves to mixed reduced states.

For pure states, quantum information theory defines complexity as difficulty to
construct a state from a given reference state. The considered state |¢y) is obtained

from the reference state |R) via

[Yu) = UIR), (5.1)

where U is a unitary operator. The complexity of an operator is the minimal number

of required gates to construct it, i.e.

U:/’l/l"'/’I/CJ (52>

where the gates p; are from the set of allowed gates. Consequently, the complexity

of a state |W¥) is defined as the minimal complexity of operators synthesizing it

C= min C(U). (5.3)

U with |0)=U|R)

Every definition of complexity depends implicitly on the chosen reference state and

gate set.

The success of the holographic entanglement entropy spiked interest into other
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5 Conformal Transformations and Complexity in AdS;/CFT,

¥)

Q>

R)

Figure 5.1: Curved Space of States.

quantum information measures such as the complexity [38.|41,/94]. In the following,
we follow the holographic complexity=volume proposal [38H42|. For the total state,
the considered volume is the volume of the maximal co-dimension one slice anchored

on the boundary equal time slice. The complexity is conjectured to be

V
C x Gy (5.4)
The AdS radius L is included for dimensional reasons [39,/40}47,48|. In particular,
this makes the complexity proportional to the central charge of the field theory.

However, it is an open question whether the maximal volume is an appropri-
ate measure for complexity and what the implicit choices for reference state and
gate set are. Therefore, it is of interest to study states for which we know how
to construct them. This work focuses on states obtained by conformal transfor-
mations in AdS3/CFT,. In this lower dimensional example, the conformal group
is infinite dimensional and the corresponding operators are known. Considering
such a transformation can be done for any CFT without restriction on the par-
ticle content. Thus, studying these a state gives insights into the validity of the
complexity=volume proposal.

Furthermore, complexity defines a distance to the reference state and hence
induces a geometry in the space of states. States obtained by conformal transfor-
mations applied to the vacuum state are a submanifold in this geometry. Studying
small conformal transformations helps to locally map out the geometry of the sub-
manifold. In particular, it is interesting to study whether the vacuum state is in any

way exceptional and whether complexity is a good tool to characterize states.
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5.1 Conformal Transformations in AdS3;/CFT,

5.1 CONFORMAL TRANSFORMATIONS IN ADS;3/CFTy

In this chapter, we focus on AdS3/CFTy. The metric dual to the vacuum state of
the CFT is

ds® :Z—12 (d2® —dat - dz7) = é (dz® — dt* 4 da?) . (5.5)
In two dimensions, it is convenient to use light-cone coordinates on the boundary,
i.e. #¥ = t + 2. The advantage of considering this lower-dimensional example is
that the asymptotic symmetry group is infinitely dimensional. In particular, we
can consider conformal transformations z* = G (7*) with arbitrary functions G..
As discussed in Section [2.4.3] these can be realized as a coordinate transformation.

Following the conventions of [138}/139|, we consider the coordinate transformation

xt =Gy (ah), (5.6a)
- =G_(27) (5.6Db)

for the light-cone coordinates and
2=z /|G (E)G ()] (5.6¢)

for the radial coordinate. The transformation of the radial coordinate is such that a
UV cutoff in the field theory corresponds to a cutoff surface Z = € in the new, tilted

coordinates. The resulting metric is

2 +dg— 2dz
a2 = AT gapaiar ) - 28 (AL dit 4+ ALdE ), (5.7a)
z z z
with
1 Gi//(j:t)
A, = -2\ b
T 26 (FY) (5:75)

This type of geometry is known as Banados geometries. With the metric in this
form, it is not directly obvious why the metric is asymptotically AdS as defined
by Brown and Henneaux in [62]. It can be checked that the metric has the right

* = 7" F A; - 22 The metric in the

boundary behavior when going to coordinates
used form has the advantage that we avoid a change of the radial component dg...

The special feature of three-dimensional gravity is that is has no propagating
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5 Conformal Transformations and Complexity in AdS;/CFT,

degrees of freedom. Thus, all solutions are locally equivalent up to coordinate
transformations. However, there are subtleties when considering spacetimes with
boundaries. The transformations we consider here act non-trivially on the bound-
ary. Furthermore, while we see from the transformed metric that the boundary
metric is not changed, the asymptotic fall-off of the metric is changed. These deter-

mine the stress-energy tensor. In the transformed state, we have

]_ ~ !/~ "~
87TG3T++ = m (3G+N<I‘+)2 — 2G+ (I+>G+/ (Jer)) 5 (58&)
8rG3T_ = m (3G_"(z7)* —2G_"(z7)G_" (7)), (5.8b)
8nG3T, - = 0. (5.8¢)

As can be seen from Equation , the resulting states violate the null energy
condition (NEC). However, that is not surprising in a quantum field theory [140]:
the energy density at a point can be arbitrarily negative, i.e. it is not bounded
from below. However, for quantum theories the quantum NEC [141] (QNEC) holds,
which bounds the energy density using expressions involving entanglement entropy.
Following [142|, Bafiados geometries in fact saturate the QNEC. The energy of the

transformed state is

o /d:iTtt: /d:% T +T +2T, ], (5.9)

1 oo
_ d
327G / o

Therefore, we obtain states with positive energy,

The conformal transformation changes the holographic calculation of the com-
plexity in two aspects. Firstly, due to the conformal transformation on the boundary
we have to consider a different equal-time slice. Expressing the old time coordinate

t in terms of the new coordinates yields a space-dependence

t==- (G l+3)+G_(I—1)).

N | —

It follows that we have different boundary condition for the extremal surface. Sec-
ondly, the transformation changes the cutoff surface. Since the complexity is a

UV-divergent quantity, a UV cutoff has to be used to regularize it. The conformal
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}e
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RN

(a) Vacuum State. (b) Excited State.

Figure 5.2: Bulk Picture of Conformal Transformation.

The excited state can be shown in the original Poincare diagram. The boundary
equal time-slice is now curved, i.e. the extremal volume slice is anchored differently
on the boundary. Additionally, the radial cutoff is changed.

transformation changes the cutoff to

F=e <= z=e\/G (3G (i), (5.10)

These effects are shown in Figure 5.2

The general problem is highly non-trivial. I considered the simplified case of a

small conformal transformation

=G (@) =3 +0 g (T), (5.11a)
=G (T7)=T +og-(T7), (5.11b)

where the expansion parameter is ¢ < 1. The metric simplifies to

1, 1 1
ds* = = dz? — = de* + 2 dz? (5.12)
+ 2\ (9 @) + 9" (5) )i+ (927 (57) = 9" (37) )di|az

2 0_2

£ (0 () + g () AP + T (g2 (8Y) — 92 (7)) 4@+

The dots contain off-diagonal terms of order o and diagonal terms of order o3. Ad-
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5 Conformal Transformations and Complexity in AdS;/CFT,

ditionally, the energy momentum tensor is of first order in the expansion parameter

2
T s g "~ I/~ "y~
8nGsT . = —59+ (%) + T (39+"(2)? + 294/ (77)g4"(@7)) + O(0®), (5.13a)
2
SrCHT. = —Zg."(57) + 2 (30" + 2050, "(57)) + O(c®). (5.130)

The leading order term is an energy fluctuation, which does not contribute to the

total energy. In contrast, the second order term produces

o0

/ e [ + 92" > 0. (5.14)

—00

0.2

T 327G

To summarize this section, we reviewed how the conformal transformation on the
gravity side is realized by a coordinate transformation acting non-trivially on the

boundary. Furthermore, we looked more closely on small conformal transformations.

5.2 OPERATOR FOR CONFORMAL TRANSFORMATION

In this section, we take a look at the operator corresponding to the conformal trans-
formation. We start by considering a compact spatial direction, i.e. x € [0,¢]. In

this setup, it is more convenient to go to complex coordinates
w = exp (22% : x+) : W = exp (ZQ% : :1:_) : (5.15)

In Minkowski signature, these satisfy
lw| =1, wh = w

to ensure x* € R. The holomorphic component of the stress-energy tensor can be

expanded as a power series

T =T(w) =) Lyw "2 (5.16a)

Going back to light-cone coordinates z*, the corresponding stress-energy tensor is

Ty = ——— (w*T(w) + const.) (5.16b)
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5.2 Operator for Conformal Transformation

and the analog expression for 7. The off-diagonal components vanish. Since T

is real, the conditions on L,, are
Ll =L_,.

These coefficients are called Virasoro generators and satisfy the Virasoro algebra,

1.e.

C
[Lon, Lp] = (m — 1)Ly + E(m3 — 1) 4m.0- (5.17)

A smalll] conformal transformation is a transformation of the form
w—w =w+e(w). (5.18)

The Fourier decomposition of ¢ is
€= Z gqw "t (5.19)

The light-cone coordinate z't is real, hence we have

En=—€nt D EomEmont O (5.20)

ny=—oo

The stress energy tensor is changed by the conformal transformation. The trans-

formation behavior is

T(w') = (gﬁ‘;’)2 (T(w) - TZS(w’,w)) , (5.21a)

where the Schwarzian derivative is
B’ ow\ ' 392w\ [ow 2
’ _ _Z ) 21
S, w) (8w3)(8w) 2(8102) (811)) (5:21b)

In [P3], we calculate the change of the stress energy tensor for a small conformal

I'We talk about a small infinitesimal transformation and not an infinitesimal one since we also
consider subleading terms. In particular, we will keep the transformation behavior of & exact.
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5 Conformal Transformations and Complexity in AdS;/CFT,

transformation

0T (w) =T (w) — T(w)
= — g(w)T’(w) — QT(w)Z:J(’(U) - 1_1205(3) (w)

1 1 1 1
+ Ec&t(‘l) (w)e(w) + gc\»z”(w)2 + Z—lc&:(?’) (w)e' (w) + is(w)zT”(w)

+ 3e(w) T (w)e' (w) + 2T (w)e(w)e” (w) + 3T (w)e' (w)?. (5.22)

This extends the already known first order result |138] to second order in . We want
to express the change of the energy momentum tensor as unitary transformations of

its Fourier modes. The corresponding condition is
0T (w) = Z5an_”_2
L, = UnTLkU — L.
The operator implementing this transformation is
U =58, (5.24)

The leading order term e was already known [138] and my collaborator determined

the subleading term [P3], resulting in

L= el (5.25a)
—9
B=%" %%%an. (5.25b)

This expands the CFT operator implementing the conformal transformation up to
second order in epsilon. The spatial direction is compact and the result is expressed

in terms of the Fourier coeflicients.

Let me transform this back into our previous notation. First, we leave the spatial
direction compact and express everything in terms of g... The considered conformal

transformation is

=G (@) =3 +0 g (7). (5.26)
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5.2 Operator for Conformal Transformation

The function g, is related to the previously defined e via (see ((5.15)) and (5.18]))

exp (-0 F-gy) =1+ =, (5.27)

Using the Fourier decomposition of g,
9e =) gemtt ", Ton = Gt —n, (5.28)

the relationship between ¢,, and g, , is
e -0 g0 TS e 1O (520)

ni

One has to keep in mind the Fourier decomposition of ¢ is with respect to w, whereas
the Fourier decomposition of ¢, is with respect to w’. This is relevant for obtaining

the correct second order term.

The unitary operator can consequently be written as

271

272
Ulgs)=1-0 A Zgﬁann —o? 2 Zng,mgﬁngLmefnz

2

n
+ 02 6_2 Z(nl + n2)g+,n1g+,n2L—n1—n2 + 0(0')3. (530)

uz

The last step is to decompactify the spatial direction, i.e. taking the limit £ — oo.
This is done by defining

n 1
=— dé = - 5.31
e=", £= - (5.31)
The expansions in w and w’ turn into Fourier transformations for g4
g. (%) = / d¢ 0 gy e exp(—2mi- Tt -€) (5.32a)
——
3+(8)
and for the stress energy tensor
1 .
T (zh) = —47r2/d§ g—Qe-Lgg exp(—2mi- 2" - £). (5.32b)
\“A/—/
L(¢)
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5 Conformal Transformations and Complexity in AdS;/CFT,

It follows that the operator can be written as

Ulgy) = exp (—a omi [ € 9, B0 (5.330)

+o? 7 / / A6, (€ + €234 (1) (E2)L(~6 52>) +0(0)?

or equivalently

U(g+) = exp (U %/dx 9+(x) - Ty () (5.33b)

_o? SLW / / derdas ¢, (21)gs (23) - Trs (a1 —|—$2)) +0(0)?

The analog expression is obtained for U(g_). This differs from the usual CFT
approach: usually U = e is taken as exact, i.e. higher order corrections do not
appear in U but in the transformation behavior of z*. We approached this differently
to keep the transformation behavior of #* and hence the diffeomorphism applied on

the gravity side exact.

5.3 CHANGE OF HOLOGRAPHIC COMPLEXITY

In this section, I calculate the change of the volume perturbatively for a small
conformal transformation. The expansion parameter is 0. The integral expression

for the volume is
V= /di /df V7, (5.34)

where 7 is the induced metric on the slice and depends on the embedding #(Z, A)

implicitly. In lowest order in o, we obtain the vacuum result

_ 1 - L - s
V|e—o = /dz/dx?\/l —tO(7, 2)2 — tL0)(7, 2)2,
1 (R
:/&/quw(x (5.35)
z

€
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5.3 Change of Holographic Complexity

where the embedding is given by the constant time slice £ = ¢;. The embedding can

be expanded as
H&, 2) =tg + 0 11(F,2) + 0% 157, 2) + O(0)®. (5.36)
I now expand the volume in powers of o, i.e.
V =V + oV + 0V + O(c°) (5.37)

where Vo) = V|s=0. The first order correction is

oy
Vo = 51

ot + oV Vs
6=0 Vv | 5—o

N /dz(ﬁ VW)|52057W’
~ 0. (5.38)

The variation with respect of the embedding ¢ vanishes automatically since we con-
sider an extremal embedding. The variation with respect with the induced metric
does not vanish, however since v is diagonal and §y only has off-diagonal contribu-
tions at leading order, this term also vanishes for the considered metric. Therefore,
the term of interest is the term of order o2. Calculating it yields

0V

5%y
Vig) = 5 St2+2

§=0 0%y 0t

5%y
0V Ot +
5=0 : 0V 0o

0V 0Ynw,
=0
o0 o0

1 - .
:/dz/da} {4—2 80O(7,2) (¢ (o — %) + g1 (fo + 7))
0

1 .
= 70 (x 2 7 (1L0) (5 3)2
6" (z,2) VE? 6HM0(z,2) } : (5.39)
I obtain contributions arising from varying with respect to the embedding twice
and from varying with respect to the embedding and the induced metric. There is
no contribution arising from varying with respect of the metric twice. This is due
to the form of the metric and its perturbation. Having a metric v with a small

perturbation ¢+, the integrand can be written as

Vdet(y + dv) = +/det(y) (1 + Tr (199) + T (y ') _ I ((7_157)2)> +....

2 8 4
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5 Conformal Transformations and Complexity in AdS;/CFT,

For the metric I consider , the leading order correction is off-diagonal, whereas
~ is diagonal. Consequently, the second term only yields a subleading contribution
i.e. Try 10y = O(0)?. The leading order term of §y contributes to Tr((y~1d7)?),
but this term is exactly canceled from the trace of the second order term arising

from y~157.

5.3.1 EMBEDDING OF EXTREMAL SLICE

The differential equation for ¢; arising from extremizing the volume ([5.39) is

4
2002 (7,2) = £ 1OV (3,2) + 2020 (7,2) = g (B +40) — gL (to — 7). (5:40)

Since I consider a spacetime with a boundary, the variational principle is only well
defined if no boundary term arises. For the integral expression I consider, this

requires

1 4
: 01 (5 > - )
lim o~ (—?h (&,2) — g" (to— T) — g (to + 95)) = 0. (5.41)

This constrains the near boundary behavior of ;. Additionally, I have the boundary

condition from demanding that the extremal surface is anchored at £(%,0) = t,.

To avoid having to solve this partial differential equation, I use the Fourier

transform

o0

f(i, 2) = / de (€, 2) exp(2micd). (5.42)

—00

Furthermore, for the infinitesimal transformation we define

o0

g+ (3%) = / d¢ G4 (€) exp(—2mi - T+ - €). (5.43a)
= / d¢ Gy (—€)e*™ exp(2mi€ - 7). (5.43b)

The Fourier modes ¢, and ¢ have to satisfy

9+(8)" = 9+(=¢), i) = i(-¢) (5.44)
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for g+ and t; to be real. To keep the expansion in o well defined, I assume that g4

and ¢ are bounded.

This reduces the partial differential equation to an ordinary differential equation

210 (6,2) — SH0V (6,2) — 8PE (€, 2) = 47°€2 (94 (—E)*™ + §_(€)e72™0)

) (5.45)

Thus, we have a second order differential equation and need two boundary con-
ditions. These are given by having the surface anchored at t, and the appropriate
boundary behavior to make the variational principle well defined. In this differential
equation, £ reduces to a parameter. I have to consider £ > 0 and £ < 0 separately

when fixing the constants of integration. This results in

A (3 (1= 2°6) 4 m2) (3 (e~ 1 g (—g)enén) -6 ¢ >,
€, A) =
o (% (1 o 627r£2) + 7T£5627T§2) (g_(g)e—%wgto + §+<_£)62i7r§to) 5 < 0.

The change of the embedding can be written in the compact form

i, 2) = (% (e72mF —1) + w|§|ze—2“5'2> (G- (&)e ™m0 4 g, (=€)e¥™0) . (5.46)

The embedding is not smooth at y = 0, but itself as well as its first and second
derivative with respect to Z are continuous at this point. Therefore, the piecewise
definition does not cause problems with the differential equation (5.45)). We see that
the part depending on the radial coordinate is bounded. For Z € (0,00), it lies in
the range

< (€*2ﬂ|€\5 _ 1) + 7T|£’5€72ﬂ§|2 <0,

N | —
N | =

where the lower bound is reached at the Poincaré horizon at z = oo and the upper
bound at the boundary z = 0. This boundedness is necessary to keep the expansion

in o well-defined. The change of embedding can be transformed back to determine
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5 Conformal Transformations and Complexity in AdS;/CFT,

the leading order shift of the embedding

0(2,2) = —5 (92 lto + ) + 9 (to — )

1L _ -
+;/dtm<g+(to+t+x)+g(t0+t—x)). (5.47)

One may wonder how the boundary condition ¢,(z,0) = 0 is incorporated in this

expression. The integral is an integral transform of the function
g+(- + 1o + ZL‘) + g_(- + 19 — [L’)

The integral kernel approaches wd(t)/2 in the near-boundary limit. Therefore both

terms cancel each other and we have the desired boundary condition.

5.3.2 VOLUME OF EXTREMAL SLICE

Let us return to the volume. As I derived in ([5.39)), the volume can be written as

V(Q)—/dz/dx[ OV (3,2) (6" (fo = 7) + o, (Fo + 7))

—— O (7,2)? - = 709 (z, 2)2} , (5.48)

I get rid of the last two terms by integration by parts. This allows to express them

in terms of g.” using (5.40))

v@)_/dz/dx[ 800 @, - LD o7 - 3) + o, (o +9)),
:/dé/d:iS—;tl (2,2) (9" (fo — ) + ¢ (fo+ 7)) (5.49)

At this point, we can plug in our solution for the embedding ¢, (5.46). After ex-
pressing the integrand in terms of the Fourier transform for ¢4 (5.43) and ¢, (5.42),
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the integral reduces to

[e.9]

V(g) =73 / d¢ |£|3 (g+(§)ef2iﬂ§to 4 ﬁi(_g)e?iﬂ'fto) (g7 (5)672”&0 4+ §+(—f)62mét°) .

—0o0
Since the functions g4 are real, their Fourier transforms satisfy g+(—¢) = g+(§)*.
Hence, the change of volume reduces to

o0

Vi) = / ae [éf

—00

A~ -2 ~ T 2
g-(E)e > 4 g, (=)e* ", (5.50)

As noted by [50], this can be transformed back into g.. For a general boundary
time to, this yields

Vi) :% dxdy(m_—ly)zl <g+(t0 +x)+g-(to — ff)) <9+(750 +y) +g-(to — y)>

The sum (g4 +g¢_) has a physical interpretation. Expressing the new time coordinate

¢ in terms of the old one, we obtain

P=t—2 (9:(F) +9-(2)). (5.51)

Consequently, (g, + g_) is proportional to the shift of the embedding in the old

coordinates.

5.3.3 PROPERTIES OF VOLUME CHANGE

In the following, I analyze the obtained expression more closely. In the form given
in Equation ([5.50), one property is already obvious: the change of volume is always
non-negative and does not depend on the sign of o. To have a vanishing change of

volume at a certain time ¢y, the transformation has to satisfy

G—(&) = — g4+ (=&) exp(dimty€) V€ € (—o0,00). (5.52a)

In this case, the change of volume is positive for any other time. In particular, it

follows

g_(to —x) = —g4 (to + 2), (5.52b)
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5 Conformal Transformations and Complexity in AdS;/CFT,

i.e. for the timeslice is unchanged and only the spatial direction is transformed.
This implies the following: the extremal volume slice stays the same, only the cutoff
changes. Therefore, it is also possible to use the vacuum result for the embed-
ding but a different regularization (see (5.10)). In this case, one does not
have to solve a complicated embedding and can also consider this setup for finite

conformal transformation. The conditions translate to

o= 5 (G4 (5) + G () limsy (5.53)

(G+(3~3+) - G*(i_)) ‘f:to = G+(‘i'+)|t~:tg —to. (5.54)

xr =

NSRS NN I

Starting with the vacuum result (5.35)), the volume for the transformed state is

Vity) = /dx L

Ze
where the cutoff is spacetime dependent z. = z(Z =€, %) (j5.10). Furthermore, it is

more convenient to integrate over . These transformations result in

dr = |G/ (z7)|dz (5.55a)
2= e/|G ()G (T7) iz, = € G4/ (37)] (5.55b)

Both contributions cancel each other. The volume is consequently does not change,
le.
1G4 (@)
V(ty) = | dZ ————=—7 = V(o) (o). 5.56
()= [ 45 2 i) =~ Vit 250
This is interesting. It implies that there are excited states with the same complexity
as the vacuum state. In particular, their energy can be arbitrary high. However,

the complexity for these states is time-dependent and only vanishes at a fixed time
to-

Let us return to the result for an infinitesimal conformal transformation. The
volume change can be split into three parts: one term only depending on g, one

term only depending on g_ and one mixed term

V(Q) - V(Z),pure(g-l-) + V(Z),pure(g—) + V(Z),mixed(.@-&-v g—)7 (557&)
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5.3 Change of Holographic Complexity

where the different terms are defined as

Vioy ) = 7° / de 6P - 5(—€)3 (), (5.57b)
Vioyminea (1) = 277 / dE (€ - G4 ()3 (€)e im0 (5.57c)

In particular, the change of complexity is time-independent if only one light-cone
coordinate is transformed. The reason for that is that such a transformation pre-
serves the translational invariance in the untransformed light-cone coordinate. This
translates into the time-independence of the result. The result in this form shows
an interesting behavior: there is a positive, time-independent part arising from the
pure terms and a time-dependent fluctuation arising from the mixed term. The
fluctuation changes sign if the sign of g, or g_ is changed, whereas the pure term is

invariant. Since the complexity change is always non-negative, this implies

|V(2),mixed<g+7 g,)‘ < V(Q),pure(QJr) + V(?),purG(Q*) (558>

for any transformation. From the definitions of both terms (5.57)), it can be seen

that the bound is only saturated for

G- (&) = 9. (—€) exp(dinty) V€ € (—00,00), (5.59a)
g—(to — ) = g4 (to + ). (5.59b)

Furthermore, it is interesting to observe how V(o) (9.57)) changes under manip-
ulation of g+. One interesting case is a rescaling of the argument of g.. It follows

directly from my result that the change of complexity behaves as

g1 (2) g1 (), 3+(6) ﬁﬁm/» (5.600)

V(Q) —)/\2V(2) ‘to—»\to . (560b>

This can be understood by performing the replacement

ot = i 4 gt (),

— Azt = A3F o) gE(\3T).
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5 Conformal Transformations and Complexity in AdS;/CFT,

Therefore, we can consider it as the initial transformation from old coordinates A\x
with new coordinates Az. Since the vacuum state is invariant under dilatation, this
factor A\ on the left does not change the complexity. The Weyl rescaling on the
right-hand side only translates into a rescaling of t,. Additionally, the expansion
parameter is multiplied with \.

Another interesting transformation are coordinate shifts
g+ (2%) = go(a® +624). (5.61)
These transformations add a local phase to the Fourier transforms
() = ga(&)e M=, (5.62)

In particular, this leaves the pure terms invariant since they only depend on the

absolute values. For the mixed term, this complex phases result in a shift of ¢,

= ‘/(2) <§+ (5)6_2m£6+ ) g-‘r (5)6_27”567) = ‘/(2) (g—i- (5)7 Q— (5)) ‘t0—>to+(5++57)/2 : <563>

This transformation is special when 6% are identical up to the sign. In these cases,

the transformation describe time-shifts and translations

time-shift: translation:
g (a™) = gu(a™ +9), gx(a™) = gue(a®™ £6), (5.64a)
92(8) = ge(&)e ™, 94(8) = §o(€)eTm, (5.64b)
Vi) = Vol i s Vi) = Vio). (5.64¢)

Translations leave as expected the complexity invariant, while time-shifts only result
in a shift of ¢,.

5.4 EXAMPLES

In the following my result is applied to calculable examples. In particular, the
transformations are chosen to have a power law behavior at infinity, which makes
them approximately localized. Therefore, they can be interpreted as localized wave
packages.

To keep the notation simple, the tildes over the new coordinates are skipped in
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5.4 Examples

this section.

EXAMPLE 1

First, I consider

a4C ~ —2a47
g+ (2¥) = m = g (&)=cpe g, (5.65a)
_l’_
- a_c— ~ —2a_m
g— ([E ) = m <~ g_(§):c_6 2 |€‘7T (565b)

The convention is that a4 are positive and the sign is encoded in cy. Therefore, the
Fourier transforms are exponentially decaying. The leading order contribution to
the energy density (see (5.14)) is shown in Figure [5.3]

2 9 6.0
1.5 1.5 I4.5
1 1 3.0
0.5 0.5 . 1.5
=~ 0 ® @ 0 0.0
-0.5 -0.5 . —1.5
1 -1 3.0
-1.5 -1.5 I —4.5
-2 -2 —6.0
92 .15 -1 -05 0 05 1 15 2 -2 -15-1-05 0 05 1 15 2
x x
(a) ¢y =—c_ =1 (b) cx =c_=1
Figure 5.3: First order term of the Energy Density for Example 1.
Here, I consider a+ = c; =1 and c_ = F1.
The embedding of the extremal surface can be derived from ([5.36]) and is
(. 2) = 2271 ((to — ) —a*) — 27 2%a_ (a® = 3(to — 2)*) — a_
=) =65 (@ + (to —2)?) (2a_z"t+ 272 (a® + (to —2)?) +1)2
N 227 ((to + ) — a2) — 27 %ay (a2 — 3(to + 2)?) — ay (5.66)
c . .
T2(a% + (to +2)2) (a2t 4 272 (a2 + (tg +2)2) + 1) 2
The correction to the volume is given by
3 3 c_cy 3 (16¢F — 24t2 + 1)
=c,  ——F . . 4 . , 5.67
“+ 64at 64t - (ay +a_)* 2(42 +1)4 (567)
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5 Conformal Transformations and Complexity in AdS;/CFT,

(ay +a_)* y
CyC
4
3
2
1
to
1 205 0.5 1 ay +a_
-1

Figure 5.4: Change of Complexity for Example 1 and Example 2.
The mixed, time-dependent term of the change of volume is plotted. The volume is
is related to the complexity by 6C = V /Gy L.

where t, is defined as t, = + —. The result nicely displays the structure derived
n (5.57al). The mixed term V 9),mixed 18 shown in figure .

This transformation yields V(o) = 0 at time ¢y = 0 for a; = a_ and cy = —c_.
This can be seen from checking the conditions on the Fourier transforms g1 (5.52)).

EXAMPLE 2

As a second example, I consider

cpxt

g+ (zF) = T @) & G4 (§)= —icpe > lrsgn(¢), (5.68a)
+
g-(z7) = —#ﬁ;)z & §_(6)= —ic_e 2 "Elzsgn(£). (5.68b)

The embedding of the new extremal surface is

(to— ) (—da_z"' + 272 (=3 + (to — x)?) — 1)

) )*) -
WA = = —aP) e (@ + (=) 1 1)
) -
)

(to + ) (—day 27t + 272 (=3a? + (to + x)?) — 1) (5.69)
c : .
2@+ o+ 2)7) Parr 1+ 22 (@ + (o + D)D) 1)
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5.4 Examples

The volume change caused by the transformation is

3 5 3 c_cy 3 (16t1 — 24¢2 + 1)
c . —_ .
T 64at  (ap +a )* 2 (442 4+ 1)4

(5.70)

with time ¢, = —%2—_ The change of volume and hence complexity is identical to

at+a—

the result in example 1 (5.67)) up to a sign change in the mixed term. See figure

for a plot of this quantity. However, the transformed state itself is quite different.

In particular, the energy density is shown in Figure [5.5

1.5 15[ 3.0
1 1 1.5
0.5 0.5 0.0
= 0 = 0 —1.5
-0.5 -0.5 -3.0
-1 -1 —4.5
s T s 0 05 1 s 1515 T 05 0 05 1 15 | 60
x x
(a) cy =—c_=1 b) cy =c_=1
Figure 5.5: First order term of the Energy Density for Example 2.
Here, I consider a. =cy =1 and c_ = F1.
EXAMPLE 3
As a final example, I consider a combination of the previous two examples
g4 (z7) = #Jrg & g4 (§=icye Klrsgn(¢), (5.71a)
ai + (z71)
g-(z7) = #(c;_f &g (&)=c_e -k, (5.71b)
The change of complexity is
2
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5 Conformal Transformations and Complexity in AdS;/CFT,

(ay +a_)*
CyC

1%

-1 -0.5 0.5 1 a4 +a-

Figure 5.6: Change of Complexity for Example 3.
The mixed, time-dependent term of the change of volume is plotted. The volume is
is related to the complexity by 6C = V /Gy L.

with t, = a;ﬁ The time-dependent part of the mixed term is shown in Figure .
In this example, the metric perturbation does not satisfy the condition (5.52)) for the
change of complexity to vanish at a certain time t,. Taking a closer look at ((5.52)),
a necessary condition for V() = 0 is that the absolute value of the mixed term has

a unique maximum. We derived in ([5.59al) the condition on the functions g+ for

V(2),mixed ==+ (V(2),pure(g+) + V(2),pure(g—)) :

However, this condition can at most be satisfied for a particular time ¢y,. Conse-
quently, the result for V(s) mixea as shown in Figure directly forbids V(2 = 0.

The energy density of this example is presented in Figure [5.7]

5.5 SUMMARY AND DISCUSSION

The complexity of a state induces a notion of distance on the space of states. Let

us denote

C(|v), %))
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5.5 Summary and Discussion

15 6.0
1 4.5
0.5 3.0
Y 15
= 0
0.0
-0.5
—1.5
! ~3.0
-1.5 . —45
-15 -1 -05 0 05 1 1.5 -15 -1 -05 0 05 1 1.5 ’
x x
(a) ey =—c_=1 (b) cx =c_=1

Figure 5.7: First order term of the Energy Density for Example 3.
Here, I consider ax = c; =1 and c_ = F1.

as complexity of the state | ) with respect to the reference state |\if) In this chapter,

we study conformal transformation of the form

.’L'+ :G+(i'+)> t=

x=G_(z7), xr =

They correspond to local conformal transformation and are generating new states.
The corresponding operator are denoted as U, in the following. There is a well-
defined notion how this transformation is described by a diffeomorphism on the
gravity side. For the calculation following the complexity=volume proposal, the

transformation changes two aspects:
e The volume slices are anchored on a different equal timeslice t = t,.
e The bulk cutoff used to regularize the volume is different.

For a general conformal transformation, it is a non-trivial problem to solve the
embedding of the extremal surface. For the special case where the conformal trans-

formation does not change the considered equal time slice, i.e. for

t(fv j) = tOlf:tga = G_ (y) =ty — G+(2t0 - y)v (573)
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5 Conformal Transformations and Complexity in AdS;/CFT,

\\:_//
/A p
U1 U
[ ) ‘R) . ‘R)

(a) Vacuum State and adjoint Minima. (b) Vacuum State as Minimum,

Figure 5.8: Geometry of Space of States for Different Transformations.
Conformal transformations satisfying do not change the distance to the refer-
ence state. Infinitesimally, conformal transformations not satisfying this condition
cause a positive, symmetric complexity change.

we avoid this problem. For these transformations, the only complexity change arises
from the change of the bulk cutoff. I showed in (5.56) that this contribution also

vanishes. Therefore, there is a continuous set of states
UU-|0) with G_(y) =to — G (2to — y)

parameterized by G, which have the same distance to the reference state |R) as the

vacuum state. This situation is shown in Figure [5.8a]

For any conformal transformation not satisfying (5.73|), we calculated the change

of complexity perturbatively by considering

where the functions g+ are bounded and o is a small expansion parameter. For
such transformations, we found that the change of complexity is of second order and

positive, i.e. it is of the form
6C = 0*C(g) + O(0®) with Cz) > 0.

Therefore, the vacuum state is a local minimum in the direction corresponding to

these transformations. In particular, the change of complexity is invariant under
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5.5 Summary and Discussion

Ui — (Ui)il

and the structure of the space of states is reflection invariant. This is shown in
Figure [5.8b]

After discussing what our results tell us about the geometry of the space of
states, let us take a look what the corresponding operator applied to the vacuum
state tells us. We calculated the change of complexity with respect to the reference
state |R)

C(U(94+)U(9-)10),|R)) =~ C(|0),|R)) + éC. (5.74)
For 6C > 0 this results in the inequality
C(10),IR)) < C(U(g+)U(9-)10),IR) ). (5.75)

Furthermore, the complexity is expected to satisfy a triangle inequality [95]97],

which results in

C(U(g+)U(g-)10),IR)) < €(U(g4+)U(g-)10),10)) +C(10).R)). (5.76)

Therefore, the triangle inequality yields a bound on the complexity of the trans-

formed state with respect to the vacuum state

0.2

5 =
¢ LGy

Vi) < C(U(g+)U(g-)10),0)). (5.77)

The complexity of a state is defined as the minimal complexity of an operator
transforming the reference state into the desired one. Since we know the exact form
of Uy, we know one operator performing this transformation. The complexity of the
operator U, U_ is bounded by the the complexity change, since it does not have to

be the most efficient one. As shown, U can be expanded as a power series in o, i.e.
U1+ oU, + o*Us.

Definitions of complexity in accordance with Nielsen’s approach [95,97] ought to

give a complexity of the form

CU) ~ o + ... (5.78)
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5 Conformal Transformations and Complexity in AdS;/CFT,

for small operators. Therefore, our results are compatible with field theory proposals
following this approach. If the lowest order term for the complexity of the opera-
tor is non-vanishing, this inequality is automatically satisfied since the expansion
parameter o is small. For conformal transformations with x = 0, our results place
necessary conditions on the field theory results for this definition of field theory be
compatible with the complexity=volume proposal.

On another note, my co-author calculated the complexity change also for the
competing complexity=action proposal [49|. Interestingly, the lowest order term

has the form
0C xolno.

While this still vanishes in the limit ¢ — 0, it goes to zero slower to than o. As
a consequence, the complexity=action proposal is not compatible with Nielsen’s
approach. The complexity of the operator has the form (5.78) and the triangle
inequality would be violated for small . Therefore, the complexity=volume
proposal is favored as a potential dual to field theory complexity.

Furthermore, our result gives an explicit result which can be compared to field
theory results. There exists field theory results for the complexity of the transformed
state with respect to the vacuum state [50]. They developed a boundary notion of
complexity. When applied to conformal transformations, they found the exact same
result as we found for the complexity change. Since we considered the complexity
with respect to the reference state |R), it is related to their result via the triangle
inequality . This suggest that this bound is saturated. This is a powerful

confirmation and our results and the complexity=volume proposal.
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— CHAPTER 6

SUMMARY AND OUTLOOK

We elaborated in the introduction how the AdS/CFT correspondence, as a holo-
graphic duality, sheds light on the emergence of gravity from field theory degrees
of freedom. In particular, a good way to probe the geometry is to anchor extremal
surfaces at the boundary. These correspond to non-local observables in the field
theory: the two-point function of certain operators to the geodesic, the Wilson loop
expectation value to a two-dimensional surface and the entanglement entropy to the
co-dimension two surface, which reduces to a co-dimension one surface in a constant

time slice.

These observables were studied in Chapter [3] The examined geometries are
AdS Schwarzschild black holes in general spacetime dimensions and correspond to
thermal states in the AdS,,;/CFT, duality. We derived analytic solutions for the
considered observables in terms of generalized hypergeometric function. In partic-
ular the high-temperature limit shows an interesting behavior. In this limit, the
extremal surfaces reach deep into the bulk. The leading order contribution only de-
pends on the geometry at the horizon, but the subleading term depends non-trivially
on the entire bulk geometry. Our analytic results determine this subleading term in
a closed form. Especially the resulting term for the entanglement entropy showed an
interesting behavior: the subleading term is an area term and expected to satisfy a
variant of the c-theorem, the so-called area theorem. Therefore, it can be interpreted
as a measure for the number of degrees of freedom. Our result show that this area
term becomes positive for spacetime dimension larger than six. This hints to addi-
tional IR degrees of freedom which increase entanglement. Independent numerical
studies have shown a similar behavior for various geometries such as AdS Reissner-
Nordstrém black holes [125]. This shows that the high-temperature behavior is an
interesting diagnostic tool to examine the dual field theory. Our analytic methods

developed can also be applied for more general setups to extend the study of this
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6 Summary and Outlook

area term. One example are semi-local quantum liquids [143|, a theory with a finite
correlation length and a near-horizon region with a non-relativistic scale invariance.
It was suspected in [125] that this might be the origin of the appearing area theorem
violation. Additionally to further analytic studies, our results can serve as a testing

ground for numerical methods.

Recently, an interpretation of entanglement in terms of bit threads was pro-
posed [144}/145]. They reformulated the problem of finding the minimal surface in
terms of finding the bulk vector field which maximizes the flux through the corre-
sponding boundary region. This flux has to be divergenceless and has a maximal
density determined by the Planck scale. This allows to visualize the flow by its flow
lines going from the region to the complement. The bit thread picture suggest new
ways to think about the relationship between geometry and quantum information.
Our analytic results for the entanglement entropy can be used to construct such vec-
tor flow configurations explicitly |146]. While these configurations are not unique
and have a priori no physical interpretation, constructing them for examples helps
to gain intuition and learn more about how they are related to the emergence of

geometry.

The holographic construction for the entanglement entropy associates a bulk re-
gion to the boundary region. This is also an interesting observable to study since it
encodes ‘how much’ geometry is associated to a reduced state. Therefore, a natural
next step to study the emergence of geometry is to study this volume. We calculate
it for AdS Schwarzschild in Chapter @l The volume has an interesting interpretation
when comparing AdS/CFT to MERA tensor networks. Tensor networks are a nu-
merical tool in many-body physics to describe a quantum state by tensors. MERA
in particular has an emergent geometry of tensors encoding the entanglement pat-
tern of the state. In analogy to holography, entanglement entropy is determined by
minimal cut surfaces in these networks. The volume inside this minimal cut surfaces
gives a measure on how optimized the network is to describe the quantum state. A
MERA network for the thermal state can be constructed from the vacuum MERA
network. We approximated this network by a gravitational dual described by vac-
uum AdS with a hard IR wall. We calculate the volume inside the Ryu-Takayanagi
surface both for AdS Schwarzschild and this hard wall model. In particular, we
find that the volume obtained in AdS Schwarzschild is smaller, hinting that thermal
MERA could be further optimized. Further MERA calculations would give more
insights into the connection between AdS/CFT and MERA.

AdS/CFT relates volume to complexity C, a measure of how difficult it is to
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construct a state [¢). Any definition of complexity encodes implicitly the choice of
reference state |R) from which the state is constructed and the choice of gate set

used to construct the corresponding operation {u;}, i.e.

V) =UIR),
U=py...uc.

For the volume considered above, the states are to reduced states which are in gen-
eral mixed. A proper quantum information definition of such a subregion complexity
is lacking. Even for pure states, the notion of complexity of field theory is not well
defined. In particular, it is not obvious what the preferred choices for gate set and
reference state are. The reference state is usually assumed to be a simple, unen-
tangled state, i.e. a state without gravitational dual. Furthermore, the discussion
about a proper holographic dual to complexity are still ongoing: besides the used
complexity=volume proposal there also exists a complexity=action proposal, relat-
ing the complexity to the gravitational action evaluated on a certain bulk region,
and a modified complexity=volume proposal. Recently, also discussions on what
complexity these proposals correspond to intensified. Motivated by this, Chapter
considers the holographic complexity for states obtained by conformal transforma-
tions in AdS3/CFT,. We used the complexity=volume proposal and subsequent
work by my collaborator [49] examined the complexity=action proposal. The ad-
vantage of such states is that we know how to write them as a unitary operator
acting on the vacuum state. This allows to identify differences between the different
proposals and to compare these holographic result to field theory calculations. In
particular, the holographic results for the complexity of the state give a lower bound
on the complexity of the operator corresponding to the conformal transformations.
Our results show that the complexity=volume proposal yields a result compatible
with this. As shown in [49], the complexity=action proposal yields a different
result which is incompatible with usual field theory prescriptions of complexity.
Furthermore, our results where confirmed by holography inspired field theory calcu-
lations [50]. The study of a proper field theory definition of complexity is ongoing,
both using Nielsen’s approach [147-149| as well as alternative approaches [150,/151|.
Therefore, determining the complexity for well-defined states in the field theories

helps to compare them explicitly to the holographic proposal.

While these studies allow us compare the holographic complexity=volume pro-

posals to field theory proposals, there is also a more abstract interpretation of com-
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6 Summary and Outlook

plexity: the complexity of a state | ;) with respect to a reference state |Wy) gives

an abstract notion of distance
C(|Wy), W) .

This distance measure does not even have to be symmetric, but it is expected to

satisfy the triangle inequality
C(|W1), [W3)) < C([¥1),[V2)) +C(|V2), |¥s5)) .

Our studies on the change of complexity due to conformal transformations allows us
insight in the local structure of this space of states. In particular, we constructed a
continuous set of states with the same complexity as the ground state. In contrast
to the vacuum state these states are time-dependent. Motivated by the behavior of
complexity close to the vacuum state and also the second law of quantum complex-
ity [152], we expect that the complexity of these states growth with time. Therefore,
the moment of minimal complexity is achieved by meticulous fine tuning but not
stable. It would be interesting to study finite conformal transformations in this
setup. In particular, we are wondering whether there are additional states with the
same complexity and how they are related to the states discussed previously. Fur-
thermore, it would be interesting to find the state with minimal complexity. These
would bring us closer to the choice of reference state involved in the holographic
complexity.

The holographic entanglement entropy was one of the first clues how geometry
emerges in AdS/CFT. But it alone was just the tip of the iceberg. After entan-
glement being identified as the ingredient to build spacetime, it opened the door
to study quantum information aspects in holography. The topics discussed in this
dissertation are only the starting point to fully understand the interconnections

between gravity, field theory and quantum information theory.
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— CHAPTER A

CONVENTIONS

A.1 METRIC

cosmological constant

AdS-radius

planar AdSg,

planar AdS
Schwarzschild

gravitational action
for AdeH/CFTd
Newton constant
Planck constant

string length

d(d— 1)
L2

A=—
L

L 2
ds? = (;) (—dt* +di* + d2?), £ e R,

boundary at z =0, UV cutoff z =€

ds® = <£>2 (=b(z)dt* + di® + b(z)"'dz?),

z
2\
b(z)=1-— (—) , horizon at z = z,
Zh
1 d(d—1)
S = —/dd“x\/—g (R + + matter terms)
167G L?
Gg\?ﬂ) x l;l_l
by
Iy ox Va!




A Conventions

A.2 ADS/CFT DICTIONARY

Ld—l L d—1
central charge CX —— X <_>
GS\(/%—H) lp
L i
't Hooft coupling A X (l_) , v>0

Field-Operator-Map Operator Ox of dimension A

!

Field ¢(z, x) of mass m = \/A(A —d)

A.3 INDICES

M,N,... 0,...,D target space coordinates
D=26 for bosonic string theory,
D=10 for superstring theory

a, 0,1 worldsheet coordinates of the string
W,V 0,...,p coordinates parallel to brane
i,] 1,....,D—p—1 -coordinates transverse to brane
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— CHAPTER B

MATHEMATICAL FUNCTIONS

B.1 GENERALIZED HYPERGEOMETRIC FUNCTIONS

The results for the extremal surfaces can be expressed in terms of generalized hy-
pergeometric functions. In the following, we review these functions and their prop-
erties [153-155].

A generalized hypergeometric function is the power series

A1y ...,0p > 1 (al) (ap)
F, 2| = — " no2", (B.1a)
pl'q bi,. . b, % n! (b1), - (b n
=> e, (B.1b)
n=0
where (a),, is the (rising) Pochhammer symbol
1 ifn=0,
(a’)n - (B2>
a-(a+1)-----(a+n—-1) ifneN.

The parameters a; and b; are the numerator and denominator parameters respec-
tively, whereas z is the variable or argument of the hypergeometric function. Another

common notation is
oFy(ar, ... apb1, ..., by 2), (B.3)

which we will use occasionally to avoid lengthy expressions. In this work, we con-
struct hypergeometric functions from a known power series, i.e. for known ¢, (c.f.

Equation (B.1b))) normalized such that ¢y = 1. This can be done by calculating the
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B Mathematical Functions

ratio between successive coefficients

Cntl _ b (am+n) 1 (B.4)
= . ) )
Cn (b +n)n+1

It can be shown easily that differentiating with respect to the argument results in

p
d ay ..., 0y ,_Hlai ap+1,...,a,+1
— o F 2| =F— pFy z |, (B.5a)
dz by, ..., b, 11 b, bi+1,...,b,+1
j=1
a1y...,0 a1+ 1,as,...,a
%z‘” oy o] =aiem? oy ). (B.5b)
bi,....b, b, .\b,

For a power series, the radius of convergence is important. A generalized hyper-

geometric function converges absolutely
o for all values of |z] if p < g,
o for 2| <1lifp=gqg+1,

e for |z| = 1if p = ¢+ 1 under the condition that

p+1

=1 =1

Let us look closer at the case p = ¢ + 1. For 9F}, the result at unit argument is
known in the case that it is finite
a,b L)' (c—a—10)

F; 1] = for ¥ > 0. B.7
21 Tlc—al(c—b)’ *%~7 (B.7)

Unfortunately, this is not the case for general ,,,F,. However, we can examine the

divergent behavior, which is

A1y ..., Apyl P T (b
i1 Fp z| =T (-7) ;ﬂ—” (1—2)" (B.8a)
bla Ce ,bp Hi:l r (&l)
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B.2 Meijer G-Function

for Re(¥) < 0 and

A1,y ...,0p41 p T bz
i1 F, L = —;;}—() ‘In(1-z)  forT=0. (B.Sh)
bl,...,bp Hi:l F(al)

Let us finish this section with possible simplifications. From the series rep-
resentation Equation (B.lal) we notice the trivial one: coinciding numerator and

denominator parameter cancel each other

A1y ..., Qp,Apt1 ar,...,0qp
pr1Fg z | = ok “ - (B.9)
bl,...,bq,a,p+1 bl,...,bq

In some cases, it is possible to absorb a square root in o F}
o (a,b;c;2) = (1 —2) % F(c—a,c—b;c; 2). (B.10)

Another interesting simplification is possible if two hypergeometric functions are
associated or contiguous to each other, i.e. their parameters differ by integer values.
One can find a linear relationship between them, so called contiguous relations. One

simple case is

ay +1,a9,...,a, ag,...,ap
ar - F, 2| = —1)- F, z | (B.11)
bi,..., by by —1,by,...,0,
A1y...,0p
+(by —a1 —1)- ,F, z | =0.
bi,..., b

Finally, for some parameters a closed form for the hypergeometric function or the

value at unit argument is known. Examples are presented in Table

B.2 MEIJER G-FUNCTION

Another interesting function is the Meijer G-Function

(b= ) I T~ a4 5)

z* (B.13)

[IT
1 =1
z | =— ds
) 271 g P
I[I T(1—=b;+s) [] I'(a;—9)
j=m+1 j

j=n+1
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1Fo (a;52) = (1—2)7", (B.12a)
1
o F} (1, 5555 z) = E artanh (\/E) , (B.12b)
1
oF1 (1,1;2;2) = —=log(1 — 2), (B.12¢)
z
6tanh™' (y/z) 6 3log(l— 2)
3F5 (1717%;27%;Z) :_T—i_;_f’ (B.12d)
5F5 (1,1,2;2,2;1) =41n2, (B.12e)
5F5 (1,1,3;2,5:1) = 3(2 — In4). (B.12f)

Table B.1: Examples of Hypergeometric Functions.

which is well defined for

0<m<q, 0<n<p , (B.14a)
a,—b; ¢ N Vk=1,...,nand j=1,...,m, (B.14b)
z # 0. (B.14c)

The path of integration L splits the poles of I'(b; — s) from the ones of I'(1 — a; + s).

For real argument z, there are three possibilities:
e [ going from —ioco to +ioco,
e [ going from +oo to +oo for |z| < 1 and ¢ > p,
e L going from —oo to —oo for |z| > 1 and ¢ < p.

There is a convenient relationship to hypergeometric functions: if we can begin and
end the path at +o00, Meijer G-Functions can be expressed in terms of hypergeo-
metric functions
[T+ by —a;) TIT(b; —br)

a, ...
G m,n

bl, cee bq

) _ i - i g o (B.15)
=1 [IT ( +bn = b;) TIT(a; — bn)

1—|—bh—a1,...,1—|—bh—ap

X pFi | 1 by — by 1 by — by | (FDTTT

TV
without by,

VI



B.2 Meijer G-Function

Meijer G-functions are analytic continuation of hypergeometric functions. This al-
lows to consider them in a range where the hypergeometric functions do not converge.
In particular for p = ¢, the integral for z > 1 can be closed at —oo and there exist an
analogous relationship to hypergeometric functions evaluated at argument z~!. This
is not relevant for the work presented in this thesis, but useful when generalizing
the used methods.

Meijer G-functions have similar properties as hypergeometric functions. For

example, in the case

q p

V:ij—Zaj < —1, <B16>

J=1 J=1

they converge at unit argument, which corresponds to for hypergeometric func-
tions. Furthermore, the contiguous relations for hypergeometric functions (B.11])

correspond to recurrence relations
2| = gmn ar,...,0qp
RN by-1,by + 1
1y---5Yg—1 q+

_gman a—1,...,ap-1,0a,
p.g
bi,..., b,

(a/l —bq _ 1) Gm’n(al,...,ap

P9\ by, b,

z> (B.17)

Useful transformations which transform Meijer G-functions into Meijer G-functions

z) (B.18)

z) : (B.19a)

forn <p, m<gq.

are

ary...,a
Zp‘Gm,n< P

p,q
bi,....b,

and for h € Z

. —Gm’n+1 O,al,...,ap
- Mpt+l,g+1
bi,... by h

ai,...,a 0
—(—1 th+1,n ) s Ypy
(F" Gpiran hybi,. .. b

z) . (B.19b)
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J. Erdmenger and N. Miekley, Non-local observables at finite temperature in

AdS/CFT, JHEP 03 (2018) 034, [1709.07018].

Abstract: Within gauge/gravity duality, we consider the AdS-Schwarzschild
metric in arbitrary dimensions. We obtain analytical closed-form results for
the two-point function, Wilson loop and entanglement entropy for strip
geometries in the finite-temperature field-theory dual. According to the duality,
these are given by the area of minimal surfaces of different dimension in the
gravity background. Our analytical results involve generalised hypergeometric
functions. We show that they reproduce known numerical results to great
accuracy. Our results allow to identify new physical behaviour: for instance,
we consider the entanglement density, i.e. the difference of entanglement
entropies at finite and vanishing temperature divided by the volume of the
entangling region. For field theories of dimension seven or higher, we find that
the entanglement density displays non-monotonic behaviour as function of
C-T , with ¢ the strip width and T the temperature. This implies that the area
theorem, proven for RG flows in general dimensions, does not apply here.
This may signal the emergence of new degrees of freedom for AdS
Schwarzschild black holes in eight or more dimensions.

J. Erdmenger and N. Miekley, Subregion complexity in AdS Schwarzschild, in
preparation, to appear in August 2019.

M. Flory and N. Miekley, Complexity change under conformal
transformations in AdSs/CFT,, JHEP 05 (2019) 003, [1806.08376|.

Abstract: Using the volume proposal, we compute the change of complexity
of holographic states caused by a small conformal transformation in

AdS;/ CFTy. This computation is done perturbatively to second order. We give
a general result and discuss some of its properties. As operators generating
such conformal transformations can be explicitly constructed in CFT terms,
these results allow for a comparison between holographic methods of defining
and computing computational complexity and purely field-theoretic proposals.
A comparison of our results to one such proposal is given.

IX


http://dx.doi.org/10.1007/JHEP03(2018)034
http://arxiv.org/abs/1709.07016
http://dx.doi.org/10.1007/JHEP05(2019)003
http://arxiv.org/abs/1806.08376

OWN PUBLICATIONS




BIBLIOGRAPHY

[1]

2]

3]

4]

5]

(6]

7]

8]

19]

EVENT HORIZON TELESCOPE collaboration, S. Doeleman, “Focus on the first
event horizon telescope results.” Astrophys. J. 875 (2019),
https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT.

EVENT HORIZON TELESCOPE collaboration, First M87 Event Horizon
Telescope Results. 1. The Shadow of the Supermassive Black Hole, Astrophys.
J. 875 (2019) L1| [1906.11238].

LIGO ScCIENTIFIC, VIRGO collaboration, “Focus on astrophysical implications
of the first ligo detection gw150914.” 2019,
https://iopscience.iop.org/journal/2041-8205/page/Focus_on_LIGO.

LIGO ScCIENTIFIC, VIRGO collaboration, GW151226: Observation of
Gravitational Waves from a 22-Solar-Mass Binary Black Hole Coalescence,
Phys. Rev. Lett. 116 (2016) 241103 [1606.04855].

P.-A. Moreau, E. Toninelli, T. Gregory, R. S. Aspden, P. A. Morris and M. J.
Padgett, Imaging bell-type nonlocal behavior, Science Advances 5 (2019) .

A. Einstein, B. Podolsky and N. Rosen, Can quantum mechanical description
of physical reality be considered complete?, Phys. Rev. 47 (1935) 777.

J. S. Bell, On the Einstein-Podolsky-Rosen paradox, Physics Physique Fizika 1
(1964) 195.

J. G. Richens, J. H. Selby and S. W. Al-Safi, Entanglement is Necessary for
Emergent Classicality in All Physical Theories, | Physical Review Letters 119
(2017) 080503 [1705.08028|.

K. Becker, M. Becker and J. H. Schwarz, String theory and M-theory: A
modern introduction. Cambridge University Press, 2006.

[10] B. Zwiebach, A first course in string theory. Cambridge University Press,

2006.

[11] J. M. Maldacena, The Large N limit of superconformal field theories and

supergravity, Int. J. Theor. Phys. 38 (1999) 1113 [hep-th/9711200|.

XI



https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0ec7
https://arxiv.org/abs/1906.11238
https://iopscience.iop.org/journal/2041-8205/page/Focus_on_LIGO
https://doi.org/10.1103/PhysRevLett.116.241103
https://arxiv.org/abs/1606.04855
https://doi.org/10.1126/sciadv.aaw2563
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRevLett.119.080503
https://doi.org/10.1103/PhysRevLett.119.080503
https://arxiv.org/abs/1705.08028
https://doi.org/10.1023/A:1026654312961, 10.4310/ATMP.1998.v2.n2.a1
https://arxiv.org/abs/hep-th/9711200

BIBLIOGRAPHY

[12] S. S. Gubser, 1. R. Klebanov and A. M. Polyakov, Gauge theory correlators
from noncritical string theory, Phys. Lett. B428 (1998) 105 [hep-th/9802109].

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

[14] J. D. Bekenstein, Black holes and the second law, Lett. Nuovo Cim. 4 (1972)
737,

[15] J. D. Bekenstein, Black holes and entropy, Phys. Rev. DT (1973) 2333.

[16] S. W. Hawking, Black holes in general relativity, Commun. Math. Phys. 25
(1972) 152.

[17] J. D. Bekenstein, Generalized second law of thermodynamics in black hole
physics, Phys. Rev. D9 (1974) 3292.

[18] J. D. Bekenstein, Statistical Black Hole Thermodynamics, Phys. Rev. D12
(1975) 3077.

[19] J. M. Bardeen, B. Carter and S. W. Hawking, The Four laws of black hole
mechanics, Commun. Math. Phys. 31 (1973) 161.

[20] J. D. Bekenstein, A Universal Upper Bound on the Entropy to Energy Ratio
for Bounded Systems, Phys. Rev. D23 (1981) 287.

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

[22] G. ’t Hooft, Dimensional reduction in quantum gravity, Conf. Proc. C930308
(1993) 284 |gr-qc/9310026].

[23] R. Bousso, The Holographic principle, Rev. Mod. Phys. 74 (2002) 825
|hep-th/0203101].

[24] J. M. Maldacena, Eternal black holes in anti-de Sitter, JHEP 04 (2003) 021
[hep-th/0106112].

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

[26] S. Ryu and T. Takayanagi, Aspects of Holographic Entanglement Entropy,
JHEP 08 (2006) 045/ [hep-th/0605073).

[27] N. Lashkari, M. B. McDermott and M. Van Raamsdonk, Gravitational
dynamics from entanglement ‘thermodynamics’, JHEP 04 (2014) 195
[1308.3716].

[28] T. Faulkner, M. Guica, T. Hartman, R. C. Myers and M. Van Raamsdonk,
Gravitation from Entanglement in Holographic CFTs, JHEP 03 (2014) 051
[1312.7856).

XII


https://doi.org/10.1016/S0370-2693(98)00377-3
https://arxiv.org/abs/hep-th/9802109
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://arxiv.org/abs/hep-th/9802150
https://doi.org/10.1007/BF02757029
https://doi.org/10.1007/BF02757029
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1007/BF01877517
https://doi.org/10.1007/BF01877517
https://doi.org/10.1103/PhysRevD.9.3292
https://doi.org/10.1103/PhysRevD.12.3077
https://doi.org/10.1103/PhysRevD.12.3077
https://doi.org/10.1007/BF01645742
https://doi.org/10.1103/PhysRevD.23.287
https://doi.org/10.1063/1.531249
https://arxiv.org/abs/hep-th/9409089
https://arxiv.org/abs/gr-qc/9310026
https://doi.org/10.1103/RevModPhys.74.825
https://arxiv.org/abs/hep-th/0203101
https://doi.org/10.1088/1126-6708/2003/04/021
https://arxiv.org/abs/hep-th/0106112
https://doi.org/10.1103/PhysRevLett.96.181602
https://arxiv.org/abs/hep-th/0603001
https://doi.org/10.1088/1126-6708/2006/08/045
https://arxiv.org/abs/hep-th/0605073
https://doi.org/10.1007/JHEP04(2014)195
https://arxiv.org/abs/1308.3716
https://doi.org/10.1007/JHEP03(2014)051
https://arxiv.org/abs/1312.7856

BIBLIOGRAPHY

[29] B. Swingle and M. Van Raamsdonk, Universality of Gravity from
Entanglement, 1405.2933.

[30] M. Van Raamsdonk, Comments on quantum gravity and entanglement,
0907.2939.

[31] M. Van Raamsdonk, Building up spacetime with quantum entanglement, Gen.
Rel. Grav. 42 (2010) 2323/ |1005.3035|.

[32] M. Srednicki, Entropy and area, Phys. Rev. Lett. 71 (1993) 666
[hep-th/9303048|.

[33] M. B. Hastings, An area law for one-dimensional quantum systems, J. Stat.
Mech. 2007 (2007) P08024 [0705.2024].

[34] J. Eisert, M. Cramer and M. B. Plenio, Area laws for the entanglement
entropy - a review, Rev. Mod. Phys. 82 (2010) 277 |0808.3773|.

[35] H. Casini and M. Huerta, On the RG running of the entanglement entropy of
a circle, Phys. Rev. D85 (2012) 125016/ [1202.5650].

[36] H. Casini, E. Teste and G. Torroba, Relative entropy and the RG flow, JHEP
03 (2017) 089 [1611.00016].

[37] A. B. Zamolodchikov, Irreversibility of the Flux of the Renormalization Group
in a 2D Field Theory, JETP Lett. 43 (1986) 730.

[38] L. Susskind, Butterflies on the Stretched Horizon, 1311.7379.

[39] D. Stanford and L. Susskind, Complezxity and Shock Wave Geometries, Phys.
Rev. D90 (2014) 126007 [1406.2678].

[40] L. Susskind and Y. Zhao, Switchbacks and the Bridge to Nowhere, 1408.2823.

[41] L. Susskind, Computational Complezity and Black Hole Horizons, Fortsch.
Phys. 64 (2016) 44! [1403.5695].

[42] L. Susskind, Entanglement is not enough, Fortsch. Phys. 64 (2016) 49
[1411.0690L

[43] G. Vidal, Entanglement Renormalization, Phys. Rev. Lett. 99 (2007) 220405
|cond-mat/0512165|.

[44] G. Vidal, Entanglement Renormalization: an introduction, arXiv e-prints
(2009) [0912.1651].

[45] G. Evenbly and G. Vidal, Tensor Network States and Geometry, |Journal of
Statistical Physics 145 (2011) 891 [1106.1082).

XIII


https://arxiv.org/abs/1405.2933
https://arxiv.org/abs/0907.2939
https://doi.org/10.1007/s10714-010-1034-0, 10.1142/S0218271810018529
https://doi.org/10.1007/s10714-010-1034-0, 10.1142/S0218271810018529
https://arxiv.org/abs/1005.3035
https://doi.org/10.1103/PhysRevLett.71.666
https://arxiv.org/abs/hep-th/9303048
https://doi.org/10.1088/1742-5468/2007/08/P08024
https://doi.org/10.1088/1742-5468/2007/08/P08024
https://arxiv.org/abs/0705.2024
https://doi.org/10.1103/RevModPhys.82.277
https://arxiv.org/abs/0808.3773
https://doi.org/10.1103/PhysRevD.85.125016
https://arxiv.org/abs/1202.5650
https://doi.org/10.1007/JHEP03(2017)089
https://doi.org/10.1007/JHEP03(2017)089
https://arxiv.org/abs/1611.00016
https://arxiv.org/abs/1311.7379
https://doi.org/10.1103/PhysRevD.90.126007
https://doi.org/10.1103/PhysRevD.90.126007
https://arxiv.org/abs/1406.2678
https://arxiv.org/abs/1408.2823
https://doi.org/10.1002/prop.201500093, 10.1002/prop.201500092
https://doi.org/10.1002/prop.201500093, 10.1002/prop.201500092
https://arxiv.org/abs/1403.5695
https://doi.org/10.1002/prop.201500095
https://arxiv.org/abs/1411.0690
https://doi.org/10.1103/PhysRevLett.99.220405
https://arxiv.org/abs/cond-mat/0512165
https://arxiv.org/abs/0912.1651
https://doi.org/10.1007/s10955-011-0237-4
https://doi.org/10.1007/s10955-011-0237-4
https://arxiv.org/abs/1106.1082

BIBLIOGRAPHY

[46] P. Hayden, S. Nezami, X.-L. Qi, N. Thomas, M. Walter and Z. Yang,
Holographic duality from random tensor networks, JHEP 11 (2016) 009
[1601.01694].

[47] A. R. Brown, D. A. Roberts, L. Susskind, B. Swingle and Y. Zhao,
Holographic Complezity Equals Bulk Action?, Phys. Rev. Lett. 116 (2016)
191301 [1509.07878).

[48] A. R. Brown, D. A. Roberts, L. Susskind, B. Swingle and Y. Zhao,
Complexity, action, and black holes, Phys. Rev. D93 (2016) 086006
[1512.04993).

[49] M. Flory, WdW-patches in AdSs and complexity change under conformal
transformations 11, JHEP 05 (2019) 086/ [1902.06499).

[50] A. Belin, A. Lewkowycz and G. Séarosi, Complezity and the bulk volume, a
new York time story, JHEP 03 (2019) 044 [1811.03097].

[51] P. Di Francesco, P. Mathieu and D. Senechal, Conformal Field Theory,
Graduate Texts in Contemporary Physics. Springer-Verlag, New York, 1997,
10.1007/978-1-4612-2256-9.

[52] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, Large N
field theories, string theory and gravity, Phys. Rept. 323 (2000) 183
[hep-th/9905111].

[53] M. Ammon and J. Erdmenger, Gauge/gravity duality. Cambridge University
Press, Cambridge, 2015.

[54] H. Nastase, Introduction to the ADS/CFT Correspondence. Cambridge
University Press, 2015.

[55] M. Natsuume, AdS/CFT Duality User Guide, Lect. Notes Phys. 903 (2015)
pp.1| [1409.3575|.

[56] J. Dai, R. G. Leigh and J. Polchinski, New Connections Between String
Theories, Mod. Phys. Lett. A4 (1989) 2073,

[57] J. Polchinski, Dirichlet Branes and Ramond-Ramond charges, Phys. Rev. Lett.
75 (1995) 4724 |hep-th/9510017].

[58] N. Seiberg and E. Witten, The D1 / D5 system and singular CFT, JHEP 04
(1999) 017 [nep-th/9903224).

[59] O. Aharony, O. Bergman, D. L. Jafferis and J. Maldacena, N=6
superconformal Chern-Simons-matter theories, M2-branes and their gravity
duals, JHEP 10 (2008) 091 [0806.1218].

[60] N. Seiberg, Notes on theories with 16 supercharges, Nucl. Phys. Proc. Suppl.
67 (1998) 158 |hep-th/9705117].

XIV


https://doi.org/10.1007/JHEP11(2016)009
https://arxiv.org/abs/1601.01694
https://doi.org/10.1103/PhysRevLett.116.191301
https://doi.org/10.1103/PhysRevLett.116.191301
https://arxiv.org/abs/1509.07876
https://doi.org/10.1103/PhysRevD.93.086006
https://arxiv.org/abs/1512.04993
https://doi.org/10.1007/JHEP05(2019)086
https://arxiv.org/abs/1902.06499
https://doi.org/10.1007/JHEP03(2019)044
https://arxiv.org/abs/1811.03097
https://doi.org/10.1007/978-1-4612-2256-9
https://doi.org/10.1016/S0370-1573(99)00083-6
https://arxiv.org/abs/hep-th/9905111
https://doi.org/10.1007/978-4-431-55441-7
https://doi.org/10.1007/978-4-431-55441-7
https://arxiv.org/abs/1409.3575
https://doi.org/10.1142/S0217732389002331
https://doi.org/10.1103/PhysRevLett.75.4724
https://doi.org/10.1103/PhysRevLett.75.4724
https://arxiv.org/abs/hep-th/9510017
https://doi.org/10.1088/1126-6708/1999/04/017
https://doi.org/10.1088/1126-6708/1999/04/017
https://arxiv.org/abs/hep-th/9903224
https://doi.org/10.1088/1126-6708/2008/10/091
https://arxiv.org/abs/0806.1218
https://doi.org/10.1016/S0920-5632(98)00128-5
https://doi.org/10.1016/S0920-5632(98)00128-5
https://arxiv.org/abs/hep-th/9705117

BIBLIOGRAPHY

[61] V. Balasubramanian, P. Kraus and A. E. Lawrence, Bulk versus boundary
dynamics in anti-de Sitter space-time, Phys. Rev. D59 (1999) 046003
[hep-th/9805171].

[62] J. D. Brown and M. Henneaux, Central Charges in the Canonical Realization

of Asymptotic Symmetries: An Example from Three-Dimensional Gravity,
Commun. Math. Phys. 104 (1986) 207.

[63] P. Kraus, Lectures on black holes and the AdS(3) / CFT(2) correspondence,
Lect. Notes Phys. 755 (2008) 193 |hep-th/0609074].

[64] M. Banados, Three-dimensional quantum geometry and black holes, AIP Conf.
Proc. 484 (1999) 147 |hep-th/9901148|.

[65] D. Bruss and G. Leuchs, Lectures on quantum information, Physics Textbook.
Wiley-VCH, 2007.

[66] M. Wilde, Quantum Information Theory. Cambridge University Press, 2017.

[67] E. Schrodinger, Die gegenwartige Situation in der Quantenmechanik,
Naturwiss. 23 (1935) 807.

[68] J. S. Bell, On the Problem of Hidden Variables in Quantum Mechanics, Rev.
Mod. Phys. 38 (1966) 447.

[69] G. Vidal and R. F. Werner, Computable measure of entanglement, Phys. Rev.
A65 (2002) 032314 [quant-ph/0102117].

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

[71] P. Calabrese and J. L. Cardy, Entanglement entropy and quantum field theory,
J. Stat. Mech. 0406 (2004) P06002 |hep-th/0405152|.

[72] P. Calabrese and J. L. Cardy, Entanglement entropy and quantum field theory:
A Non-technical introduction, Int. J. Quant. Inf. 4 (2006) 429
|quant-ph/0505193|.

[73] P. Calabrese and J. Cardy, Entanglement entropy and conformal field theory,
J. Phys. A42 (2009) 504005 [0905.4013|.

[74] V. E. Hubeny, M. Rangamani and T. Takayanagi, A Covariant holographic
entanglement entropy proposal, JHEP 07 (2007) 062 [0705.0016|.

[75] M. Rangamani and T. Takayanagi, Holographic Entanglement Entropy, Lect.
Notes Phys. 931 (2017) pp.1 [1609.01287].

[76] H. Casini, M. Huerta and R. C. Myers, Towards a derivation of holographic
entanglement entropy, JHEP 05 (2011) 036 [1102.0440|.

XV


https://doi.org/10.1103/PhysRevD.59.046003
https://arxiv.org/abs/hep-th/9805171
https://doi.org/10.1007/BF01211590
https://arxiv.org/abs/hep-th/0609074
https://doi.org/10.1063/1.59661
https://doi.org/10.1063/1.59661
https://arxiv.org/abs/hep-th/9901148
https://doi.org/10.1007/BF01491891
https://doi.org/10.1103/RevModPhys.38.447
https://doi.org/10.1103/RevModPhys.38.447
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://arxiv.org/abs/quant-ph/0102117
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1103/PhysRevLett.77.1413
https://arxiv.org/abs/quant-ph/9604005
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://arxiv.org/abs/hep-th/0405152
https://doi.org/10.1142/S021974990600192X
https://arxiv.org/abs/quant-ph/0505193
https://doi.org/10.1088/1751-8113/42/50/504005
https://arxiv.org/abs/0905.4013
https://doi.org/10.1088/1126-6708/2007/07/062
https://arxiv.org/abs/0705.0016
https://doi.org/10.1007/978-3-319-52573-0
https://doi.org/10.1007/978-3-319-52573-0
https://arxiv.org/abs/1609.01287
https://doi.org/10.1007/JHEP05(2011)036
https://arxiv.org/abs/1102.0440

BIBLIOGRAPHY

[77] A. Lewkowycz and J. Maldacena, Generalized gravitational entropy, JHEP 08
(2013) 090/ [1304.4926].

[78] X. Dong, A. Lewkowycz and M. Rangamani, Deriving covariant holographic
entanglement, JHEP 11 (2016) 028 [1607.07506|.

[79] M. Headrick, General properties of holographic entanglement entropy, JHEP
03 (2014) 085 [1312.6717|.

[80] M. Headrick, V. E. Hubeny, A. Lawrence and M. Rangamani, Causality
Eamp; holographic entanglement entropy, JHEP 12 (2014) 162 [1408.6300)].

[81] T. Hirata and T. Takayanagi, AdS/CFT and strong subadditivity of
entanglement entropy, JHEP 02 (2007) 042 [hep-th/0608213|.

[82] M. Headrick and T. Takayanagi, A Holographic proof of the strong
subadditivity of entanglement entropy, Phys. Rev. D76 (2007) 106013
[0704.3719].

[83] N. Bao, S. Nezami, H. Ooguri, B. Stoica, J. Sully and M. Walter, The
Holographic Entropy Cone, JHEP 09 (2015) 130 [1505.07839).

[84] P. Calabrese, J. Cardy and E. Tonni, Entanglement negativity in quantum
field theory, Phys. Rev. Lett. 109 (2012) 130502 [1206.3092].

[85] P. Calabrese, J. Cardy and E. Tonni, Entanglement negativity in extended
systems: A field theoretical approach, |J. Stat. Mech. 1302 (2013) P02008
[1210.5359].

[86] P. Calabrese, J. Cardy and E. Tonni, Finite temperature entanglement
negativity in conformal field theory, |J. Phys. A48 (2015) 015006 [1408.3043|.

[87] G. Vidal and R. F. Werner, Computable measure of entanglement, Phys. Rev.
A 65 (2002) 032314 |quant-ph/0102117].

[88] V. Eisler and Z. Zimboras, Entanglement negativity in the harmonic chain out
of equilibrium, New Journal of Physics 16 (2014) 123020 [1406.5474|.

[89] P. Chaturvedi, V. Malvimat and G. Sengupta, Holographic Quantum
Entanglement Negativity, JHEP 05 (2018) 172 [1609.06609|.

[90] P. Chaturvedi, V. Malvimat and G. Sengupta, Entanglement negativity,
Holography and Black holes, Fur. Phys. J. C78 (2018) 499 [1602.01147|.

[91] M. M. Wolf, F. Verstraete, M. B. Hastings and J. I. Cirac, Area Laws in
Quantum Systems: Mutual Information and Correlations, Phys. Rev. Lett. 100
(2008) 070502 [0704 .3906].

[92] B. Chen, L. Chen, P.-x. Hao and J. Long, On the Mutual Information in
Conformal Field Theory, JHEP 06 (2017) 096 [1704.03692).

XVI


https://doi.org/10.1007/JHEP08(2013)090
https://doi.org/10.1007/JHEP08(2013)090
https://arxiv.org/abs/1304.4926
https://doi.org/10.1007/JHEP11(2016)028
https://arxiv.org/abs/1607.07506
https://doi.org/10.1007/JHEP03(2014)085
https://doi.org/10.1007/JHEP03(2014)085
https://arxiv.org/abs/1312.6717
https://doi.org/10.1007/JHEP12(2014)162
https://arxiv.org/abs/1408.6300
https://doi.org/10.1088/1126-6708/2007/02/042
https://arxiv.org/abs/hep-th/0608213
https://doi.org/10.1103/PhysRevD.76.106013
https://arxiv.org/abs/0704.3719
https://doi.org/10.1007/JHEP09(2015)130
https://arxiv.org/abs/1505.07839
https://doi.org/10.1103/PhysRevLett.109.130502
https://arxiv.org/abs/1206.3092
https://doi.org/10.1088/1742-5468/2013/02/P02008
https://arxiv.org/abs/1210.5359
https://doi.org/10.1088/1751-8113/48/1/015006
https://arxiv.org/abs/1408.3043
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://arxiv.org/abs/quant-ph/0102117
https://doi.org/10.1088/1367-2630/16/12/123020
https://arxiv.org/abs/1406.5474
https://doi.org/10.1007/JHEP05(2018)172
https://arxiv.org/abs/1609.06609
https://doi.org/10.1140/epjc/s10052-018-5969-8
https://arxiv.org/abs/1602.01147
https://doi.org/10.1103/PhysRevLett.100.070502
https://doi.org/10.1103/PhysRevLett.100.070502
https://arxiv.org/abs/0704.3906
https://doi.org/10.1007/JHEP06(2017)096
https://arxiv.org/abs/1704.03692

BIBLIOGRAPHY

[93] T. Faulkner, A. Lewkowycz and J. Maldacena, Quantum corrections to
holographic entanglement entropy, JHEP 11 (2013) 074 [1307.2892).

[94] D. Harlow and P. Hayden, Quantum Computation vs. Firewalls, JHEP 06
(2013) 085/ [1301 .4504].

[95] M. A. Nielsen, A geometric approach to quantum circuit lower bounds, eprint
arXiv:quant-ph/0502070 (2005) |quant-ph/0502070].

[96] M. A. Nielsen, M. R. Dowling, M. Gu and A. C. Doherty, Quantum
Computation as Geometry, Science 311 (2006) 1133 [quant-ph/0603161].

[97] M. R. Dowling and M. A. Nielsen, The geometry of quantum computation,
eprint arXiv:quant-ph/0701004 (2007) |quant-ph/0701004].

[98] L. Susskind, Three Lectures on Complezity and Black Holes, 2018,
1810.11563.

[99] L. Lehner, R. C. Myers, E. Poisson and R. D. Sorkin, Gravitational action
with null boundaries, Phys. Rev. D94 (2016) 084046/ [1609.00207].

[100] B. Swingle, Constructing holographic spacetimes using entanglement
renormalization, 1209 .3304.

[101] B. Swingle, Entanglement Renormalization and Holography, |Phys. Rev. D86
(2012) 065007 [0905.1317].

[102] M. Nozaki, S. Ryu and T. Takayanagi, Holographic Geometry of
Entanglement Renormalization in Quantum Field Theories, JHEP 10 (2012)
193/ [1208.3469|.

[103] G. Evenbly and G. Vidal, Tensor Network Renormalization Yields the
Multiscale Entanglement Renormalization Ansatz, |Physical Review Letters 115
(2015) 200401 [1502.05385|.

[104] J. Molina-Vilaplana and J. Prior, Entanglement, Tensor Networks and Black
Hole Horizons, Gen. Rel. Grav. 46 (2014) 1823 [1403.5395|.

[105] H. Matsueda, M. Ishihara and Y. Hashizume, Tensor network and a black
hole, Phys. Rev. D87 (2013) 066002 [1208.0206|.

[106] J. M. Maldacena, Wilson loops in large N field theories, Phys. Rev. Lett. 80
(1998) 4859 |[hep-th/9803002|.

[107] V. Balasubramanian and S. F. Ross, Holographic particle detection, Phys.
Rev. D61 (2000) 044007 [hep-th/9906226].

[108] T. Banks, M. R. Douglas, G. T. Horowitz and E. J. Martinec, AdS dynamics
from conformal field theory, hep-th/9808016.

XVII


https://doi.org/10.1007/JHEP11(2013)074
https://arxiv.org/abs/1307.2892
https://doi.org/10.1007/JHEP06(2013)085
https://doi.org/10.1007/JHEP06(2013)085
https://arxiv.org/abs/1301.4504
https://arxiv.org/abs/quant-ph/0502070
https://doi.org/10.1126/science.1121541
https://arxiv.org/abs/quant-ph/0603161
https://arxiv.org/abs/quant-ph/0701004
https://arxiv.org/abs/1810.11563
https://doi.org/10.1103/PhysRevD.94.084046
https://arxiv.org/abs/1609.00207
https://arxiv.org/abs/1209.3304
https://doi.org/10.1103/PhysRevD.86.065007
https://doi.org/10.1103/PhysRevD.86.065007
https://arxiv.org/abs/0905.1317
https://doi.org/10.1007/JHEP10(2012)193
https://doi.org/10.1007/JHEP10(2012)193
https://arxiv.org/abs/1208.3469
https://doi.org/10.1103/PhysRevLett.115.200401
https://doi.org/10.1103/PhysRevLett.115.200401
https://arxiv.org/abs/1502.05385
https://doi.org/10.1007/s10714-014-1823-y
https://arxiv.org/abs/1403.5395
https://doi.org/10.1103/PhysRevD.87.066002
https://arxiv.org/abs/1208.0206
https://doi.org/10.1103/PhysRevLett.80.4859
https://doi.org/10.1103/PhysRevLett.80.4859
https://arxiv.org/abs/hep-th/9803002
https://doi.org/10.1103/PhysRevD.61.044007
https://doi.org/10.1103/PhysRevD.61.044007
https://arxiv.org/abs/hep-th/9906226
https://arxiv.org/abs/hep-th/9808016

BIBLIOGRAPHY

[109] J. Louko, D. Marolf and S. F. Ross, On geodesic propagators and black hole
holography, Phys. Rev. D62 (2000) 044041 [hep-th/0002111].

[110] Y. Makeenko, A Brief Introduction to Wilson Loops and Large N, Phys.
Atom. Nucl. 73 (2010) 878/ |0906.4487|.

[111] C. Ewerz, O. Kaczmarek and A. Samberg, Free Energy of a Heavy
Quark-Antiquark Pair in a Thermal Medium from AdS/CFT, JHEP 03 (2018)
088 [1605.07181].

[112] W. Fischler and S. Kundu, Strongly Coupled Gauge Theories: High and Low
Temperature Behavior of Non-local Observables, JHEP 05 (2013) 098
[1212.2643).

[113] D. Birmingham, Topological black holes in Anti-de Sitter space, Class.
Quant. Grav. 16 (1999) 1197 [hep-th/9808032).

[114] E. Witten, Anti-de Sitter space, thermal phase transition, and confinement
in gauge theories, Adv. Theor. Math. Phys. 2 (1998) 505/ [hep-th/9803131].

[115] S. de Haro, S. N. Solodukhin and K. Skenderis, Holographic reconstruction of
space-time and renormalization in the AdS / CE'T correspondence, Commun.
Math. Phys. 217 (2001) 595 [hep-th/0002230].

[116] C. Ecker, D. Grumiller and S. A. Stricker, Evolution of holographic
entanglement entropy in an anisotropic system, JHEP 07 (2015) 146
|1506.02658L

[117] C. Ecker, D. Grumiller, P. Stanzer, S. A. Stricker and W. van der Schee,
Ezploring nonlocal observables in shock wave collisions, JHEP 11 (2016) 054
[1609.03676|.

[118] V. E. Hubeny, Eztremal surfaces as bulk probes in AdS/CFT, JHEP 07
(2012) 093 [1203.1044].

[119] G. T. Horowitz and R. C. Myers, The AdS / CF'T correspondence and a new
positive energy conjecture for general relativity, Phys. Rev. D59 (1998) 026005
[hep-th/9808079).

[120] J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal and U. A.
Wiedemann, Gauge/String Duality, Hot QCD and Heavy Ion Collisions,
1101.0618.

[121] A. Brandhuber, N. Ttzhaki, J. Sonnenschein and S. Yankielowicz, Wilson
loops, confinement, and phase transitions in large N gauge theories from
supergravity, JHEP 06 (1998) 001 [hep-th/9803263|.

XVIII


https://doi.org/10.1103/PhysRevD.62.044041
https://arxiv.org/abs/hep-th/0002111
https://doi.org/10.1134/S106377881005011X
https://doi.org/10.1134/S106377881005011X
https://arxiv.org/abs/0906.4487
https://doi.org/10.1007/JHEP03(2018)088
https://doi.org/10.1007/JHEP03(2018)088
https://arxiv.org/abs/1605.07181
https://doi.org/10.1007/JHEP05(2013)098
https://arxiv.org/abs/1212.2643
https://doi.org/10.1088/0264-9381/16/4/009
https://doi.org/10.1088/0264-9381/16/4/009
https://arxiv.org/abs/hep-th/9808032
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://arxiv.org/abs/hep-th/9803131
https://doi.org/10.1007/s002200100381
https://doi.org/10.1007/s002200100381
https://arxiv.org/abs/hep-th/0002230
https://doi.org/10.1007/JHEP07(2015)146
https://arxiv.org/abs/1506.02658
https://doi.org/10.1007/JHEP11(2016)054
https://arxiv.org/abs/1609.03676
https://doi.org/10.1007/JHEP07(2012)093
https://doi.org/10.1007/JHEP07(2012)093
https://arxiv.org/abs/1203.1044
https://doi.org/10.1103/PhysRevD.59.026005
https://arxiv.org/abs/hep-th/9808079
https://arxiv.org/abs/1101.0618
https://doi.org/10.1088/1126-6708/1998/06/001
https://arxiv.org/abs/hep-th/9803263

BIBLIOGRAPHY

[122] J. Sonnenschein, What does the string / gauge correspondence teach us about
Wilson loops?, in Supersymmetry in the theories of fields, strings and branes.
Proceedings, Advanced School, Santiago de Compostela, Spain, July 26-31,
1999, pp. 219-269, 1999, hep-th/0003032.

[123] D. Allahbakhshi, M. Alishahiha and A. Naseh, Entanglement
Thermodynamics, JHEP 08 (2013) 102 [1305.2728|.

[124] J. Bhattacharya, M. Nozaki, T. Takayanagi and T. Ugajin,
Thermodynamical Property of Entanglement Entropy for FExcited States, |Phys.
Rev. Lett. 110 (2013) 091602 [1212.1164|.

[125] N. I. Gushterov, A. O’Bannon and R. Rodgers, On Holographic
Entanglement Density, JHEP 10 (2017) 137 |[1708.09376].

[126] S. Minwalla, Restrictions imposed by superconformal invariance on quantum
field theories, Adv. Theor. Math. Phys. 2 (1998) 783 |[hep-th/9712074].

[127] S. Shnider, THE SUPERCONFORMAL ALGEBRA IN HIGHER
DIMENSIONS, Lett. Math. Phys. 16 (1988) 377.

[128] W. Nahm, Supersymmetries and their representations, Nuclear Physics B
135 (1978) 149 .

[129] R. Emparan, D. Grumiller and K. Tanabe, Large-D gravity and low-D
strings, |Phys. Rev. Lett. 110 (2013) 251102 [1303.1995|.

[130] R. Emparan, R. Suzuki and K. Tanabe, The large D limit of General
Relativity, JHEP 06 (2013) 009 [1302.6382].

[131] M. Alishahiha, Holographic Complezity, Phys. Rev. D92 (2015) 126009
[1509.06614].

[132] S. Chapman, H. Marrochio and R. C. Myers, Complezity of Formation in
Holography, |JHEP 01 (2017) 062 [1610.08063.

[133] B. Czech, J. L. Karczmarek, F. Nogueira and M. Van Raamsdonk, The
Gravity Dual of a Density Matriz, |Class. Quant. Grav. 29 (2012) 155009
[1204.1330].

[134] P. Roy and T. Sarkar, Note on subregion holographic complexity, Phys. Rev.
D96 (2017) 026022 [1701.05489).

[135] R. Abt, J. Erdmenger, H. Hinrichsen, C. M. Melby-Thompson, R. Meyer,
C. Northe et al., Topological Complexity in AdSs/CFTs, Fortsch. Phys. 66
(2018) 1800034 [1710.01327|.

[136] O. Ben-Ami and D. Carmi, On Volumes of Subregions in Holography and
Complexity, JHEP 11 (2016) 129 [1609.02514].

XIX


https://arxiv.org/abs/hep-th/0003032
https://doi.org/10.1007/JHEP08(2013)102
https://arxiv.org/abs/1305.2728
https://doi.org/10.1103/PhysRevLett.110.091602
https://doi.org/10.1103/PhysRevLett.110.091602
https://arxiv.org/abs/1212.1164
https://doi.org/10.1007/JHEP10(2017)137
https://arxiv.org/abs/1708.09376
https://doi.org/10.4310/ATMP.1998.v2.n4.a4
https://arxiv.org/abs/hep-th/9712074
https://doi.org/10.1007/BF00402046
https://doi.org/https://doi.org/10.1016/0550-3213(78)90218-3
https://doi.org/https://doi.org/10.1016/0550-3213(78)90218-3
https://doi.org/10.1103/PhysRevLett.110.251102
https://arxiv.org/abs/1303.1995
https://doi.org/10.1007/JHEP06(2013)009
https://arxiv.org/abs/1302.6382
https://doi.org/10.1103/PhysRevD.92.126009
https://arxiv.org/abs/1509.06614
https://doi.org/10.1007/JHEP01(2017)062
https://arxiv.org/abs/1610.08063
https://doi.org/10.1088/0264-9381/29/15/155009
https://arxiv.org/abs/1204.1330
https://doi.org/10.1103/PhysRevD.96.026022
https://doi.org/10.1103/PhysRevD.96.026022
https://arxiv.org/abs/1701.05489
https://doi.org/10.1002/prop.201800034
https://doi.org/10.1002/prop.201800034
https://arxiv.org/abs/1710.01327
https://doi.org/10.1007/JHEP11(2016)129
https://arxiv.org/abs/1609.02514

BIBLIOGRAPHY

[137] G. Evenbly and G. Vidal, Tensor Network Renormalization, Physical Review
Letters 115 (2015) 180405 [1412.0732|.

[138] G. Mandal, R. Sinha and N. Sorokhaibam, The inside outs of AdSs/CFTs:
exact AdS wormholes with entangled CFT duals, JHEP 01 (2015) 036
[1405 . 6695|.

[139] V. Balasubramanian and P. Kraus, A Stress tensor for Anti-de Sitter gravity,
Commun. Math. Phys. 208 (1999) 413/ |hep-th/9902121].

[140] H. Epstein, V. Glaser and A. Jaffe, Nonpositivity of the energy density in
quantized field theories, Il Nuovo Cimento 36 (1965) 1016.

[141] R. Bousso, Z. Fisher, J. Koeller, S. Leichenauer and A. C. Wall, Proof of the
Quantum Null Energy Condition, Phys. Rev. D93 (2016) 024017 [1509.02542].

[142] C. Ecker, D. Grumiller, W. van der Schee, M. M. Sheikh-Jabbari and
P. Stanzer, Quantum Null Energy Condition and its (non)saturation in 2d
CFTs, SciPost Phys. 6 (2019) 036 [1901.04499|.

[143] J. Erdmenger, D.-W. Pang and H. Zeller, Holographic entanglement entropy
of semi-local quantum liquids, JHEP 02 (2014) 016/[1311.1217|.

[144] M. Freedman and M. Headrick, Bit threads and holographic entanglement,
Commun. Math. Phys. 352 (2017) 407 [1604.00354].

[145] S. X. Cui, P. Hayden, T. He, M. Headrick, B. Stoica and M. Walter, Bit
Threads and Holographic Monogamy, |1808.05234.

[146] C. A. Agdn, J. De Boer and J. F. Pedraza, Geometric Aspects of Holographic
Bit Threads, JHEP 05 (2019) 075 [1811.08879|.

[147] R. Jefferson and R. C. Myers, Circuit complexity in quantum field theory,
JHEP 10 (2017) 107, |1707.08570].

[148] R.-Q. Yang, Y.-S. An, C. Niu, C.-Y. Zhang and K.-Y. Kim, To be
unitary-invariant or not?: a simple but non-trivial proposal for the complexity
between states in quantum mechanics/field theory, 1906.02063.

[149] H. A. Camargo, P. Caputa, D. Das, M. P. Heller and R. Jefferson,
Complexity as a novel probe of quantum quenches: universal scalings and
purifications, Phys. Rev. Lett. 122 (2019) 081601 [1807.07075|.

[150] P. Caputa, N. Kundu, M. Miyaji, T. Takayanagi and K. Watanabe, Anti-de
Sitter Space from Optimization of Path Integrals in Conformal Field Theories,
Phys. Rev. Lett. 119 (2017) 071602 [1703.00456].

[151] J. Couch, W. Fischler and P. H. Nguyen, Noether charge, black hole volume,
and complezity, JHEP 03 (2017) 119 [1610.02038|.

XX


https://doi.org/10.1103/PhysRevLett.115.180405
https://doi.org/10.1103/PhysRevLett.115.180405
https://arxiv.org/abs/1412.0732
https://doi.org/10.1007/JHEP01(2015)036
https://arxiv.org/abs/1405.6695
https://doi.org/10.1007/s002200050764
https://arxiv.org/abs/hep-th/9902121
https://doi.org/10.1007/BF02749799
https://doi.org/10.1103/PhysRevD.93.024017
https://arxiv.org/abs/1509.02542
https://doi.org/10.21468/SciPostPhys.6.3.036
https://arxiv.org/abs/1901.04499
https://doi.org/10.1007/JHEP02(2014)016
https://arxiv.org/abs/1311.1217
https://doi.org/10.1007/s00220-016-2796-3
https://arxiv.org/abs/1604.00354
https://arxiv.org/abs/1808.05234
https://doi.org/10.1007/JHEP05(2019)075
https://arxiv.org/abs/1811.08879
https://doi.org/10.1007/JHEP10(2017)107
https://arxiv.org/abs/1707.08570
https://arxiv.org/abs/1906.02063
https://doi.org/10.1103/PhysRevLett.122.081601
https://arxiv.org/abs/1807.07075
https://doi.org/10.1103/PhysRevLett.119.071602
https://arxiv.org/abs/1703.00456
https://doi.org/10.1007/JHEP03(2017)119
https://arxiv.org/abs/1610.02038

BIBLIOGRAPHY

[152] A. R. Brown and L. Susskind, Second law of quantum complexity, Phys. Rev.
D97 (2018) 086015 [1701.01107].

[153] Y. Luke, The Special Functions and Their Approximations, Mathematics in
Science and Engineering. Elsevier Science, 1969.

[154] L. Slater, Generalized Hypergeometric Functions. Cambridge University
Press, 1966.

[155] I. A. Solomonovich, D. Zwillinger et al., Table of integrals, series, and
products., 2014.

XXI


https://doi.org/10.1103/PhysRevD.97.086015
https://doi.org/10.1103/PhysRevD.97.086015
https://arxiv.org/abs/1701.01107

BIBLIOGRAPHY

XXII



ACKNOWLEDGMENTS

There are numerous people to whom I am indebted for their help and support.

I would like to express my deepest appreciation to my advisor Johanna Erd-
menger. Without her guidance and persistent support this dissertation would not
have been possible. The opportunity and her encouragement to grow professionally
and personally were invaluable.

Moreover, I am grateful to all my fellow group members in Wiirzburg as well as
former group members in Munich for many interesting discussions and the pleasant
time together. In particular, I’d like to extend my gratitude to my collaborator
Mario Flory. He created an enjoyable and stimulating working atmosphere in our
project. Furthermore, I have greatly benefited from his guidance and persistent
help concerning scientific work, postdoc applications and academia in general. I am
moreover indebted to Martin Ammon and Andy O’Bannon for various discussions
and their support in my postdoc applications.

I am also grateful to the Max Planck Institute for Physics. I would like to thank
them for the hospitality during my time in Munich as well as during my numerous
visits. Being part of their IMPRS program gave me the opportunity to participate in
fruitful interchange among PhD students and to broaden my horizon. I am especially
indebted to Dieter Liist for his continuous interest in my work and academic career
as well as supporting me in my postdoc applications.

Finally, I would like to thank my family and friends for their continuous support

and encouragement during the years leading to this dissertation.

XXIII



	1 Introduction
	2 Foundations
	2.1 Gravity and Anti-de Sitter Space
	2.2 Field Theory and Symmetries
	2.2.1 Conformal Field Theory for Higher Dimensions
	2.2.2 Conformal Field Theory for two Dimensions
	2.2.3 Supersymmetry
	2.2.4 N=4 Supersymmetric Yang-Mills Theory in D=4

	2.3 String Theory
	2.3.1 Supergravity
	2.3.2 D-branes

	2.4 The AdS/CFT Correspondence
	2.4.1 Derivation of AdS5/CFT4
	2.4.2 General Correspondence and Field-Operator-Map
	2.4.3 Special Aspects of AdS3/CFT2

	2.5 Holography and Quantum Information
	2.5.1 Quantum Information and Entanglement
	2.5.2 Holographic Entanglement Entropy
	2.5.3 Complexity
	2.5.4 Tensor Networks


	3 Non-Local Observables at finite Temperature
	3.1 Non-Local Observables in AdS/CFT
	3.1.1 Two-Point Function
	3.1.2 Wilson Loop

	3.2 Results for extremal surfaces
	3.2.1 General Formulation of Problem
	3.2.2 Low-Temperature/Small-Strip Limit
	3.2.3 High-Temperature/Large-Strip Limit
	3.2.4 Result in terms of Meijer G-Functions

	3.3 Results for non-local observables
	3.3.1 Results for the Two-Point Function
	3.3.2 Comparison to the AdS3/CFT2 Two-Point Function
	3.3.3 Results for Wilson Loop
	3.3.4 Results for Entanglement Entropy
	3.3.5 Summary and Discussion


	4 Subregion Complexity at finite Temperature
	4.1 Reduced States in AdS/CFT
	4.2 Subregion Complexity in AdS Schwarzschild
	4.2.1 Analytic Result for the Subregion Complexity
	4.2.2 High-Temperature/Large-Strip Limit and Comparison to Area

	4.3 MERA Approximation
	4.3.1 Dual Gravity Picture
	4.3.2 Ryu-Takayanagi Surface in pure AdS
	4.3.3 Ryu-Takayanagi Surface in Wall Geometry
	4.3.4 Potential Phase Transition
	4.3.5 Volume in the Wall Geometry

	4.4 Summary and Discussion

	5 Conformal Transformations and Complexity in AdS3/CFT2
	5.1 Conformal Transformations in AdS3/CFT2
	5.2 Operator for Conformal Transformation
	5.3 Change of Holographic Complexity
	5.3.1 Embedding of Extremal Slice
	5.3.2 Volume of Extremal Slice
	5.3.3 Properties of Volume Change

	5.4 Examples
	5.5 Summary and Discussion

	6 Summary and Outlook
	A Conventions
	A.1 Metric
	A.2 AdS/CFT Dictionary
	A.3 Indices

	B Mathematical Functions
	B.1 Generalized Hypergeometric Functions
	B.2 Meijer G-Function

	Own Publications
	Bibliography
	Acknowledgments

