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Compendio de la tesis:

“Quantum Information Aspects in
Holography”

Resumen

Durante las Uultimas décadas, la correspondencia AdS/CFT ha demostrado ser una
excelente herramienta para obtener resultados de teorias cuanticas de campo (TCC)
fuertemente acopladas en términos de calculos gravitacionales. El diccionario holografico
relaciona observables en una TCC con entidades gravitacionales significativas abarcando
un amplio espectro de aplicaciones. De esta gama de aplicaciones, un elemento
destacado es la conexion entre la teoria de la informacion cuantica y la gravedad. En esta
tesis se presenta una serie de trabajos que exploran la relacién entre los conceptos de
informacién cuantica y cantidades geométricas en el bulto gravitacional. En esencia,
nuestro trabajo se ocupa de tres de ellos: la entropia de entrelazamiento, la complejidad y
la matriz de densidad reducida, que estan relacionadas con los subespacios de
codimensidn dos, uno y cero en el bulto gravitacional, respectivamente.

Contenido de la tesis:

Capltulo 1: Introduccion breve a la correspondencia holografica. En este capitulo se
pretende presentar de manera didactica las herramientas matematicas vy fisicas
necesarias para comprender el origen de la correspondencia holografica.

Capitulo 2: Eneste capitulo se pretende presentar los conceptos fundamentales de
la teoria de la informacion cuantica haciendo énfasis en su traduccion holografica. Se
presentan todos los conceptos utilizados en los articulos de investigacion listados.

Capitulo 3: Se presenta una exposicion breve de todos los articulos publicados
durante el curso del doctorado. En particular, se explica como las herramientas del
capitulo 2 ayudaron al desarrollo de cada investigacion. Adicionalmente, se incluyen las
conclusiones correspondientes.
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Abstract

During the past decades, the AdS/CFT correspondence has proved to be an excellent tool for
obtaining results from strongly coupled QFTs in terms of gravitational calculations. The holo-
graphic dictionary relates QF T observables with meaningful gravitational entities in an enormous
range of applications. From that range of applications, a prominent item is the connection between
Quantum Information Theory and Gravity. This thesis presents a series of papers exploring the
relationship between quantum information concepts and geometrical quantities in the gravitational
bulk. In essence, our work deals with three of them: entanglement entropy, complexity, and the
reduced density matrix, which are related to codimension two, one and zero subspaces of the bulk,
respectively.



Chapter 1

Introduction to the Holographic
Correspondence

Nowadays, humanity possesses at least two physical theories (theoretical frameworks) that describe
perfectly some of the phenomena around us. Essentially, it is possible to separate an enormous
diversity of phenomena into two categories: the physics of massive, gravitating objects, and the
physics of the microscopic world. The latter is known as particle physics, where it is possible to use
the Standard Model to describe the basic building blocks of matter and their interactions. This
framework has demonstrated a lot of success over the last decades. Even though the Standard
Model can predict many phenomena, it has some limitations. The most notable is that it cannot
describe gravity at the microscopic level. On the other hand, in the world of massive, macroscopic
objects, the Theory of General Relativity emphasizes that gravity is a manifestation of spacetime
curvature, massive objects curve spacetime, and curved spacetime tells the objects how to move.

1.1 A Brief Review of String Theory

This section includes a review of all the essential ingredients in String Theory needed to understand
the holographic correspondence. For efficiency, the intention is not to present all the topics in a
formal framework; instead, this chapter should be taken as a practical guide.

The knowledge of the fundamental constituents of matter has always been a central question
in Physics. Since the beginning, it has been answered up to a certain level, first by postulating
the existence of atoms and eventually by the discovery of all the fundamental particles and their
interactions. The central hypothesis in String Theory is that all matter is made of strings. Those
strings can vibrate in different frequencies depending on their energy, giving rise to all known
fundamental particles.

1.1.1 Worldsheet formulation of String Theory

The first approach to tackle String Theory is to consider a bosonic string moving in spacetime.
The aforementioned string is relativistically described by the Nambu-Goto action, which is a non-
quadratic expression in the embedding functions X*(7,0) which describe the path of the string
through spacetime, with (7,0) parameters labeling points on the string worldsheet. Quantizing
the Nambu-Goto action is challenging, so the traditional path is to work with the Polyakov action,
which gives the same equations of motion, but can be expressed as a quadratic expression.

Bosonic String Theory is not the whole history. It contains at least three features that makes
this theory incompatible with nature:

e The existence of a tachyon.
e The theory needs 26 spacetime dimensions to be mathematically consistent.

e The absence of fermionic states.



It is known that nature contains fermions. One way to induce the appearance of spacetime
fermionic states in the Hilbert space of the theory is by including worldsheet fermionic degrees of
freedom in the Polyakov action. This can be expressed in the following way:

1 2 1 a . a
S [X, qj} = —% /d g |:20/3 X”aaXH - 'L\IJM’Y 8a\]:jy, s (11)
with o/ =12, and [, is a parameter known as the string lenght. The previous formula is commonly

known as the Ramond-Neveu-Schwarz action, where W#* represents a set of D Majorana spinors.
The equations of motion obtained from the previous action are

09, X" = 0,
Y0, = 0,

—~ o~
[
w N
~— ~—

whose solutions can be expressed in terms of X (7 4 o) (left) and X (7 — o) (right) components
and for the bosonic field and ¥(7 + o) (left) and ¥(7 + o) (right) for the fermionic field. In the
case of the bosonic fields, the only set of compatible boundary conditions demand the fields to be
periodic. The fermions boundary conditions in the case of closed strings are either of the following:

UH(o + 27, 7) = UH(o,T) Ramond, (1.4)
k(o + 21, 7) = =V (o, T) Neveu-Schwarz. (1.5)

The combinations of periodic and anti-periodic boundary conditions for the left- and right-
moving fermionic modes allows the creation of different sectors in the case of a closed string:

e R-R sector

e R-NS sector
e NS-R sector
e NS-NS sector

In the case of an open string, a right-moving mode can be converted into a left-moving mode
and vice-versa. Then, the allowed sectors for this case are

e R sector

e NS sector

The identification of the possible boundary conditions for each case (open and closed string)
allows the decomposition of the fields in the following form:

v
W)= Y I, (1.6)
7’EZ+AZ 2
- Ph
“w _ r
UH(z) = Z~ T (1.7)
reZ+A

where z = €/“~7) while W# and ¥# refer to the left and right field modes respectively. As a
consequence of the OPE, the previously mentioned operator modes satisfy

{Wh, Uy = 0o s, (1.8)
{\iﬂrta \ilg} =n""0p,—s. (1.9)

This field decomposition allows in turn the construction of the full Hilbert Space of each sector.
In the case of the Neveu-Schwarz sector all the states are bosons, while in the Ramond sector the
states are spacetime fermions. Among all the states thus constructed in the Hilbert Space, only a
small subset represent physical states compatible with the constraints of the theory.



1.1.2 Open String Spectrum

The open string spectrum refers to the physical states inside the previously described Hilbert
Space. Those states must satisfy the following physical constraints imposed at the quantum level:

Lf;% |physical) =0, (1.10)
(Lé(’q’ — A)A(’\I/ + A'Ktal) |physical) =0, (1.11)
Gpn>o0 |physical) =0, (1.12)

where L,, and G,, are respectively the Fourier (or Laurent) modes of the worldsheet stress-energy
tensor and supercurrent. The first and the second condition arise from imposing T, = 0 at the
quantum level, meaning that small changes in the fixed metric cannot change physical amplitudes.
While the third, arises from imposing the nullification of the supercurrent, that is, J, = 0.

Taking into account the previous quantum conditions, it is possible to identify the physical
states in the Neveu-Schwarz and Ramond sectors. Starting with the NS sector, eq. gives rise
to the on-shell mass condition

2 2 1,3

m* = where N:(),i,l,i,-u (1.13)

Therefore, it is possible to clasify all the states depending on the mass obtained at each level.
In the case of N = 0, the on-shell mass conditions gives rise to a tachyonic state. The second case
of study involves N = 1/2, at this level only one oscillator mode acting on the ground state is
possible. Therefore, the mass condition gives rise to a massless state that can be identified with a
gauge vector boson. Application of gives rise to the transverse polarization and the gauge
transformation properties of the state. Continuous application of the on-shell mass formula to
higher levels gives rise to more massive states.

In the Ramond sector, the on-shell mass formula gives the following expression

N
m?="— where N=0,1,2,---. (1.14)

a/
Given the fact that in this sector all the states are fermions, at N = 0 a state is found describing

a Dirac fermion (satifies the Dirac equation) with zero mass. Such a state is named Gaugino
emphasizing the supersymmetry relation with the gauge boson found in the NS sector.

1.1.3 Closed String Spectrum

In the case of the closed string, an additional condition is needed for the physical states. This
conditon arises from the reparametrization invariance under contant shift of the spatial string
coordinate. At the quantum level, this condition can be expresed as

(Lgotﬂl - Egotal) |physical) = 0. (1.15)
The previous relation can be translated to

4 4

m? = (VN =-4) = (N —A). (1.16)

al
Hence, all the closed string states must be balanced tensor products of left-movers and right-movers.
The NS sector can be divided into two components NS_ and NS;. Each sector is characterized
by the eigenvalue obtained when applying (—1)" over the physical states, where F is the fermion
number operator. Therefore, the level matching condition can be applied only if the sectors
(NS_,NS_) or (NS;,NS,) are paired. The main characteristic of the (NS_,NS_) sector is that,
at N = 0, it contains a tachyonic state. While the (NS, NS, ) sector contains the

b7 0,0, k), (1.17)

which describes the massless Supergravity bosonic fields, g,,,,, B, and ¢.

In the same manner, the Ramond sector can be divided into two components depending on the
eigenvalue obtained when applying the fermionic number operator over the state, R_ and R;. The
following list contains all possible pairings, together with the physical states in each sector:

10



(R4, R1). Contains states describing antisymetric tensor fields C(z), C),,(z) and C’:‘V)\ ().

e (R_,R_). Contains states describing C(z), CA’W(I) and C_, (z).

(R4, R_). Contains states describing C,(x) and Cpua(z).
e (R_,R,). Contains states describing C,,(z) and Cy,,x ().

All the fields previous listed are known as Ramond-Ramond fields. Those fields systematically
emerge from decomposing the most general Ramond-Ramond state into a direct sum of anti-
symmetric tensors.

The last set of possible combinations corresponds to pairing the NS and Ramond sectors in the
following way:

o (NS4, R,).
o (R.,NS,).
o (NS,,R_).
o (R_,NS.).

All the previous sectors contain states describing dilatino and gravitino fields, only differing in the
fermionic number eigenvalue of each state. The null states generated in this sectors lead to an
equivalence relation between the states. This relation can be translated to spacetime supersym-
metry. Up to this point, we have constructed the string spectrum first by acting with the creation
and annihilation operators obtained in the NS and Ramond expansions. Then, we imposed the
constraints at the quantum level leaving only those elements representing physical states. Now,
it is essential to emphasize that consistency at one loop (modular invariance) requires a further
truncation of the previously obtained string spectrum. This truncation, known as GSO projection,
gives rise to the various string theories that exist.
Essentially, the GSO projection reduces the whole physical Hilbert space by selecting those ele-
ments with a specific eigenvalue for the fermionic number operator. This truncation is defined by
the following operation

|physical) g — Paso |physical) (g s (1.18)

where 1
Poso = 5 [1+ (-1)F] (1.19)

where the sign is chosen differently for the right-moving modes on the type IIA or IIB string
theories. The definition of the GSO projection operator is the same in the NS and Ramond
sectors; the only difference is the definition of the fermionic number operator.

1.1.4 Type IIB String Theory and low energy limit

All the previous sections were devoted to an introduction of the main ingredients needed to establish
the various types of string theories that exist. In particular, this thesis will focus on a specific string
theory known as Type IIB string theory. This theory, after the GSO projection, has the following
states divided into the previously defined sectors:

e ¢(x) dilaton field
o hprn(x) graviton field
e Byn(x) Kalb-Ramond field

e (C(x) axion field

11



Cunn () Ramond-Ramond 2-form

Cir . p(X) Ramond-Ramond 4-form

e )\ (x) first dilatino field

AL(z) second dilatino field

X s () first gravitino field

X'hrs(x) second gravitino field

Notice here that, since the massless spectrum contains two gravitino fields, the metric field can be
connected to these states via two different supersymmetry transformations, as inferred from the
theory’s name. Type IIB string theory aims to be a candidate theory to correctly describe the
interactions of the fundamental constituents of matter, strings. As such, it represents a theory
that can be seen as the UV completion of the actual theories that describe the quantum nature of
matter and their interactions. Hence, to make contact with those theories, it is important to study
its low energy limit, meaning that we have to explore energies F < li In this limit, the effective
action is expected to take the following form:

StuB,eft = Ssuara + Sa, (1.20)
In the previous expression, Sgugra, 118 refers to the Type IIB Supergravity action in ten dimensions
and S, the corrections coming from String Theory that can be omitted in the low energy limit.
The explicit form of the bosonic part of the action takes the following form:

Ssugra,IIB = SNS + SR + SCSa (121)
where
1 1
Sns = 2{/&% 4%4¢OH4@¢W¢—|Hﬁ>, (1.22)
2K7g 2
1 - 1 -
Su= g [@ev=G (1R +IRE + IR, (123
4kt 2
1
Scs = 72/04/\]‘]3/\]'73. (1.24)
4K,

where H and F' denote the field strengths of B and C fields, respectively. Notice that, in the
previous expression the fields with a tilde above should be taken as the specific combinations:

Fy = F3 — Cy A Hs, (1.25)

5 1 1
Fs=Fs— 5CoNHy+ 5By N Fy (1.26)

A supersymmetric field theory is characterized by a set of transformations that relate bosons
with fermions and vice versa. The parameter used in these transformations is fermionic, i.e., it is
a constant non-commutative number. Promoting the global supersymmetry to a local symmetry
gives the fermionic parameter spacetime dependence. Therefore, adding gauge fields is necessary
to keep the theory’s invariance under such transformations. The resulting theory, is known as
Supergravity or in the specific case of this theory: Type IIB Supergravity described by .
Supersymmetric field theories have a high degree of symmetry. Therefore, they have a lot of re-
strictions over their parameters. In d dimensions, imposing a particle spectrum of d < at most
spin two generates a condition over the dimension of the spacetime. It restricts its value to 10 or
11. In the case of d = 10, any supersymmetric theory admits a maximum of two sypersymmetric
charges, i.e., N’ = 2. The solution to the equations of motion given by represents coherent
states of the associated particles (which are in turn particular modes of oscillation of the string),
such as background profiles where the string can propagate consistently.

12



1.2 The AdS/CFT correspondence

A solution to the Type IIB supergravity equations of motion was found by Horowitz and Strominger
in 1991 [12]. The explicit solution describes an extended object with a horizon surrounding it. The
detailed background profiles for the fields are given by

ds® = ;(r) [—f(r)dt? + daf + - - -+ da?] + /H(r) [;Z(?f) + T2dQ§p:| (metric), (1.27)
e? = gCH(r):S%p (dilaton), (1.28)
1 1
001”,1, = Cgc 1-— H(T‘):| (RR ﬁeld), (1.29)
where
L\
H(r)=1+¢ r) (1.30)
( ) - (1.31)
L7P =y <1 —CCQ) : (1.32)

In the previous expressions, 1 refers to the location of the horizon of the given solution and ¢
to the non-extremality parameter. It is straightforward to calculate the RR-charge of the given
object by just integrating over a closed surface containing it. Such calculation gives the following

result: .
_ (7 _p)Q8—p L -
T e \i) (1:39)

Therefore, it is possible to understand L as a parameter that controls the charge of the extended
object. Given the similarities with black holes this object was named black p-brane. In the extremal
case, with p = 3, and taking r;, — 0, ¢ — 1 con L”~P fixed, the given solution acquires the following
form:

ds? = ) [—dt? + da”® + dy? + d2*] + /H(r) [dr® + r?dQZ2] | (1.34)
r
e® = g., (1.35)
1 1
Corz = — |1 — —|, 1.36
0123 e |: H(?”):| ( )

where,

INY
H(r)=1+ (> : (1.37)
r
L* = c,g.NI2. (1.38)
In such a case, the mass and the charge are given by

NV,
Analyzing the low-energy limit, ie., F << l%, %, the form of the metric simplifies drastically,
giving the following expression:

2

12
ds® = dt* + da® + dy® + dz?) + - —dr® + L*dQ3. (1.40)

)
e

The resulting metric can be trivially identified with the AdS5 x S5 metric in Poincaré coordinates.
The AdSg41 is a maximally symmetric solution to Einstein’s equations with a negative cosmological
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constant, A = — d(2d L_zl). The previous statement implies that the curvature tensor can be trivially

expressed in terms of the metric, g,,, giving the following expression:

1
R,uz/po = _ﬁ (gupguo— - g/urgup) . (1'41)

This spacetime contains the maximum number of Killing vectors that generate its isometries.
In other words,
(d+1)(d+2)

dim [Iso(AdSg441)] = — (1.42)

In fact, the AdS4y1 isometry group is isomorphic to the conformal group in (d + 1) dim,
S0O(d,2), to be discussed below. The AdS,i1 spacetime can be understood as a submanifold of
co-dimension one in a Minkowski space with (2,d) signature. The following relation determines
such embedding:

d
X2, - Xg+ Y Xi=-I% (1.43)
i=1

In the previous relation, X; are the Minkowski space coordinates with (2,d) signature. Different
embedding solutions represent different coordinate systems that describe the AdS;41 spacetime.

Analyzing another string theory system is convenient at this point: a stack of coincident N
D3-branes. Dp-branes are solitonic objects where the strings can end. Such a condition is imposed
by applying Dirichlet boundary conditions over the ends of the string in a specific subset of the
spacetime coordinates,{xk}zzp +1- The massless open string theory spectrum contains states that
describe particles related to a scalar, spinorial, and vector fields. Additionally, Dp-branes are
charged over RR fields. Therefore, type IIB string theory can only sustain stable Dp-branes with
p=—-1,1,3,5,7,9. The bosonic part of the Dp-brane action, in a supergravity background, can
be described by

Spp = Sper + Swz, (1.44)

where, at the lowest order in the derivatives we obtain

1
SpBr = —W /dp+1$€7¢\/— det P [Gop + (27 Fap + Bag), (1.45)
1
Swz = —W /PEXP (27 Fy + By) A ©,C. (1.46)
) s

In the previous expression, P refers to the pull-back of the metric to the Dp-brane worldvolume.
It is possible to generalize the aforementioned action to the case where the system contains N
coincident Dp-branes. In the low-energy limit and taking p = 3, we obtain

1
4mgs

Sppina~ NTpsVs + /d4x Tr [F2 + (D) + @, ] + - - } . (1.47)

This action matches precisely with the action that describes the Super-Yang-Mills theory with
N = 4 supersymmetry and U(N) as gauge group, if the identification g% ,, = (27)gs is performed.
This supersymmetric theory is also a conformal field theory; in other words, its 8 function equals
zero. Hence, it is a fixed point in the renormalization group flow.

At this time, it is convenient to emphasize some fundamental properties of the conformal
field theories. A conformal field theory, CFT, is a subclass of quantum field theory in which the
Poincaré symmetry group is extended to include the conformal group. In simple terms, a conformal
transformation is a change of coordinates that leaves invariant the form of the metric up to a scale
factor, i.e.,

Gy (") = QUx) g (2). (1.48)
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Rewriting this expression in terms of an infinitesimal change of the coordinates, 2'# = x* + ¢*, eq.
(1.48) imposes a condition over the parameters of the transformation

2
Ou€y + 0pey = a(a €)M (1.49)
The set of parameters giving a solution to the previous equation characterizes the different confor-
mal transformations. Such transformations are classified in the following way:

e ¢# = ag" translations

o ¢/ =w,,x" rotations and boosts.

o ¢/ = Azt scale transformation.

o ¢ = brz? — 22#(b- x) special conformal transformation.

This set of coordinates gives rise to the conformal transformation which are elements of the SO(2, d)
group.

As previously explained, Dp-branes are charged with respect to RR fields. Consequently, a
stack of N Dp-branes has a total charge that is the sum of the individual elements, i.e., ¢ = N.
Furthermore, in the case of p = 3, the configuration has the following mass:

NV3
M= TN (1.50)

Considering the previous arguments, it is possible to imagine a relationship between the black 3-
brane and the stack of coincident N D3-branes. Such a relationship is motivated by the fact that
both objects have the same RR charge and mass. The conclusion is that both things are different
incarnations of the same physical object. The formalism in terms of Supergravity is under control
only in the regime where g, /N >> 1, while the description in terms of the stack of D3-branes is safe
in the opposite regime, i.e., gsIN << 1. In the low-energy limit, the black 3-brane describes two
decoupled systems: the throat and its exterior. In the external system, the effective description
is free supergravity fields. On the other hand, in the system described by the stack of D3-branes,
closed strings decouple from the branes, generating a description in terms of free supergravity
fields. Therefore, it is straightforward to equate that component in both subsystems. Identifying
the remaining systems, it is possible to conclude the following:

Type IIB String Theory on AdSs x S° N =4 SYM with SU(N) gauge group
with = on
N units of RR-flux through S° Minkowski 3 + 1

Maldacena discovered this astounding equivalence in 1997 [2]. It is important to emphasize that
both objects are different, i.e., on the left side is a string theory, while on the right side is a
conformal field theory without gravity. This is not the only difference; on the string theory side
is a formalism with more dimensions than on the right. The holographic correspondence has been
investigated through the years, finding many different examples of it. In the following list it is
possible to see some examples of Maldacena’s correspondence:

1. AdS;xS?x x4 dual to SCEFT,. Here SCFT; is a superconformal field theory that lives on the
world volume generated by the D1/D5 system, which has Q1 D1-branes and Q5 D5-branes
wrapped throught the y4 factor of the metric.
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2. NAdS; dual to NCFT;. The SYK model is a quantum mechanical system with N Majorana
fermions interacting randomly [23]. In the IR regime, the model develops an approximate
conformal symmetry. This theory is equivalent to the Jackiw-Teitelboim model, a two-
dimensional gravitational model containing a scalar field (dilaton field) [24].

3. TT deformation dual to AdS with a radial cutoff. The 7T models comprise a broad class of
deformations of a CF'Ty that is possible to solve exactly [25]. On the gravitational side, the
coupling, p, acts as an IR cutoff that removes the asymptotic part of the AdS [26].

4. N = 4 SYM deformed by a 6 term at finite temperature is dual to an anisotropic Schwarzschild-
AdS black hole.

A more general statement about the correspondence goes as follows:

Statement Any CFT defined on R x S?~! is totally equivalent to a quantum gravity theory defined
on a asymptotically AdSyz11 X M spacetime, where M is a compact manifold, see figure (1.1)).

CFTd Ad5d+1 x M

Figure 1.1: Graphical representation of the holographic correspondence. On the left side, the
geometry in which the CFT is defined, and on the right side, the geometry, including the interior,
in which the gravitational theory is defined.

The dictionary that translates observables between both sides can be described by the following
bijective map:

¢ : HQG — Herr. (1.51)

As a consequence of this map, any CFT observable must have an image on the gravity side. This
does not mean that the mapping must be trivial, i.e., objects described easily in one language can
be described on the other side by a very complex structure.

1.3 Anisotropic Black Branes: the Mateos-Trancanelli model

The Mateos-Trancanelli model (MT model) is a IIB supergravity solution whose effective action
in five dimensions is

1
167Gy

12 1
5
/Md;z:\/ g[R’4—L2 5

(09) %e% (0x)*| + S , (1.52)
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where ¢, x and g, are the dilaton field, the axion field and the metric respectively. The Newton
constant involved, Gy, refers to its five-dimensional version. Additionally, the Gibbons-Hawking
term has been added considering the presence of a smooth space-like or time-like boundary. A
solution of the equations of motion derived from the action takes the form

ds? = L2e= /2 | 2 F(r) B(r)dt* + r? (da® + dy? + H(r)dz?) |, (1.53)

S
r2F(r)

where
X = az, (b = ¢)(T), H= e_d)a (154)

the 4-tuple (t, z,y, z) refers to the coordinates in a Minkowski spacetime assigned to the boundary
gauge theory, r is the radial coordinate of AdS, and L is identified as its radius of curvature. The
above solution contains an event horizon located at rp, such that F(ry) and satisfies that it is
asymptotically AdSs. For values other than zero, the parameter a generates an anisotropic direc-
tion on both sides of the duality. At the same time, for a = 0, the contributions of the axion and
dilaton fields are extinguished, thus recovering the isotropic solution. The dual boundary theory
corresponds to N' = 4 SYM with gauge group SU(N), deformed by a 6 term dependent on the
anisotropic coordinate. In the case a = 0 the boundary theory reduces to N = 4 SY M with a
SU(N) gauge group without 6 term. The functions F, B, H and the dilaton value ¢ can be deter-
mined analytically for small values of a. In this thesis, we will only consider terms up to quadratic
order in a to avoid technical complications in a first analysis. The explicit form of these functions is

2

2
_ Lh _ 4 4 h 4
F=1 + Sy 2 {87‘ 2r2(4 + 5log 2) + (3r* + 7r) log (1 + r2) } + O(a”), (1.55)
a2 107 2
-1 — |—/h 1] 14 Lh 4 L
B 272 {r2+r,21+0g< +T2)]+(’)(a ), (1.56)
a? T}QL 4
¢ = 4 2 log 7‘7 + (’)(a ) (1.57)

Imposing regularity on the horizon in the Euclidean solution, the temperature is found to be

rn . (5log2 — 2) a?
=10 208 TS 1.
P T o +O(a"). (1.58)

The Bekenstein-Hawking entropy can be found by calculating the area of the horizon, obtaining

3 2
T oa
= + Vs + 1.
S G (1 16,2 ) 3+ O(a). (1.59)

where V3 is the spatial volume in the gauge theory. Using standard holographic renormalization
techniques [27], the following expression is obtained for the energy-momentum tensor [I88] [29]

T;; = diag(E, Pry, Pry, P:) (1.60)

where
3m2N2T*  N2T?2 9

_ 4
E= 5 + 35 @ + O(a%) (1.61)

is the black brane energy density and

72N2T* N2T? ,

P, = g + 35 ¢ + O(a%), (1.62)
2N2T4 N2T2
p =" T a? + O(a*) (1.63)
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are the pressures along the transverse and longitudinal directions to the anisotropic direction. So,

the mass of the black brane turns out to be

3n2N2T* i N2T?
8 32

M=EVs= ( a2> Vz + O(a*), (1.64)

It can be seen that the mass of the isotropic solution increases due to the presence of anisotropy
maintaining the same temperature, in other words, we have

Vs
2

1.4 Magnetic Black Branes: the D’Hoker-Kraus model

(Pyy — P.) + O(a?). (1.65)

The D’Hoker-Kraus model [30] (DK) is a magnetic black brane solution of Einstein-Maxwell gravity
in five dimensions. The action for this model is

1 5., N MN
167rGN/d /=g (R+ 12— FynFYY) . (1.66)

For very large values of the electromagnetic field (B/T? >> 1) the solution takes the form

dr? B
2 2.2 142 2 2 272
+ + i 1.
ds 3(r® — rg)dt” + 502=+2) " 3 (dx dy ) 3ridz (1.67)

With field strength F' = Bdx A dy. The Hawking temperature and Bekenstein-Hawking entropy
corresponding to the black brane solution are

_3rm o 3VB?

T=— = 1.68
2r 4G N ( )
In this expression V3 is the volume in 3 dimensions. The mass of the solution is
Mp = / Tds = —3 w382 (1.69)
167TGN
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Chapter 2

Quantum Information Theory and
Holography

2.1 Entanglement Entropy

A property that clearly distinguishes quantum from classical mechanics is quantum entanglement.
In simple terms, quantum entanglement can be characterized as the degree of uncertainty that the
components of a given quantum system share. Concretely, given |¥) € H; ® Ho, we say that the
state is entangled if it is not possible to write it in the following way:

V) = |¥) ® [¥s) (2.1)

where |U;) € H; with ¢ = 1,2. In order to understand better the previous scenario it is convenient
to consider a simple case where H; is the Hilbert space of a two-level system. In this case, a
complete basis for the Hilbert space is given by {|0) ® [0),]0) ® |1),]1) ®|0),|1) ®|1)}. Therefore,
an example of a non-entangled state is

W) =5 (10) + 1) @ (|0) = 1)), (2.2)

N =

while an entangled state is for instance
1

V) epr = \/5(|1>®|0> —0)®[1)). (2.3)

The previous state is known as EPR state [1]. It is possible to generalize the concept of an entangled
state to the case where the quantum system admits a decomposition of the following form:

H=H1® - @Hn, (2.4)

where N represents the number of components the system has. This last generalization is suitable
when defining entangled and non-entangled states in the context of a CFT or more generally, a
QFT.

Consider a CFT placed on a lattice, so assigning a Hilbert space to every point on it is possible.
Therefore, the full Hilbert space is given by

" = ®@aHa, (2.5)

where « runs in such a way that it enumerates all the points on the lattice. A state will be entangled
if it is impossible to write it as a product of states. From this perspective, is possible to consider
a division of the degrees of freedom into two subsets: A and A°. These subsets share a boundary
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denoted by 0A, see figure (2.1). The total Hilbert space can be expressed in the following way:

H=Ha®Hae. (2.6)

At this stage, it is suitable to eliminate the UV cutoff and consider the CFT as a continuum theory.

Figure 2.1: Spatial separation of the degrees of freedom in a lattice QFT. Both subsets, A and A¢,
share the same boundary 0A.

Within this limit we take the system to be described by a pure state |¥) € H. Additionally, we
consider an observer who can perform measures in the subset denoted by A. As a consequence
of the fact that the total Hilbert space is factorized according to eq. , |¥) admits a Schmidt
decomposition, i.e.,

v) :Z\/I?k‘k>A®|k>Ac7 (2.7)
k

where pj, are non-negative numbers that satisfy Y pr = 1 and {|k) 4 4.} is an orthonormal basis
for each component. That the observer only has access to A means that they can only act with
operators within that region. Such operations have the following form:

O(z) = Oy(z) 1, with  z € A. (2.8)
Therefore, the expectation value of the previous operator can be expressed in the following form:
(O(x)) =) _ v (K| Oalx) k) 4
k
=Try, [paOa(2)], (2.9)
where,

pa = Trac [¥) (¥ (2.10)
:Zpk|k>A<k|A' (2.11)
k

Due to the lack of knowledge that the observer has over A€, in general the previous density matrix
describes a mixed state. Accordingly, all the {py} allow determining the degree of uncertainty over
the subsystem. The von Neumann entropy gives a good measure of this uncertainty, which uses
these coefficients to return a number. The explicit expression is

S(A) = —Try, (palogpa)
= - Zpk log pi. (2.12)
k
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This function gives a good measure also of the entanglement between the degrees of freedoom
localized inside A from those in A¢. In particular, if

[U) = |U4) | P 4e) (No entanglement) (2.13)

then
S(A) =0. (2.14)

2.2 Euclidean Formalism

The previously presented formula to calculate the EE is suitable in a system with a finite number
of degrees of freedom. Nevertheless, in a CFT the number of degrees of freedom turns out to be
infinite, making calculation with the standard definition intractable. The Feynman path integral
is a handy tool established in the context of a QFT. Thus, it is useful to establish a path integral
definition of the EE.

Calculating the expression given by eq. can be a challenging task. However, a much
simpler task is to calculate

Su(4) =~ logTea (). (2.15)

—-—n

These functions are known as Rényi entropies, and one can capitalize on them to calculate the EE
by taking the following limit:

S(A)

lim S,,(A)

n—1

=— 7111_>m1 On log Tra (p7) . (2.16)

where to obtain the second equality from the first, it was necessary to use the L “Hépital rule.
Thus, all the difficulty is translated into finding a path integral expression for the Rényi entropies.

To motivate the origin of the path integral expression for the Rényi entropies, it is convenient
first to consider a simple system instead of a CFT. This system is a quantum mechanical system
that describes the state of a particle. The amplitude for finding a particle in |z, ts) starting from
|, t;) is given by

Z‘H(tf*ti)

(g trla, ts) = (xyle” i), (2.17)

where H is the Hamiltonian of the system. The path integral expression for the previous quantity
is
z(ty)=zs

ty
(g, trlas ti) :/ Dx(t) exp {z/ dtL(x,dv)} . (2.18)
w(tl):wl ti

where L(z, ) is the Lagrangian of the system. On the other hand, eq. (2.17) can be rephrased by
taking the time interval to be [T, 0] and the spatial points y and z, giving the following:

(@, 00y, T) = (x| T |y) (2.19)
= (@) (y)e T, (220)

Notice that to reach the second line from the first, it was necessary to insert an identity matrix
expressed as a sum over an entire basis. In eq. (2.19) ¢, (z) = (z|n). Thus, after doing a Wick

rotation by taking T = —i7 and 7 — —o0, we obtain
(,0ly, —00) = lim_ ()35 (y)e™ . (2.21)
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From this expression it is clear that is possible to express ¥ (z) in the following way:
z(0)=xz
U(x) :/ Dx(r)e 12, (2.22)

by absorbing the factors in front ¢p(x) in a normalization constant and using eq. (2.18). Notice
that in the previous expression we have changed ¥ (z) — ¥(z).

A similar procedure gives a conjugated ground state wave function; the expression is
U*(x) :/ Da(r)e 1=, (2.23)
z(0)=z

Notice from this expression that it is mandatory to sum over all the positions in the distant future.
To be able to discuss a reduced density matrix, consider a system with only two degrees of freedom
associated with two particles whose positions are x4 y xp respectively. Additionally, suppose that
the state to consider is the ground state, |2). Thus, given a state in the total system, |z4,zp),
the matrix elements of the reduced density matrix are given by

(xA“yd$2>zu/deCu%xBKD<Qhﬁijy (2.24)

Substituting the ground state wave function in the previous expression, it is straightforward to
obtain

1
@alpale) =5 [dus [ Dya(ripysrie o), (225)
e UM

where MT and M refer to the regularized upper and lower half-line respectively, i.e.,

MP ={reRle <1}, (2.26)
M ={r e R|r < —¢}, (2.27)

and Z is a normalization factor.
The boundary conditions on region are

yale) =2y, yple)=zp on OM], (2.28)
ya(—€) =x4, yp(—€)=xzp on IM_. (2.29)

Thus, performing the integral over xp and taking € — 0, we obtain
1 _ _
(walpalda) = - /DyA(T)DyB(T)e TeWawn)§ (ya(0%) — a/4) 6 (ya(07) = 2a) - (2.30)

In the previous expression, the Dirac delta functions fix the desired boundary conditions. Notice
that the notation 0F = lim._,o +¢ has been implemented. The relation observed in eq.
is the path integral representation for the matrix elements of the reduced density matrix. The
procedure to obtain a parallel expression in the case of a continuum CFT is morally similar and
does not contribute to a new physical feature. Hence, to generalize eqs. (77), and
the following substitution is needed:

& — 4(2), (2.31)
) = [o()) , (2.32)
U(z) — U[p(D)]. (2.33)



With this replacement, the formula to compute the ground state wave function acquires the fol-
lowing form:

Y[o(Z)] = ((Z)|2) (2.34)
$(—€,7)=¢(@)
= / Do(t, T)e 8@, (2.35)
(t,¥)eMo

In the same way, conjugate expression is

e (Z)] = (Q¢'(%)) (2.36)

(t,&)emt
= / Do(t, T)e 8@, (2.37)
$(e,7)=¢/ (%)

The QFT generalization requires a modification of the aforementioned boundary conditions over
M} and M_. Thus,

(1,%) € R¥™ e < 7,2 € RYY, (2.38)
(1,%) € R¥™ |7 < —¢,2 € R}, (2.39)

Additionally, with the replacement given by eqs. (2.31),(2.32) and (2.33)) the reduced density
matrix acquires the following form:

pAl62 (@), 00 @) = / Do(t, D)e” =P [ 8 (607, 7) - 671(2)) 8 (407, 7) — §!(#)) . (240)

ZEA

In this formula, Z refers to the CFT partition function. Also, from eq. ([2.40) it is feasible to
obtain Tr4 p’} by multiplying in a specific form n pa factors. Schematically, the objective is to
obtain an expression for

Ph=pa---pa (2.41)
——r

n times

Concretely, the multiplication of two factors is performed by identifying the upper boundary con-
dition of the first factor with the lower boundary condition of the second factor and summing over
this repeated index. The specific way to do this is by integrating over this boundary condition.
Repeating the previous step IV times and then taking the trace, we obtain

1 Zn
Traph = — Dp(t, )e 189 = 21 (2.42)
21 J(t,z)eR, 24

where R,, refers to the replica manifold obtained from the gluing of the boundary conditions. No-
tice that the previous formula includes a definition for the partition function in the replica space,
Z,. This notation is convenient because it emphasizes a correct normalization for the case n =1,
i.e., the relevant case for p4. Thus, calculating the EE has become a task of calculating a path
integral expression given by eq. . The cases where this is impossible are minimal, knowing
exact results only in the context of a 1+ 1 CFT.

2.3 Holographic Entanglement Entropy

The entanglement entropy is an essential quantity in any quantum theory because it has a wide
range of applications, for example, as an order parameter to diagnose phase transitions related

23



to the confinement in a gauge theory [I47]. For this reason, it is extremely valuable to have a
holographic description for it in terms of a geometrical quantity in a gravitational theory.

Ryu and Takayanagi proposed a recipe to calculate EE [148] using a geometric measure in a
static gravitational theory. Subsequently, Hubeny, Rangamani, and again Takayanagi generalized
the prescription to include time-dependent gravitational dynamics. To describe their recipe, first
it is convenient to introduce a group of definitions.

Definition. Let R be a spatial region located in the boundary of an asymptotically AdS space.
A Hubeny-Rangamani-Takayanagi (HRT) surface for R is a codimension two bulk spatial subman-
ifold with boundary, vg, with the following properties:

vr and R have the same boundary, i.e., dyg = OR.

The area of g is extremal under small variations of its location in the spacetime, provided
the variations respect 0yg = OR.

e v is homologous to R, i.e., a codimension-one submanifold must exist, such that 0Hr =
Yr U R.

e There is no other surface of strictly smaller area obeying the above three properties.

Definition Let R be a spatial region located in the boundary of an asymptotically AdS ge-
ometry. The domain of dependence related to R, D[R], is defined as the set of events located in
the boundary such that every inextensible causal curve that passes through them also intercepts R.

Definition Let R be a spatial region located in the boundary of an asymptotically AdS geom-
etry. The entanglement wedge of R, W[R], is defined as the domain of dependence of D[HR], see

figure (2.3)).

Considering the previous definitions, it is important to emphasize that the causal wedge and
the entanglement wedge, in general, are not the same object. In [31], it was demonstrated that for
manifolds that obey the null-energy condition, it is fulfilled that

Figure 2.2: Entanglement wedge associated to a boundary spatial region (red).

C[R] C W|R], (2.43)
namely, the entanglement wedge reaches dipper into the gravitational bulk. Once all the tools have
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been established, it is straightforward to state the holographic prescription to compute the EE.

RT/HRT /Engelhardt-Wall formula. Let p be a CFT state. The von Neumann entropy
associated to the state reduced to the spatial region R, pg, satisfies

<Area(’yR)>

S(pr) = 1Gn

+ S(py)- (2.44)

In this formula, S(pg,) is the contribution to the EE given by the quantized fields on the ho-

mology surface Hg and <Area(73)> is the area expectation value. The expression (2.44]) is also

known as generalized entropy. At this point, it is suitable to emphasize the relevance of each
term. The first term arose as the first proposal to holographically calculate EE in the classical
approximation [10, [IT]. In the case of a static spacetime, there exists a preferred foliation in time;
therefore, the extremality condition automatically translates to the statement of finding the sur-
face with minimal area. This contribution is dominant in the regime of a big number of colors
O(N?) in the CFT, which corresponds to small Gy in the bulk. The second term represents the
first quantum corrections which are of order O(N') and were first calculated in [I7]. In general,
formula is expected to be valid at any N [86], as long as g satisfy the extremality condition.

2.3.1 Entanglement Entropy of an Interval in a two-dimensional CFT

The validity of the RT formula has been verified a significant number of times; see review papers
[80, 32, B3]. As an example, this section is concerned with reviewing the EE calculation for a
spatial interval in a two-dimensional CFT using both approaches.

See [34] for an introduction to the topic. In a CFTy, there is not much freedom for selecting
spatial regions because, in this case, the intervals and their union are the only spatial regions that
can exist. Thus, for this example, we selected an interval defined on t = 0. For simplicity, it is
considered that the interval is centered at the origin of the spatial coordinate and that the total
state is the vacuum, |2). Therefore, the interval to consider is

l
I={z=z+iteC| - SRezgﬁ, Im z = 0}, (2.45)

N | =~

where [ refers to the total interval length. In order to regularize the UV divergences we use the
following regularized version of the interval with an auxiliary parameter €, namely,

l l
IL={z=z+1iteC| —§+6§R62§§—6, Im z = 0}. (2.46)
Using the conformal transformation
z+ é
=212, (2.47)
2

it is possible to map the interval I. to the semi-real negative axis in the new coordinates. Addi-
tionally, performing the transformation

1
wET—I—iap:glogé, (2.48)

all the points in the complex plane with coordinates ¢ such that 0 < Re¢&, are mapped to the
cylinder with radius equal to one and length equal to % log (é) Hence, the real positive axis with
coordinates ¢ is mapped to the line at ¢ = 0. In the w coordinates, it is easy to build a replica
space. For example, for n = 2, the upper opening of the first cylinder and the lower opening of
the second cylinder build together a big cylinder with two times the original circumference. Thus,
gluing together n copies will generate a cylinder with n times the original circumference. The
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partition function in M,, is mapped to the cylinder partition function, namely,

ZIM,) = (2] e T (), (2.49)

where 8 = %log (é) is the cylinder’s regularized length and H Hamiltonian of the system that
generates translation in 7.

. 2 — c
H:—(L L——), 2.50
o o + Lo 2 (2.50)
where Lo + fﬂ is the dilatation transformation in the complex plane. Thus, using the fact that
both Lo and Ly annihilate the vacuum, it is possible to simplify (2.49). The result obtained from
this procedure is

log Z[My] = — log (l> . (2.51)

6n €
Using (Z-42) and (2.16),

S(L.) = < log (l> . (2.52)
3 €

The final result for the EE of an interval has a simple form fixed by the symmetries of the theory. It

is important to emphasize that since the result is too simple, it does not contain specific information

about the theory. It only contains the CFT central charge, which counts the total number of degrees

of freedom. In this sense, the result obtained is considered a universal feature of the theory.

2.3.2 Entanglement Entropy of an Interval using the RT /HRT prescrip-
tion

This section contains the gravitational calculation to obtain the EE of a spatial interval in a two-
dimensional CFT, using holography. The point is to compare with the calculation explained in
the previous section using CFT methods. To achieve this, we use the same configuration for the
interval; namely, its length is [, it is centered on the origin, and the ¢ = 0 slice contains all the
points included in the interval. Since the CFT state is the vacuum, the following bulk metric will
be used:

L2
ds* = = (=dt* + d2” + dz?) (2.53)

describing pure AdS. Notice that the scenario is time-independent. Thus, the gravitational com-
putation only involves the ¢ = 0 slice. In this case, the metric simplifies giving

. _ L2

ds 2 (dz* + dz?) . (2.54)

For large N, following the RT/HRT prescription, it is desired to find a codimension-two surface,
namely, a curve. This curve must share its boundary with the interval, i.e., the curve must be
anchored on the interval endings. The last desired property involves finding the curve with minimal
area. In this case, the functional area takes the following form:

Llyi) = /ds% 22(s) 4+ 2'2(s). (2.55)

A geodesic is a curve that minimizes the area functional with the specified boundary conditions.
A convenient parametrization of this curve is the following:

oS 8, (2.56)

sin s, (2.57)



where s € [%, m™— %] Notice that the parameter € regularizes the curve’s length. A straighforward
calculation reveals that

O (2.58)

2¢ sin s

l
=2Llog <> . (2.59)
€
Thus, the EE is

S(I.) = glog (l> . (2.60)

€

To arrive at the previous expression, we used the famous relation between the central charge of a
given CFT and the AdS curvature radius, ¢ = so-. This result coincides exactly with the result

2Gn
obtained using CFT methods.

2.4 Differential Entropy, Kinematic Space and Integral Ge-
ometry

This section will be focused on the basic concepts needed to introduce the reader to the field of in-
tegral geometry in the context of the AdS3/C FT; correspondence. As explained before, AdS/CFT
can relate geometrical quantities with quantum information measures. Thus, it is reasonable to
make progress on finding a complete dictionary to connect both sides of the holographic duality.
Given a boundary state and a spatial region, the reduced density matrix of this region contains
all the information needed to know every physical aspect inside the entanglement wedge [35] [36].
By definition, the RT/HRT surface contains IR gravitational information. The IR/UV connection
establishes that IR effects in the bulk are directly connected to UV information in the CFT [39} 37].
A closed spatial curve in the bulk is a geometric object that can be defined without the need of a
regularization parameter meaning that is related to the UV bulk information. From this perspec-
tive and taking into consideration the holographic correspondence as a primary guide, it is natural
to ask: what type of CFT information is encoded in a closed curve in the bulk?. Additionally:
does this information have a clear interpretation? The differential entropy formula provides the
answer to these questions. The first implementation of the differential entropy formula was given
in [38].

Given an ordere periodic family of spatial intervals, {;})¥,, en la CFTy, its differential en-
tropy is defined as

E=> [S(Ix) = S (Ix N Igy1)] . (2.61)
k=1

In this formula, S(I}) refers to the EE of each interval Ij.. It turns out that there is a convenient
way to interpret the previous formula using a closed spatial curve in the bulk. A bulk closed
spatial curve naturally defines a geodesic family whose endings reach the AdS boundary, therefore,
defining a family of intervals in the boundary, see figure . To elaborate on this statement,
take a closed spatial curve and consider an imaginary division into small segments. Each segment
is characterized by an initial and final point inside the curve, those points are also used to show
the division. Now, consider a geodesic tangent son each segment. Such geodesic automatically
defines an interval in the boundary. Thus, the previously mentioned procedure defines an infinite
family of intervals. It is straightforward to generalize the previous approach to the continuum by

1The term "ordered" refers to the ending points of each interval, namely, the initial goes before the final ending.
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making the segments infinitesimally small. The expression of the differential entropy formula in
the continuum limit is

_ a8 (’YI(X)a Yp(A))
E = —?{dk N >\=/\” (2.62)

where I(A) = [v7(A), vp(N)] is the family of intervals defined by the geodesics. In [I4] it was shown
that E' = ;&—, namely, the differential entropy of a family of intervals is equal to the gravitational
entropy of the hole delimitated by the family of geodesics, see section [14]. As a result, this new
dictionary entry was known as hole-ography.

To better understand the previous construction, consider an interval member of the previously
described family I'(\) = [y;(\),yp(A)]. This interval was generated by shooting a tangent geodesic
from a point on the closed spatial curve. It is possible to associate a causal diamond, D[I()\y)], to
the such interval. Hence, it is natural to conclude that the local information of the closed curve
in the bulk is associated with in the corresponding causal diamond in the CFT. To exemplify this
interpretation, take in the bulk a circumference with radius Ry and located in the ¢t = 0 slice.
All the causal diamonds generated from the family of tangent geodesics draw a strip whose width
is equal to 2Ty, where Ty is the time that a ray takes to reach the boundary after being shot
radially from any point in the circumference. The local observers in the CFT cannot access the IR
information whose characteristic length is greater than 27y, given that such information is causally
restricted.

Figure 2.3: A convex closed curve in the bulk defines a family of intervals whose endpoints are
connected to tangent geodesics in the bulk.

2.4.1 Equality between Differential Entropy and Gravitational Entropy

Hole-ography is based on the equality between the differential entropy formula and the gravita-
tional entropy. Thus, this section will be concerned with the derivation of such a relation. The
starting point is to consider the family of geodesics as objects that extremize the functional area.
From this perspective, it is possible to use the usual tools coming from classical mechanics to justify
equality.

Let 7/5(X) be a closed spatial curve in the bulk with generalized planar symmetryﬂ and TH(\, s)
the set of tangent geodesics to v/5(\) at each A. As explained before, this family of geodesics

2@iven an asymptotically AdS spacetime in d + 2 dimensions, a codimension-two surface, 71‘;, will have planar
symmetry if it is possible to find a parametrization of the following form:

e o) ={d' (N, o), 5" (N, o)} = {¢’(V), 0},
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generates a set of boundary intervals denoted by (I';(A),I'p(A)). Now, consider the following
action:

Sf
S:/ dsL(vy,Ds7). (2.63)

In this expression, £ is the Lagrangian of a particular classical system. This Lagrangian depends
on the coordinates v* and their derivatives 0;,*. The specific form of the Lagrangian is not rele-
vant for the rest of the section. All that we need is for it to satisfy the following properties:

1. The action defined by (2.63) is invariant under reparametrizations in s.

2. L is a homogeneous functions of degree one in its second argument, namely, L£(7, a0s7y) =

al(y,0s7).

3. It is possible to write the Lagrangian as L(v, 0sy) = 0s7"pp, where, p* = %. Hence, p*

is a homogeneous function of zero degree.

Additionally, if a family of solutions f‘”()\, s) exist, from the equation of motion it is possible to
demonstrate that

R(s) = ]{ A [3)\1:“(/\,8)} P, (2.64)

is conserved, namely, ds R = 0. Now, with all the ingredients at hand it is elementary to establish
the desired result by identifying

9y = Y, (2.66)
Sf
/ dsL(7,0s7) = S(v1,7D)- (2.67)

Therefore, let T'(s,A) be a continuous family of solutions to the equation of motion where the
endings are denoted by vr p(A) = I'(sy p, A). From these observations it follows that

/
o 7{ 225NN 2.65)
N Y
i
N |\ Oy
———
8)\/f‘“ pH
= R(sp). (2.70)

The previous calculation reveals that the differential entropy and R(s) are the same. Now, suppose
that there exists a curve in the bulk, v5(\), such that it is tangent to every element in the family
of solutions, T'(s, \), at a given point, s = sg(A). From this, it is possible to obtain the following
conditions:

[(sp(A), )
BT (s (M), )

V(N (2.71)
a(MVE ). (2.72)

where, {q’,y®} refers to a set of AdSy,o coordinates with ¢* = {t,z,2z} and y* = {y',..,y%"'}. Also,
{\ ol ...,adil} is used as a particular parametrization of vg. An aAdS spacetime will be said to have planar
symmetry if all codimension-two surfaces have planar symmetry.
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In the previous expression «()) is a positive function. Therefore, the following result is obtained
when R(sp) is evaluated

R(sp) = f AT (553, N (T (51, A), DT (513, ) (2.73)
- f AN P15 7) (2.74)

= 7{/3(7/37 7B) (2.75)

where the reparametrization invariance was essential to obtain the final result. Additionally, to
get the second line from the first, it was necessary to consider that p, is a homogeneous function

of zero degree in its second variable. From the second to the third line, it was considered that
L(7y,0s7) = 0sY"pp, where pt = a(diﬁ This set of statements conclude the desired derivation. It

oyH) "
is also possible to relax conditions (2.71]) and (2.72) with the objective of considering more general

alignment conditions.
To visualize the generalized alignment conditions, let us consider the following Lagrangian:
L(T,T) = 1/ g, (D)THT7. (2.76)
Therefore, the momentum is given by

gl

(2.77)

With the help of the previous expression is possible to evaluate R(s) explicitly. The result is

[T
R(s)_?{ o (2.78)

Thus, substituting the alignment condition it is possible to appreciate that the differential entropy
and the gravitational entropy are going to be equal as long as the following condition is met

75 - T'= [lIL). (2.79)
Notice that this condition is preserved if

I'= oy +n, (2.80)

where n is a null vector orthogonal to vj. With the previous result it is possible to conclude that
it is not mandatory for the geodesics to be tangent to reconstruct a given curve in the bulk, it is
also possible to use geodesics that satisfy . In the rest of the text we will refer to this by the
term null vector alignment or NVA.

2.4.2 Kinematic Space, Crofton formula and Integral Geometry.

According to the definition given by the expression , the entanglement entropy is a function
that goes from all possible spatial regions to the real numbers. This means that seen as a function
of the shape of a set, it is a highly complex object to work with, obtaining explicit results only
when the considered region has a high degree of symmetry. An example of the above can be found
in spherical spatial regions. As already emphasized above, analyzing a QFT using entanglement is
critical to understanding the emergence of space-time via the holographic correspondence. In this
series of ideas, it is convenient to focus on the entanglement entropy behavior of spherical regions.
For the case of a CF'T5, the analysis is quite simplified because, in general, a spatial region can be
seen as the union of spatial intervals. Then, "kinematic space" is defined as the set of all spherical
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spatial regions or, when working in two dimensions, the set of all possible intervals [202]. Note that
due to the holographic dictionary, the kinematic space can also be defined as the set of geodesics
connecting two points on the boundary. This space inherits a Lorentzian structure and can be
built naturally in each CFT without resorting to the holographic correspondence. The remainder
of this section will focus on the context of the AdS3/CFT, mapping.

It is convenient first to analyze the case at constant time since the geometry in the bulk is
represented by the hyperbolic plane. The metric of the hyperbolic plane is given by

ds® = dp® + sinh? pdf>. (2.81)

In this expression, it can be seen that the boundary of the hyperbolic plane is found when p — oco.
In this coordinate system, the geodesics anchored on the boundary satisfy the following implicit
equation:

tanh? pcos (§ — ¢) = cos a, (2.82)

where ¢ is the angle at the geodesic’s deepest point, and « is half the opening angle that the geodesic
subtends on the border. These two parameters characterize each geodesic, so the kinematic space,
K, in this case, is two-dimensional and can be represented using ¢ and «. A result in integral
geometry applied to the hyperbolic plane case states that the length of a closed curve «y is given
by [202]

Lyl = Z/I(W(a,qﬁ)nw(a,cﬁ). (2.83)

In this expression, w(q, @) is a 2-form defined in kinematic space called the Crofton form, and
ny(a, @) is the number of intersections that each geodesic has with the curve «. In the case of the
hyperbolic plane, the Crofton form is given by [202]
1
s—da A\ de. (2.84)

sin“ «v

UJ(O[, ¢) = -

The Crofton form gives an appropriate measure in the space of geodesics, which, combined with
N, encodes the density of geodesics that traverse the curve. Two parameters characterize each
geodesic, so a change of variables can be made so that the parameters in the kinematic space are
the initial and final endpoints of the geodesic, that is, u and v. Using the formula for differential
entropy , it is possible to find the relationship between Crofton’s formula and entanglement
entropy. Then the differential entropy can be rewritten as follows:

_ m u@S(u,v)
Ip)=- [ a2
~ 08 (u,v)

ou v=v(u)
2m
=— du
/0 6’& v-u+7r]

S (u,v)
27 u+m 2
- g/ du/ dv2 x I8 (2.85)
4 0 v(u)

v=v(u)

ou
Ooudv

To go from the first equality to the second, a term has been added with differential entropy equal
to zero, that is, that of a point (see below). To go from the second to the third equality, one more
integral has been implemented, which through an extra derivative in v reproduces the previous
terms. The first factor of 2 counts the number of intersections of the geodesic with the curve,
while the second factor of 2 counts the two orientations of each geodesic. The advantage of this
representation is that everything is expressed in terms of kinematic space variables, and therefore
it is immediate to identify the corresponding Crofton form given by [202]

B 928 (u,v)
T Qudw

w(u,v)

du A dv. (2.86)
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Thus, it has been shown that the differential entropy formula provides a way to identify the
corresponding Crofton form as the double derivative of the entanglement entropy. Because of this,
given the intervals

A= (u—du,u), B = (u,v) y C = (v,v+dv), (2.87)

it is possible to use a fundamental property of entanglement entropy, strong subadditivity, which
states
Sap +Spc —Sp — Sapc >0, (2.88)

to show that

928 (u,v)
Oudv

Crofton’s formula is a fundamental piece from which other geometric elements and concepts
can be derived. Given a convex curve in the bulk, the Crofton form integrates over a subregion of
the kinematic space of codimension-zero, since it takes into account all the geodesics that intersect
the curve. However, it is possible to think of a continuous transformation that turns the original
curve into a point. In this way, the length of the curve is reduced until it reaches zero, which
is equivalent in kinematic space to the reduction of the integration region until it collapses to a
subregion of co-dimension one. It should be emphasized that the contraction of the aforementioned
curve is always possible in the present context since there are no topological restrictions. Due to
the previous construction, the geometric interpretation is clear and, at the same time, surprising.
A point is identified in kinematic space as the curve that defines the set of geodesics that intersect
the point; this curve is known as a point curve. All these geodesics are anchored throughout the
boundary. Consequently, the definition of a point on the bulk translates into non-local information
at the boundary.

Another important concept in geometry is the distance between points. To identify the region
in kinematic space that correctly computes the distance between two points A and B, consider that
they are infinitesimally far apart. The previous argument determines how each point corresponds
to its respective point curve. Assuming that the separation between the points is zero, it is
consistently held that the point curves coincide and therefore, the volume in the kinematic space
will have measure zero. As A and B move apart, a region of co-dimension zero bounded by
the point curves is generated; this is precisely the correct integration region that reproduces the
distance between A and B. Each point within this region represents a geodesic that intersects the
geodesic segment that joins the two points. This region between the curve points p4 and pp will
be denoted as ps A pg. Then the kinematic formula for the distance between A and B is

(A, B 1
(4, B) _ 7/ w. (2.90)
4Gn 4 palps

The last kinematic space formula involves the calculation of the interior volume () whose boundary
is a convex closed curve. In [149],the authors justified the following formula:

V@) 1
rrei %/GCK Aqw. (2.91)

S(u — du,u) + S(u,v+ dv) — S(u,v) — S(u — du,v + dv) ~ dudv > 0. (2.89)

In this expression, G is the subset of the kinematic space of geodesics that traverse region ) and
A¢ is the length of the geodesic segment that remains within region Q.

2.5 Entanglement of Purification

In section 5.3, it was detailed how a density matrix representing a pure state generates a density
matrix representing a mixed state for some subsystem. In the field theory context, this was achieved
by restricting an observer’s measurements to a specific region of space, R. The entanglement
entropy was used as a measure of the quantum correlations that the observer region has with
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their surroundings. For a non-entangled state, this quantity turns out to be identically zero since
there is complete separability between the state that describes the subregion and the state that
describes the rest. Thinking the other way around, given a mixed state with a bipartition, pap,
it is interesting to consider the possibility of purifying the state by allowing access to additional
degrees of freedom. Then, a state |¢)) € Haar ® Hpp: is said to purify the density matrix pap if
the following happens:

pap = Trap (%) (%)) (2.92)

The purifying state, [¢), is an element of a larger Hilbert space since, in addition to containing the
original degrees of freedom, AB, it contains additional information encoded in the bipartition A’B’.
Due to the nature of the construction, there are an infinite number of possible purifications, so from
a preliminary point of view, the concept of purification seems of little use. However, entanglement
is an essential resource in protocols applicable to quantum computing; it is the currency that allows
processes that are classically impossible to be carried out. From this perspective, one can choose
from the infinite number of purifications one that involves the least possible entanglement. Then,
the entanglement of purification [?] is defined by

Ep(pap) =min,,,S(ppp’). (2.93)

In this expression, ppp’ = Traa: (|¢) (¢|) and the minimization process is performed with respect
to all states |¢) that satisfy the relation and also with respect to all bipartitions A’B’. The
entanglement of purification is a quantum information measure in which classical and quantum
correlations are treated at the same level. Properties that relate entanglement of purification to
mutual information and entanglement entropy are known; these are:

%I(A . B) < Ep(pap) < min[S(pa), S(p5)] (2.94)
Ep(pasc)) = Ep(pan) (2.95)
Ep(pawc)) > 5T(A: B)+ 31(A: C) (2.96)

On the gravitational side of the holographic correspondence, there is a geometric object that
fulfills the same equalities listed above: the entanglement wedge cross-section. Specifically, suppose
we have two non-overlapping subsystems, A and B, at the boundary of a d-dimensional, static,
and asymptotically AdS space-time. Consider the constant-time slice of the entanglement wedge
associated with the union of these regions, Msp. The entanglement wedge boundary can be
decomposed as follows:

OMup = AUBUTE, (2.97)

min min

where I''5" is the RT surface associated to the union between A y B. Additionally, I'}2* can be
separated as

min A B

wh =T uTYg. (2.98)

Then, the entanglement wedge cross-section, X774, is defined as the minimal-area surface anchored

to T4 that separates the regions A and B. The cross-sectional area is given by

ARE)

T (2.99)

Ew(pap) =

This object correctly reproduces the inequalities (2.94), (2.95)), and (2.96). In [I52] 153] it was
recently proposed that

Ep(paB) = Ew(pag). (2.100)
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2.6 Computational Complexity

Entanglement entropy plays a fundamental role in the emergence of classical spacetime from the
holographic point of view. This can be appreciated in the Poincaré disk. In this geometry, it is
possible to foliate the entire space using geodesics anchored on the boundary. Those geodesics have
a specific regularized length whose value computes the entanglement entropies of the associated
intervals. From this perspective, when calculating the entanglement entropies, a list of data is
created, which has to be reproduced by the length of the corresponding geodesics. However, in
general, it is unrealistic to expect that from a list of data produced by the entanglement entropies
of different regions, a geometry can be found such that its extreme surfaces match all the data. The
existence of entanglement shadows [I50] and black hole interiors, in static situations [I51], elimi-
nates the possibility of reconstructing the complete geometry from the extremal surfaces because
these cannot penetrate those regions. So, it is important to find other measures of information
that allow us to probe regions where the entanglement entropy does not help us.

Computational complexity or circuit complexity is a concept in quantum computing that has
the purpose of measuring the degree of difficulty of performing a specific task. Specifically, given
two states |1r), |#17) € H and a set of elementary operations acting on a small number of qubits
at the same time, the computational complexity is defined as the minimum number of elementary
operations that build a unitary operator U that satisfies

lvr) = U |¢r) . (2.101)

In the case of a system of n qubits, U is a unitary matrix of 2 x 2", and the set of elementary
operations consists of operators that only act on two qubits at a time, that is, operators of the
form

Opnoim =10 018G, (2.102)
|y ———

n  factors

This operator, known as a gate, only acts on qubits n — 1 and n. By restricting the number of gates
that can be used to implement a unitary U operator, you limit the different types of operators
that can be constructed. Therefore, the set of gates must meet a sufficiency criterion that allows
you to build any type of operator available. The following definition characterizes this property:

Definition (Set of universal gates.) Let G be a finite set of gates. G is said to be universal
or G-universal if it is possible to use a subset of its elements to construct any unitary operator U

to any given degree of precision.

Consequently, working with a discrete set of gates or elementary operations requires the imple-
mentation of a tolerance e that measures the degree of precision with which the objective state is

obtained, that is, Eq. (2.101) is replaced by

[1vr) —=Uwr) | <e, (2.103)

for some notion of distance between states. An example of a G-universal set contains the following
gates:

1. The Toffoli gate, which maps |z, y, z) to |z, y, z P zy), where z,y, z € {0,1} and € represent
modulo 2 addition.

2. The Hadamard gate, this gate maps |0) — |+) and |1) — |-).

3. The phase gate, which maps |0) — |0) and |1) — ¢|1).
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In the CFT, it is possible to consider the thermal state, given by the following density matrix:

p= 5 e BB (. (2.104)
3
In this expression, {|E;)}; is a basis of energy eigenstates, and Z is the canonical partition function
of the system. The state described by is, due to its thermal nature, mixed. Then, it is
possible to consider different states that purify the system. The most widely used purification in
the literature for this state is known as the double thermofield state or TFD, and is given by the
following expression:

|TFD) = \é;e”i/z |E) |E;) . (2.105)

In this case, the auxiliary degrees of freedom, which serve to purify, area a second copy of the same
system. The holographic dual of this state is the system described by an eternal black hole [?].
This gravitational dual is constituted by two asymptotic regions connected by a smooth geometry.
At a given instant of time, the two asymptotic regions are connected by a spatial region known as
a wormhole or Einstein-Rosen bridge. The time evolution of the TFD state is given by

1 ,
|TDF(t;,tp)) = NG Z e~ BEi/2e—iE(tr+tD) | B | E;) (2.106)

where t; p represent a notion of time in the asymptotic regions. For a notion of time evolution in
which ¢; — t; + At and tp — tp — At, the state remains invariant. On the bulk side, it is therefore
observed that the wormhole does not grow under this notion of time. However, if the time flow is
chosen to be determined by t; + tp, the state will evolve non-trivially in time: the interior of the
wormhole grows larger as time goes on. Classically, the interior grows without limit; therefore, it
is valid to ask: what is the dual in the CFT of the growth of the wormhole? Entanglement entropy
or some combination of it cannot be the answer because its growth saturates after relatively short
times [I99]. In order to specifically answer the previously posed question, it is worth emphasizing
other properties of the wormhole. Since entanglement is not a good candidate for measuring the
growth of a wormhole interior, it is a bad idea to use the area directly or complicated combinations
of it to measure growth. So, it is natural to consider the volume of the spatial region as a measure
of the growth of the interior. In analogy with the RT formula, the temporal foliation given by
spatial slices that satisfy the property that they have maximum volume is chosen. Calculations of
the gravitational side reveal that the volume grows for very long times, reproducing the expected
behavior. On the CFT side, the computational complexity of the state |TDF (t7,tp)) is a property
that does not saturate for short times; even after the system has thermalized, it continues to grow.
Because of this, in [?] Susskind proposed the following conjecture:

2.107
Gnl (2.107)

C(ITFD(tr,tp))) = max {

That is, the complexity of the TFD state is calculated by determining the maximum volume of
the wormhole. In the previous expression, [ represents the characteristic length of the system.
This prescription for calculating complexity holographically is known as "complexity=volume" or
CV. An interesting aspect of this proposal is that for very long times, the time derivative of the
complexity, the computation speed, has the following value:

dCy 8 M

li = 2.108
t1+t11£n—>00 d(t[—‘rtD) d-1’ ( )

where d is the dimension of spacetime and M is the mass of the black hole. This result inter-
prets the mass of the system as the parameter that measures how high its computation speed is.
However, this result was also found by Lloyd when considering the maximum computing speed of
a system with energy E. Consequently, it can be inferred that black holes saturate the so-called
Lloyd’s bound and therefore are the systems that represent the fastest computers in the universe.
Although the CV prescription satisfactorily reproduces the known complexity behavior, it has cer-
tain associated disadvantages. The first involves the foliation of spacetime into slices of maximum
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volume; from a fundamental point of view, the reason for this choice is unclear. The second is the
appearance of the characteristic scale [, which can change depending on the context. Emphasizing
these observations, a new prescription was constructed where

CTFD(tr, tp))) = wawllstp) (2.109)

™

Here Iwaw (t1,tp) refers to the action evaluated in the region encompassed by the Wheeler-DeWitt
patch, which in turn is defined as the domain of dependence of a spatial slice that is anchored on
times t; and tp at the boundary. This prescription is known as "complexity=action" or CA. The
Lloyd limit associated with this prescription is given by

dCy 2M

li - = — 2.110
t1+t1£n—>00 d(t; +1tp) s ( )

Both prescriptions reproduce known behaviors of computational complexity, so there is not yet a
definitive criterion that selects one (There is in fact a much larger set of options [200]). This is
largely due to the technical difficulty involved in the CFT calculations and the lack of a single
formalism to deal with the problem. In recent years, much progress has been made in this regard
by implementing Nielsen’s geometric formalism in which the problem of finding the optimal circuit
is translated to computing a certain geodesic in a metric space [201].

r=20

Figure 2.4: WdW patch geometry.

2.7 Manual for the use of the Action

The Wheeler-DeWitt patch is the spacetime region corresponding to the domain of dependence
associated with a given spatial slice. The elements that compose its boundary in spacetime are
spatial segments, temporal segments, null segments, and all kinds of unions between them; see
figure . The gravitational action in the presence of cosmological constant A, from which Ein-
stein’s equations are derived, is given by

JR— /dd“x\/—g*(R—zA). (2.111)
167TGN M

However, when considering a spacetime, M, with boundary dM, additional terms associated with
the latter have to be considered. The simple variation of the action without considering the
additional terms generates an ill-defined variational problem due to the appearance of variations in
the derivatives of the metric. A detailed analysis reveals the kind of terms that need to be included
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Figure 2.5: WdW patch configuration for times greater than the critical time.

to cancel out unwanted variations [I90]. The most general gravitational action that gives rise to
Einstein’s equations and also has a well-defined variational principle is

1
I= o/ —g(R —2A
et AEARGrTUEEYS
1
+ / dizvV/—hK + sgn(S; / dzvVhK = sgn(N; / d\d*10 Ak
G ; oM, ; (50 OMs;, %: () oMy, v
1 i d—1 d—1
+ e ;sgn(ji)/d z\/on;, +;sgn(mi)/d /T, | - (2.112)

In the first line of the previous expression, we have the usual Einstein-Hilbert term with cosmo-
logical constant evaluated in the bulk. The terms in the second row must be added due to the
presence of a boundary. The boundary can be spatial (S;), temporal (7;) or null (IV;). For spatial
and temporal surfaces, the term to consider is the Gibbons-Hawking action, while in the case
of a null surface, a term is added that is the integral on the surface over on affine parameter
[?, ?]. The sign with which each integral contributes is determined by its orientation. For spatial
surfaces, it will be the positive sign if its normal vector points to the future and the minus sign
otherwise. Similarly, for null surfaces, the positive sign will be taken if the volume of the region
to be integrated is in the future of the null segment and the minus sign is taken otherwise. In the
third line, the terms come into play due to the presence of joints between segments. The following
list covers all possible cases:

1. Union between space-like segments (SAS). Let n{, be the normal vector pointing into
the future on each surface and p{, be the tangent vector on each surface. Then, the factor
75, is determined by

nj; = n|(n1 +p1) - nal. (2.113)

2. Union between time-like segments (7" A T). Let s{, be the spatial unit normal to
each surface. Also, let pf', be the tangent vector to each surface. Then, the factor n;, is
determined by

Ny =In|(s1+ p1) - s2. (2.114)
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3. Union between time-like and space-like segments (7' A S). Using the previous defini-
tions of the normal and tangent vectors, we have the following expression

0y, = In|(n+p)- sl (2.115)

For the cases (S A S) and (T A S), the sign of the integral will be positive if the normal vector,
n$, points out of the volume of interest, and negative in the opposite case. In the case (T'AT),
a positive sign is always obtained. For null segments, there are also three cases that derive from
considering the possible unions between surfaces in which one of them is null. The following list
summarizes the set of rules to consider for each integral:

1. Union between null and space-like segments (N A S). Let k, be the tangent vector
pointing to the future of the null surface. Then, the corresponding integral contains the

following factor
a=Inlk-n|. (2.116)

2. Union between null and time-like segments (N A T). Let k, be the tangent vector
pointing to the future of the null surface. Then, the corresponding integral contains the

following factor
a=1Inlk-s|. (2.117)

3. Union between null segments (N A N). Let kf, be the tangent vector pointing into the
future of each null surface. Then, the corresponding integral contains the following factor

In the case of a Lovelock theory of gravity, a generalization of this manual can be found in
[154].
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Chapter 3

PhD projects (Objectives, Methods
and Results)

The specific objectives outlined before resulted in the following research articles:

e arXiv:1808.00067 [I85]. Holographic complexity of anisotropic black branes. Published in
Physical Review D in collaboration with Seyed Ali Hosseini Mansoori, Viktor Jahnke and
Mohammad M. Qaemmaqgami.

e arXiv:1905.07413 [I86]. Holographic integral geometry with time dependence. Published in
JHEP in collaboration with Bartlomiej Czech and Zi-zhi Wang.

e arXiv:2104.12796 [194] Insensitivity of the complexity rate of change to the conformal anomaly
and Lloyd’s bound as a possible renormalization condition. Published in Physical Review D
in collaboration with Daniel Avila, César Diaz and Leonardo Patifio.

e arXiv:2201.01786 [187] Holographic Coarse-Graining: Correlators from the Entanglement
Wedge and Other Reduced Geometries. Published in JHEP in collaboration with Alberto
Giiijosa and Juan F. Pedraza.

This section summarizes the results obtained in the previously cited articles.

3.1 Holographic Complexity of Anisotropic Black Branes

Abstract. We use the complexity = action (CA) conjecture to study the full-time dependence
of holographic complexity in anisotropic black branes. We find that the time behaviour of holo-
graphic complexity of anisotropic systems shares a lot of similarities with the behaviour observed
in isotropic systems. In particular, the holographic complexity remains constant for some initial
period, and then it starts to change so that the complexity growth rate violates the Lloyd’s bound
at initial times, and approaches this bound from above at later times. Compared with isotropic
systems at the same temperature, the anisotropy reduces the initial period in which the complexity
is constant and increases the rate of change of complexity. At late times the difference between
the isotropic and anisotropic results is proportional to the pressure difference in the transverse and
longitudinal directions.

3.1.1 General aspects of the on-shell action and the WdW patch

The gravitational solution described by the MT model [188] can be extended to an eternal black
brane solution. The extended solution is dual to the state |TF D), which is a possible purification
resulting from considering the entanglement of two copies of the original theory. The prescription
implemented to calculate the complexity involved the evaluation of the on-shell action in the WdW
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Figure 3.1: Penrose diagram and the WDW patch (blue region) for the two-sided black brane we
consider. (a) Configuration at initial times (¢ < ¢.) in which the WDW patch intersects both the
future and the past singularity. (b) Configuration at later times (¢ > t.) when the WDW patch no
longer intersects the past singularity. The dashed lines represent the cutoff surfaces at r = rp,45-

patch. The WAW patch corresponding to this geometry can be seen in figure . The notion of
time on the boundary is taken to be such that t; = tp = t/2; therefore, the WAW patch is a square
figure. The region near the boundaries is regularized using the parameter r,,,, and the regions
near the singularities are regularized with the parameter e. The on-shell action has the following
form:

B 1
N 167T'GN

1
dV (R — 2A) + /dSK, 3.1
/v (R=28)+ g [ (3.1)

where R is the Ricci scalar evaluated in V, A is the cosmological constant and K the extrinsic cur-
vature of V. In order to perform the calculations in the most general way possible, the following
form of the metric is assumed:

ds® = =G (r)dt* + Grp(r)dr® + Gy (r)da'da? (3.2)
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where r is the AdS radial coordinate and (t,2%) are the gauge theory coordinates with i =
1,2,...,d — 1. The boundary is located at »r — oo and a horizon is assumed to exist at r = rg,
where Gy becomes zero and G, has a simple pole. We denote the determinant of G;; as G.

In complexity calculations, it is convenient to use coordinates that smoothly cover both sides
of the geometry. In this sense, the Eddington-Finkelstein coordinates are used, which are defined as

u=t—7r(r), v=t+r*(r), (3.3)

where the tortoise coordinate is defined as

() = sgn (G (r)) / ' dr'y | gt t((:; . (3.4)

The CA prescription [189] states that the computational complexity of the state |TF D) is given
by the gravitational action evaluated in the Wheeler-DeWitt (WdW) patch, in other words,

Cq = TWow (3.5)

™

Due to the presence of a boundary, Iy pyw must be evaluated considering the terms corresponding
to each part of the boundary; namely,

IVVDW = Ibulk + Isurfacc + Ijoint 3 (36)

where

1
1 = dV (R —2A 3.7
bulk 167TGN A ( ) ( )
is the bulk gravitational action and Isurface; fjoint correspond to the surface and joint terms, re-
spectively. The inclusion of these boundary terms is essential for the correct definition of the
gravitational variational principle [I90]. The explicit form of the surface and joint terms is given

by Eq. (2.112).

The WAW patch boundary is composed of null segments that are shot from the asymptotic
boundary at t; = tp = t/2, timelike segments generated by the presence of the factor r,., that
regularizes the action, and spatial segments present by the regularization of the singularity with the
parameter €. Additionally, there are joints between segments, which make the border not smooth.
Conveniently, an affine parameterization of the null surfaces can be used, which makes these terms
vanish completely.

The presence of null boundaries and the symmetric configuration of the WdW patch makes it
necessary to consider the time range in two stages characterized by a critical time t.. For times
t < t. the WdW patch overlaps with the past and future singularities because the Penrose diagram
does not represent a completely square region [I93]. For times ¢. < ¢, the bottom of the WdW
patch is completely separated from the past singularity, so the configuration is now not symmetric.
The critical time can be calculated by determining the locus where null geodesics thrown from the
boundary toward the past intersect. Then, t. satisfies the following relation:

te=2(r5 —1r*(0), ri= Tlim r*(r). (3.8)

o0
— 00
Figure shows the behavior of the critical time as a function of a/T, fixing the temperature.
It can be seen that the anisotropy causes a minimal reduction in the critical time. In the following
sections, the results of the on-shell action in the aforementioned configurations will be presented.
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Figure 3.2: Critical time (normalized by isotropic result) versus a/T. We consider increasing
values of a, but we choose them r, in such a way as to keep the temperature fixed as T' = %

3.1.2 Behavior at initial times: 0 <t < £,

For ¢t € [0,t¢), the upper and lower corners of the WdW patch are absent due to past and future
singularities. The contributions for Iy 4w, in this case, include the bulk term, two GHY terms
for the timelike boundaries at 7 = 7,4, close to the asymptotic regions, two GHY terms for the
spacelike boundaries at r = € that regularize the region close to the singularities, and the joint
terms that correspond to the intersection of the ones mentioned above. Due to the symmetry of
the WAW patch configuration, it is possible only to calculate the contributions corresponding to
one-half, since the total contribution will be double. Taking this observation into account, the bulk
term can be broken down into three parts corresponding to the subregions on the right-hand side.
That is

Ibulk(t S tc) =2 (Il{ulk + Iblzflk —+ IquIlIk) 5 (39)

To define regions I, II, and III, reference is made to figure 2.4 The result of adding the three
contributions is

1 Tlnax * *
Thuk = ICn /50 drv/—g L(r) (7"00 —r (r)) ) (3.10)

It is observed that the result does not depend on time due to the symmetry of the configuration:
as time progresses, the region that disappears in the future singularity emerges from the past sin-
gularity.

The boundary contribution to the WdW patch shares the exact symmetry as the bulk term:;
therefore, it is possible to consider the total contribution by only assuming one side and then
doubling the result. So, we have

Isurfacc(t < tc) _ grfuture IPaSt + Ifrontera (311)

surface + surface boundary*

After adding the explicit form of the contributions, the following expression is obtained:

Va-1

Luplt 1) = 122000 (s = ') |+ 2o G -]

r=€g 87TGN T=Tmaz

_ [GuG Gy G
9=\ [Gtt + G} : (3.12)

Like the bulk result, the contribution to the action from the boundary region is not time-
dependent. Finally, we address the term included in the action due to the presence of non-smooth
joints between the boundaries. The type of unions considered corresponds to the intersection of

where
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null boundaries with spacelike boundaries and null with timelike boundaries. The contribution
from the joints takes the form

sing boundary
Ijomt - IJOln + Ijomt 5 (313)

A detailed analysis reveals that this contribution, like the others, is not time-dependent. In con-
clusion, the sum of the terms Ik, Jsurface and Jjoin does not depend on time, that is

dI
%:o, when 0 <t < ... (3.14)

3.1.3 Behavior at late times: ¢, <t

For t = t., the lower corner of the WdW patch makes contact with the surface r = e that regularizes
the singularity. For later times the lower corner is completely visible in the Penrose diagram, and
therefore we have a configuration that breaks the symmetry of the previous case. On the other
hand, the WdW patch is still symmetric about the vertical axis located in the central part of the
Penrose diagram. Then, the bulk term and the surface and union terms can be separated in the
same way as in the previous case. Then the contribution of the bulk term is

Ibulk(t 2 tc) =2 (ItI)ulk + Ibulk Itl){lllk) s (315)

whose explicit form turns out to be

Touik(t > te) = Ipuk(t < t.)

+g GN/ drrc()(—r —l—r*(r)).

In this expression, it can be seen that the term in the action corresponding to the bulk can be
separated into two contributions: the contribution of the bulk for early times and a contribution
that depends directly on time. The parameter r,, refers to the radial location of the lower corner
of the WAW patch, which is also time-dependent and satisfies the following relationship:

3 " T T 17 (rm) =0. (3.16)

The contribution of the surface terms shares the same structure, in other words, we have

Isurface(t 2 tc) - surface(t < tc) + Igﬁﬁil?;rcee 5 (317)

where,
uture Vd—l t * *
Isuzface = SWGNQ(T) (2 + Too =T (7”))

This last term corresponds to the contribution of the surface with r = e.
For late times, the WAW patch contains joints between null and spatial surfaces, as well as joints
between null surfaces. Adding all the contributions due to unions gives

Gt (rm
\/ (rm) log ttr)‘.

(3.18)

Ijoints(t Z t ) - _]Olntb(t < t

(3.19)

The second term represents the WdW patch lower joint contribution in the above expression.

Adding all the terms that contribute to the action and differentiating with respect to time, we
finally obtain

dlwpw Vi m 1/ Gu ., G G .,
dt 16nGx / dry/=g L) + 6| _ + (2 aa e | e e ) |

(3.20)
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Figure 3.3: 7= versus 6t for the MT model (blue curve) and for the DK model (black curve).
Here, for the MT model, we have fixed 7, = 1 and a/T = 0.314. For the DK model we fixed B = 3
and r, = 1. The curves obtained for other values of these parameters are indistinguishable from
the above results.

Then, the time derivative of the complexity is obtained simply by using

&a _ ldlwow (3.21)
dt T dt

This expression allows calculating the behavior in the complexity growth rate for any time value. In
figure , it can be seen that initially, the computation speed remains equal to zero, reflecting
that the state does not become more complex. Once the critical time is exceeded, the computation
speed increases until it reaches a maximum and then decreases asymptotically to a specific value
that coincides with the corresponding Lloyd limit. The behavior is qualitatively similar to the
isotropic case.

3.1.4 Late time behavior: { — o

The expression for the action evaluated on the on-shell action simplifies dramatically in the limit
t — oo. In this time scale, most of the WdW patch has disappeared due to the presence of the
singularity. Consequently, the region’s lower joint asymptotically approaches the horizon’s radius,
that is, r,, — rg. In figure (3.5) you can see the ratio r,, /ry as a function of ¢t —t.. The expression
that results from taking this limit is

G

Z dr\/ —g L(T) + mG;t

dlw pw _ Vi
dt 167G N

GuC (G, G
e\ G (Gtt e

By substituting the component functions of the metric that characterize the solution of the MT
model, the following result is obtained for the computation speed:

_ ] . (322)

dCa _ Vs
dt  16m2GN

2M(a)

. (3.23)

2,2

The result shows that the computation speed saturates the Lloyd bound for very long times. It is
important to highlight that the anisotropy, characterized by a/T', modifies the mass of the isotropic
solution to the same extent that it modifies the corresponding computation speed.
In the same way, substituting the functions of the metric that characterize the solution of the DK
model, we obtain

dCA 1 dIWDW V3 2 2-2\43

_ = — = X GB = —_— 3.24

dt T dt 1672G T ( )
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From the above expression it can be seen that the DK model also satisfies the corresponding Lloyd’s
bound.

3.1.5 Conclusions

This work considers two models that break the SO(3) symmetry in the coordinates (x,y,z). In
a perturbative analysis of the anisotropy parameter, the MT model showed a change in its com-
putation speed with respect to the isotropic case. However, the qualitative characteristics of the
isotropic case were preserved even in the presence of anisotropy. The computation speed is zero
for times below the critical time; it stops being zero from there. The computation speed increases
to a maximum value, then decreases and asymptotically saturates the corresponding Lloyd bound.
Furthermore, it was found that the maximum value of the computation speed increases as the
anisotropy increases, keeping a in the range of validity of the approximation. In the DK model, it
was found that the corresponding Lloyd’s bound is equally satisfied. The behavior of the complex-
ity shows that it does change in models with broken symmetry under rotations; however, it does
so in such a way that the universal characteristics of complexity are not changed.

3.2 Holographic Integral Geometry with Time Dependence

Abstract. We write down Crofton formulas—expressions that compute lengths of spacelike curves
in asymptotically AdSs geometries as integrals over kinematic space—which apply when the curve
and/or the background spacetime is time-dependent. Relative to their static predecessor, the time-
dependent Crofton formulas display several new features, whose origin is the local null rotation
symmetry of the bulk geometry. In pure AdSs where null rotations are global symmetries, the
Crofton formulas simplify and become integrals over the null planes, which intersect the bulk
curve.

3.2.1 Null alignment condition and local null rotations

The null vector alignment condition, NVA, reviewed in section , states that the differential
entropy formula is not only valid using geodesics tangent to the space curve. It is also possible
to reproduce the length of the curve using reoriented geodesics using a null vector orthogonal
to the vector tangent to the curve. For each point on the spatial curve, a differently reoriented
geodesic can be taken; therefore, this additional freedom is local. Because of this, the emergence
of a submanifold of codimension one that directly takes this into account is inevitable. The family
of all geodesics forms this hypersurface at a given point on the curve. Due to the existence of two
null normals at each point on the curve, there are two hypersurfaces tangent to the curve. These
tangent hypersurfaces are nothing more than null leaves that emanate tangentially from the point
of the curve. Locally, these geodesics are related to each other by implementing a null rotation,
which has the property of fixing a null vector.

3.2.2 Crofton formula

The differential entropy formula correctly calculates the length of a closed curve in the bulk using
NVA geodesics to the curve. This calculation employs a one-dimensional integral to sum all the
NVA geodesic in the curve. In the static case, this formula was promoted to a double integral using
Stokes’ theorem, giving rise to Crofton’s formula and the correct identification of the Crofton form
as the double derivative of the entanglement entropy [?]. The previous statement allowed us to
identify the space where the double integral is performed as the kinematic space [I86]. For closed
space curves with non-trivial dependence on time, in general, the set of tangent or NVA geodesics
will have endpoints described by the coordinates «f/ = (71,601) and 2/, = (7g,0r). Then, the
differential entropy formula takes the form

aS(zl |zt
L[] :/ dx;{%. (3.25)
Mnva TR
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In this expression Myva is the set of all NVA geodesics that define the curve in the bulk. On the
other hand, using Stokes’ theorem, we get

028zl , 2%) aS(xh , ahy) aS(xh , at)
d v /\d 12 L>"R :/ d L>"R d 12 :/ d M L'"R 2
/)c R Oxy 0rly K ( Oy xR) oK o orfy (320)

where for consistency with the differential entropy formula Myvya = 9K is identified. Therefore,
the integration region K in the kinematic space must have a boundary in which all points are NVA
geodesics. The previous argument allows us to identify Crofton’s formula for the covariant case,

Ly] 1
—— 2
G 4/Kw X n, (3.27)
where
%S u y
w = del’ A dl’R
928 928 928 028
= ———dOr Ndb ———df;, Nd ———dt, NdO ——drp, N d 3.28
0,007, 00 N OR+ Gg g b NdTR + g dr N R+ S dr N (3.28)

and n represents the intersection number of the null plane with the spatial curve. For a con-
vex curve, this factor is 2. As a consistency check for this formula, the case of spatial curves in
AdSs was analyzed [186]. The first curve considered is a circumference of radius R centered at
the origin of AdSs3. This curve has no time dependence; however, its use is justified as an exam-
ple of consistency. The Crofton form was found to reproduce the length of this curve correctly.
As a second example, the same circumference was used, now with a slight temporary oscillatory
disturbance, so it does not alter its causal structure. The parameterization of this curve is given by

R(6) = R, (3.29)

7(0) = esin (20) . (3.30)

2y/1+ R?

Using Crofton’s formula Eq. (3.27) was found to exactly reproduce the gravitational result.

3.2.3 Conclusions

The differential entropy formula applied in the covariant context allowed Crofton’s formula to be
generalized to the same scenario. The crucial step in the correct definition of the formula and
identification of the Crofton form was the application of Stokes’ theorem. This procedure also
allowed us to identify the corresponding region in the kinematic space: the set of all points whose
boundary can be understood as the NVA geodesics of the spatial curve in the bulk. The NVA
condition allowed us to identify the geometric object, the tangent null sheet, which encodes the
extra degree of freedom that exists when choosing the geodesics that reproduce the length of the
curve in the differential entropy formula. Because all NVA geodesics are related to each other by a
null rotation that keeps them on the same null sheet, this object provides us with a tool in which
a single geometric entity describes an infinite number of possibilities when choosing NVA geodesics.

3.3 Imsensitivity of the complexity rate of change to the con-
formal anomaly and Lloyd’s bound as a possible renor-
malization condition

Abstract. We determine the effect on the computational complexity of a conformal anomaly using
the Complexity=Action prescription of the gauge/gravity correspondence. To allow the involve-

ment of said anomaly, we extend previous studies to include arbitrary values for the anisotropic
parameter and the magnetic field respectively on the Mateos-Trancanelli and the D’Hoker-Kraus
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holographic models. Our main result is that the rate of change of the computational complexity is
independent of the conformal anomaly in both cases. In addition, this allows us to also show that,
if so desired, the saturation of Lloyd’s bound at infinite time can be used as a renormalization
condition.

3.3.1 Conformal anomaly in the Mateos-Trancanelli and D’Hoker-Kraus
models

The traditional treatment of quantum field theories implies starting with a classical action de-
scribed in terms of classical fields. Later, those classical fields go through a standard procedure
called "quantization" to obtain a quantum description of the classical system. The classical system
sometimes possesses symmetries that must be preserved after quantization. This consideration ap-
plies especially in the case of a gauge symmetry. A gauge symmetry is an over-description of the
system in which more than one possible field configuration exists for the same physical description.
It is not a property of Nature but rather a property of how we choose to describe Nature. This
type of symmetry must survive the quantization procedure in the sense that the symmetry must
be also a symmetry of the quantum system. Otherwise, the quantum system might become math-
ematically inconsistent. On the other hand, global symmetries are actual symmetries, intrinsic to
the system and with real physical consequences. They can sometimes be lost upon quantization,
without inconsistency. Generically, the absence in a quantum theory of a symmetry that was
present classically is known as an ’anomaly’.

The conformal anomaly is a particular case of interest that can be present in a CFT. As
explained before, CFTs are quantum theories with an infinite number of degrees of freedom which
have the conformal group as a symmetry group. In particular, they are invariant under a local
rescaling of the metric that is

09ap = €()gas, (3.31)

where €(x) is an infinitesimal parameter controlling the transformation. Under this transformation,
the action changes as follows:

68 = /d%(sgsﬁ 6ap- (3.32)

It is possible to express the previous formula in a way that looks more familiar. This step involves

the identification of <25~ as the energy-momentum tensor, omitting some proportionality factors
6gaﬁ

involving the metric. The result of this identification is

T® =0, (3.33)

namely, the trace of the energy-momentum tensor must be equal to zero if the theory respects the
symmetry at the classical level. At the quantum level, the story can be very different. Hence, a
conformal anomaly will exist if

(TS # 0. (3.34)

Holographically, it is conceivable to compute the exact form of the previous relation. Given a
holographic pair of theories, gravitational theory on AdS and a CFT, it is possible to calculate
the CFT energy-momentum tensor from a gravitational calculation using the GKPW prescription
and the holographic renormalization procedure. The holographic dictionary states that operators
in the bulk are into one-to-one correspondence with local gauge invariant operators in the CFT.
Specifically, the CFT energy-momentum tensor is related to the metric in the gravitational theory.
Most of the time, integrating quantities on AdS involves dealing with IR divergencies. Therefore,
a renormalization procedure in the bulk is needed in which the action is regularized to obtain
finite quantities of physical meaning. Taking into account the previous statement, the holographic
dictionary states that to compute the CFT energy-momentum, one must perform the following
calculation:

65!‘91’1

2
Va0 @) d90) ()
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where Sic, is the renormalized action and g(g)(z) is the boundary condition for the metric. In the
case of the MT model, explicit calculation reveals

(T) = Gorg " (3.36)

where V. denotes the spatial volume and a measures the amount of anisotropy in the system. In
the case of the DK model, the same procedure reveals

Vm 2

(T = —ge&? (3.37)

where b measures the magnetic field present in the system. Notice the role of the anisotropy and
the magnetic field in the previous two expressions. They can be seen as parameters that break the
conformal symmetry. In both cases, the parameters a, b, and T' characterize a specific theory giving
rise to a family of solutions. For the MT model, the dimensionless parameter is a/T, whereas for
the DK model, it is b/T?. Therefore, if the conformal symmetry is preserved, it is expected that
every dimensionless physical quantity is a function of the dimensionless parameters. Otherwise,
the conformal anomaly would be present.

As stated before, both models, MT and DK, exhibit a conformal anomaly introduced by the
anisotropy and the magnetic field, respectively. The trace of the energy-momentum tensor depends,
in both cases, on a specific power of the symmetry breaking parameter, a, and b. In the case of
the MT model, the trace is proportional to a*, whereas, in the DK model, it is proportional to b°.
In [I85] the late-time rate of computation was determined up to second order in the anisotropy.
This result was equal to the expected Lloyd’s bound at the corresponding order, 2M /7. Neverthe-
less, the final result did not reflect the conformal anomaly of the system, because this effect was
expected to be present in the next order of perturbation theory, O(a*). That is why, in out work
it was important to calculate the late-time rate of computation in both models to all orders in the
parameters a and b.

3.3.2 Computational Speed
Counterterms and the renormalization scheme

From , we can see that all the terms that diverge in the rp.x — oo limit were eliminated by
the time derivative, rendering dlv;% finite. This is because the rpy,.x surfaces only undergo a time
translation, and given that both families of solutions are static, any boundary integral evaluated
at this surface will be time-independent. This is true for the counterterm actions, so they were
omitted in the evaluation of Iwqw. It should be noted, though, that Iywqw itself is a divergent
quantity. The counterterms necessary to remove said divergences were computed in [I91] and later
applied in [192] for a BTZ black hole. These counterterms do not modify the late time behavior
of the complexity rate of change; thus, we omitted them from the previous computation.

Usually, when computing thermodynamic quantities such as the state’s free energy, the gravi-
tational action is evaluated in the exterior region. The boundary of this region is constituted by
the surfaces at r = r.« and 7 = 7y, but the counterterms vanish when evaluated at the horizon.
However, as the WAW patch boundary includes the r = r;, surfaces, the counterterms also need
to be evaluated there. In our work, it was explicitly checked numerically that, for any solution in
both models, the contribution from this vanishes when the limit 7., — 7 is taken. This means
that Iwqw, and the complexity of the TFD state, is independent of the finite term determined by
Csch, namely, the renomalization constant.

Behavior at initial times: 0 <t < ¢,

In [1I85] were found general expressions for the computational speed, namely, the time derivative
of the complexity. As previously explained, the holographic calculation in the CA prescription
involves the evaluation of the action in the region known as the WdW patch. As the boundary
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Figure 3.4: Rate of change of the complexity dC/dr in units of N'T* as a function of 7 for the MT
model. Each curve corresponds to a different value for the anisotropic parameter, being a/T =
19.57, 41.14, 85.46 from bottom to top respectively. The horizontal dashed lines correspond to the
late time behavior of each curve, with the precise values being dC/dr>° = 329.42, 419.58, 533.99,
respectively. For all cases we fixed I,y = L = 1.

time passes, the interior of the WdW patch changes. For this reason, separating the calculation
into three stages is suitable. The first stage involves a configuration of the WdW patch in which
the lower corner is hidden behind the past singularity. The second stage involves a configuration
in which some of the interior of the WAW patch desappears behind the future singularity. Finally,
the third stage consists of a configuration in which the lower corner gets too close to the future
singularity. For the first stage, the computational rate is zero in general, reflecting the fact that
initially, the state keeps its complexity constant.

Behavior at later times: ¢, <t

For the case of the MT model, it is possible to evaluate eq. numerically, which allows the
computation of the rate of change of the complexity of the TFD state as a function of time for
any value of the anisotropic parameter. The result of the evaluation is presented in Fig. (3.3.2))
for l,un = L = 1 and the three values of the anisotropy a/T = 19.57,41.14,85.46, displayed from
bottom to top. This shows that the general effect of the anisotropy is to increase the value of
dC/dt for any given t. It is also possible to see that, for any a/T, at ¢ shortly after t. the rate of
change of the complexity decreases as time passes, reaches a minimum, and then it increases to a
constant value, that we will denote as %, for late times.

The dashed horizontal lines in Fig. mark the asymptotic values and are plotted as a
continuous function of a/T displayed as a red line in Fig. . While the early-time behavior
can be modified by changing [,,,1, the late time behavior is independent of this arbitrary constant.
It is also important to note that, for a given ¢, the rate of change of the complexity only depends
on the dimensionless parameter a/T. A check was done numerically by varying ¢ and T inde-
pendently. The conclusion from this is that d%f:O is independent of the energy scale and thus is
unaffected by the conformal anomaly.

For the case of the DK model, it was possible also to employ a numerical analysis. The result
of the evaluation is presented in Fig. for I, = L = 1 with three different values of the
magnetic field intensity being, from bottom to top, b/T? = 40.59,47.56, 56.62 respectively. As in
the case of the MT model, in this system, the magnetic field tends to increase the value of dC'/dt
for any given ¢. In general, the same behavior was found for the computational speed at any
magnetic field strength value. For later times, the computational speed increases by passing the
corresponding Lloyd’s bound. Then, it reaches a maximum and goes down again, decreasing its
value asymptotically, reaching the expected Lloyd’s bound.
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Figure 3.5: Rate of change of the complexity dC/dr in units of N'T* as a function of 7 for the DK
model. Each curve corresponds to a different magnetic intensity, being a/T = 19.57, 41.14, 85.46
from bottom to top respectively. The horizontal dashed lines correspond to the late time behavior
of each curve, with the precise values being dC'/d7>° = 329.42, 419.58, 533.99, respectively. For
all cases we fixed I,y = L = 1.

3.3.3 Conclusions

The results presented in this paper coincide with the previous results obtained via a perturbative
analysis. In the process, it was possible to get novel features from the studied models. The main
result demonstrates that the time derivative of the complexity is unaffected by the presence of a
conformal anomaly. The first of two reasons why this is the case is that (1/7*)dC/dt, which is
a dimensionless quantity, only depends on a and T' through the dimensionless ratio a/T, proving
that such derivative is independent of the energy scale, which was fixed to unity throughout this
paper. The second reason is that the counterterm action, which contains the scheme dependent
coefficient Cy, does not contribute to the derivative with respect to ¢, as the integral over the
boundary regulator is constant and the integral near the singularity vanishes as the regulator is
removed.

The other main result is in regards to Lloyd’s bound. It is expected, when using the CA
prescription, that Lloyd’s bound will be violated for any finite time, only to be saturated when an
infinite amount of time has passed. Knowing that this was the case for a = 0 and b = 0, the validity
of this result was studied for arbitrary values of the anisotropic parameter and the magnetic field.
The energy of the system, which appears on the right-hand side of Lloyd’s bound, depends on
both the energy scale and the coefficient Cys.,. However, as just stated, dC/dt does not depend
on any of these quantities. While at first sight, this could be interpreted as an inconsistency for
Lloyd’s bound when a conformal anomaly is present, that is not what it is. The role of Cy, is to
keep the physical quantities scheme-independent, and in particular, for the energy, this means to
absorb any modification that it could suffer when the value of the energy scale is changed, once, of
course, a renormalization condition has been imposed. Thus, the results above demonstrate that,
if so desired, the saturation of Lloyd’s bound at an infinite time can be used as a renormalization
condition and let Cg., be adjusted to satisfy it for any given ,a,T or ,b, T, depending on the model.

3.4 Holographic Coarse-Graining: Correlators from the En-
tanglement Wedge and Other Reduced Geometries

Abstract. There is some tension between two well-known ideas in holography. On the one hand,
subregion duality asserts that the reduced density matrix associated with a limited region of the
boundary theory is dual to a correspondingly limited region in the bulk, known as the entanglement
wedge. On the other hand, correlators that in the boundary theory can be computed solely with
that density matrix are calculated in the bulk via the GKPW or BDHM prescriptions, which require
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input from beyond the entanglement wedge. We show that this tension is resolved by recognizing
that the reduced state is only fully identified when the entanglement wedge is supplemented with
a specific infrared boundary action, associated with an end-of-the-world brane. This action is
obtained by coarse-graining through a variant of Wilsonian integration, a procedure that we call
holographic rememorization, which can also be applied to define other reduced density or transition
matrices, as well as more general reduced partition functions. We find an interesting connection
with AdS/BCFT, and, in this context, we are led to a simple example of an equivalence between an
ensemble of theories and a single theory, as discussed in recent studies of the black hole information
problem.

3.4.1 Subregion duality and bulk reconstruction

The RT surface played a prominent role in that eventually led to the proposal of subregion
duality. In more detail, the seminal works [21], [22] [40] conjectured that the reduced density matrix
p is dual to the entanglement wedge of A, denoted £ and defined as the domain of dependence of
any codimension-one bulk spacelike region extending between A and I

The bulk-to-boundary translation is known as ‘bulk reconstruction’, and seeks to identify the
region in the bulk that can be fully reconstructed with the information in p. Building on important
insights gained over the years in [41] [42] 43], [44] [2T], 22] [45] [46], [40], this question was definitively
answered in [47), 48] 49 50l 511, 52] 53], which showed that, indeed, all local bulk operators in &£ are
fully reconstructible within A. Crucial for this achievement was the realization that holography
works as a special type of code for quantum error correction (QEC) [54] 55l [56], and bulk recon-
struction is meaningful only within a ‘code subspace’ of the QFT, where bulk effective field theory
is approximately valid.

A crucial property of p is the fact that it allows the correct determination of all correlators of
local or extended operators O; placed within A:

tra(pO1 - On) = (U] O - O, |T) . (3.38)

On the flip side, p would not know about correlators of operators that are inserted outside of
A. From the subsystem perspective, the insertion of such operators amounts to a change of the
reduced state, and would require recomputation of p.

The starting point for this project is the observation that the GKPW prescription seemingly
contradicts , because even when the sources J;(z) are turned off in A€, so that operator
insertions are purely within A, Zg,..[J;] still requires information from £¢, the bulk region beyond
the entanglement wedge. This is true even for basic two-point functions of simple operators, well
within the confines of the relevant code subspace in the QFT. This contradiction reveals that, by
itself, the identification of £ is not equivalent to a complete specification of p.

What we need then is a reformulation of the bulk recipe for correlators in A, that makes
reference only to the entanglement wedge. Given that the issue is tracing out some of the degrees
of freedom contributing to the (bulk or boundary) path integral, the natural tool at our disposal
is Wilsonian integration, whose holographic implementation was developed in [70} [71} [72]. For our
purposes, we will seek to apply it in a nonstandard manner: instead of tracing over a UV region,
as is done in standard Wilsonian renormalization, we will trace over the bulk region £¢, which
includes the IR region as well as what amounts to the UV in A€.

The net result of this approach will be a boundary action I,z defined at the IR end of the
entanglement wedge, whose inclusion guarantees that correlators within A are correctly reproduced.
Its presence is analogous to the counterterm action Iyy prescribed by holographic renormalization,
but whereas the latter serves to cancel the divergences in I,yk, the former is needed to keep the
memory of the portion of the state encoded by £°. For this reason, we refer to our procedure as
holographic rememorization.

Conceptually, the issue is that the reduced density matrix p specifies not only the subset A
of degrees of freedom that remain untraced, but also their state. In the bulk, the identification
of £ goes along with the choice of A, but the specification of the state is not complete until the
boundary action I1g is provided. The full association is therefore not p <+ &, but p <> (€, I1r).

In completing the statement of subregion duality, the results stated here also relate to a puz-
zle raised recently in [82]. It was noted there that in some situations the bulk metric can be
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reconstructed far beyond the entanglement wedge, by applying the prescription of [83] to two-
dimensional minimal surfaces that reach outside £ despite being anchored within A. These sur-
faces can be spanned by string worldsheets that, according to the standard holographic dictionary
[84, [85], compute expectation values of Wilson loops that are certainly encoded in p. The authors
of [82] inferred from this that either there exist data in p that determine the metric parametrically
far outside &, conflicting with the standard intuition about subregion duality, or the information of
such surfaces is not contained in p, indicating that there is something wrong with the holographic
recipe for Wilson loops. Our perspective is more in line with the first option: by definition, p does
contain data about the state in A¢, and therefore £¢. However, it does not fully and uniquely deter-
mine that state. In particular, many states lead to the same reduced density matrix p and, hence,
the same infrared action IIRE| Wilson loops whose dual worldsheets exit £ are directly analogous
to the correlators of local operators considered throughout this paper, which are likewise inferred
from field profiles that lie partly beyond £.

The results presented here show that the boundary term I1g, which is needed to fully specify p,
encodes the external portions of the field profiles, and of the worldsheets relevant to [82], thereby
resolving the tension with subregion duality.

3.4.2 Holographic rememorization

In a Poincaré-invariant d-dimensional QFT with spacetime coordinates z# = (¢, %) and fields ®(z),
the standard Wilsonian effective action at floating cutoff A, I, é\FT , is obtained [137] by integrating
out the Fourier modes ®(p) with momentum p > A,

exp (iI5r[®pen]) = / D®,- 5 exp (ilgpr[P]) (3.39)

so that the partition function can be reexpressed as

Zopr = / DO exp (ilger[P]) = / DD, p exp (i3 [Pp<a]) - (3.40)

Let us now briefly review the holographic implementation of Wilsonian integration 70} [71] [72].
For simplicity, we consider a bulk scalar field ¢ on a fixed (d + 1)-dimensional asymptotically AdS
geometry. In Poincaré coordinates (x, z) = (¢, Z, z), the pure AdS metric is

L2

ds
22

(—dt? + di® + dz?) | (3.41)
so we have in mind a geometry that approaches as z — 0, possibly with non-normalizable
falloff. Extensions can be made to any locally asymptotically AdS geometry, possibly tensored or
warped with an accompanying compact manifold, as well as to other types of bulk fields (including
the metric itself), with or without interactions. The limit Gy — 0 where backreaction is suppressed
corresponds to considering large central charge at the UV fixed point of the QFT, ¢ — oc.

The well-known UV-IR connection [I38| [140] relates the bulk radial direction z to an energy
scale 1/z in the QFT. This is naturally taken to refer to a resolution scale in the sense of the
renormalization group (RG) [141], 142, [143| 117, [118], and attempts have been made to derive
holography directly from this connection [144) 45| [146] [155]. For the specific case of the Wilsonian
RG, the floating UV cutoff A is translated into a radial position zp = 1/A in the bulk, and the
dual description of then involves integrating out the UV region of the geometry, z < zj
[70L 71]E| In more detail, the path integral that computes the partition function on the gravity
side is separated in the following form:

Zounld) = [ Doexp (i(Lunlo] + Iu19)
= /D¢Z<2ADJ)D¢Z>ZA exp (i(Ibulk[¢Z<ZA] + IUV[@])) exp (iIbulk[¢z>zAD

= / DEDG-s -, exp (i(T[621] + I3[, 01)) - (3.42)

1Put the other way around, given a reduced state p, there are infinitely many ways to purify it. Adding to this,
one may even consider global states that are mixed to begin with.

2More precisely, a bulk radial cutoff z corresponds not to a sharp cutoff in momentum space, but to a smooth
cutoff akin to [I56].
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Since we are using the Lorentzian version of the correspondence [I57, [I58|, the path integral
includes a specification of the initial and final states, which are left implicit for now. In the first
line of , we have taken into account the usual UV counterterms [, needed for holographic
renormalization [65] 66} [67) [68, 9], which are defined at the original cutoff surface z = e. It is
implicitly understood that for the time being we are working with the standard boundary condition
Bz, 2) — 2772 ¢(z) as z — 0, where ¢ () is to be equated with the QFT source J(z) that couples
linearly to the local operator O(z) of interest, and A is the scaling dimension of O. In the second
line of (3.42), ¢ denotes the value of the field at the floating cutoff surface z = z5. In the final
line, the new boundary term IZ4 has been generated by the UV integration.

Contemplating the split path integral in the second line of , it is evident that we can
exchange the roles of the UV and IR, so that we instead choose to integrate out the IR region,
z > zp. Upon doing so, we arrive at

Lray [@ = D¢3D¢z<z,\ €xp (i(Ibulk [¢Z<ZA] + IIR[(E] + IUV[@])) s (3~43)

where we now have an infrared boundary term Ix. Evidently, the QFT interpretation is that we
are now defining an upward Wilsonian RG flow, integrating out the field modes with p < AE| In
we have no longer labeled Iy, with the location z = € of the UV cutoff surface, which is
now held fixed. For the same reason, in the remainder of the paper we will omit the label in all
mention of the UV counterterms.

In both and (3.43), we are carrying out the path integral up to a constant radial depth
z = zp. This cutoff surface can be turned into a more general timelike surface via an x-dependent
reparametrization of z, which is known to correspond to a Weyl transformation in the QFT [159].
So if we carry out the path integral up to an ax-dependent depth, z = z(z), we will be considering
a spacetime-dependent RG flow, as in [I60, [161].

Reducing to the entanglement wedge

The preceding observation suggests a natural way to address the challenge described in the In-
troduction. To obtain a generalization of the GKPW recipe that is defined purely within the
entanglement wedge £ associated with a spatial region A in the QFT, we ought to integrate out
the entire complementary region £°€.

To spell this out, let D refer to the causal diamond of A in the QFT, and denote the profile
of the source in D as Jp(x), with Jpc(x) standing then for the source in the complement D¢. All
correlators within D in a given global state |¥) are encoded in Zgpr[Jp, Jp<=0], so in the bulk we
are interested in Zg,..[¢p, ¢ DCZO]H These boundary conditions are implicitly understood to hold
in the expressions below. We will define

exp (i(Iin[¢])) = / Do exp (i(Loui|tec])) (3.44)

where ¢(x) = ¢(z, Z(x)) is the value of the bulk field on &, the interface between £ and £°. Notice
that the counterterm action Iy [¢pp<] drops out, since we have turned off the source in that region,
and the subleading behaviour ¢ o z* is the normalizable mode that leads to a finite bulk action.
The source within D, ¢p = Jp, plays no role in the right-hand side of , so by construction
I; is independent of it.

Our prescription for computing correlators within subregion duality is to employ the partition
function

L Grav [9}5] = /DQEDQSE exp (i(Ibulk [¢5] + Iin [Q_S] + Lyy [‘?D) ) (3-45)

where it is understood from now on that ¢ refers solely to a source within D. Eq. (3.45) is thus
the generating functional for correlators within D. The presence here of the IR boundary action
is absolutely crucial to comply with (3.38]), which is a defining property of the reduced density

3See the previous footnote.

4Nothing stops us from turning on the sources Jpc, but that calculation would amount to having an adjustable
reduced state, and the infrared action would naturally be a functional of Jpc. We would then be able to
compute all correlators, independently of whether the operators are inserted in D or D¢. That is not the case when
we only have access to a specific reduced density matrix p describing the state on D, which is situation of main
interest in this paper.
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matrix. We thus see that the information encoded in p is dual not merely to the entanglement
wedge, but to € equipped with the specific IR boundary term I,R Physically, the point is that,
after tracing over £°, the IR boundary of the entanglement wedge, £, becomes an actual edge of
spacetime, with very specific dynamics for the end-of-the-world (EOW) brane that resides there.
This point will become clearer towards the end of the following section.

The preceding construction has been formulated for simplicity in terms of a single bulk scalar
field ¢(z, z), which is what we need if we restrict attention solely to correlators of its dual scalar
operator O(z). The same reduction can be performed singly or jointly on other bulk fields, including
the metric itself (dealing appropriately with the associated diffeomorphism invariance, see, e.g.,
[127, 128, 129, 130}, 131, 132} 33| 134]). A combined analysis of our scalar field and the metric
is necessary if we are not working in the limit of strictly infinite central charge, and need then to
consider how ¢ backreacts on the geometry.

3.5 Rememorization of generic scalar correlators

A standard scenario where we can illustrate our general rememorization procedure is in the com-
putation of correlators of a single scalar operator O(z) in a large-c CFT; on Minkowski spacetime,
which is dual to a free scalar field ¢(z,z) on Poincaré AdSgi1, Eq. (3.41). As recalled in the
Introduction, the GKPW recipe [3], [4] equates the partition functions on both sides as in ,
identifying the external source J(x) of O(z) in the CFT with the asymptotic boundary condition
¢(zx) of the dual field.

"~ Working in Euclidean signature, the bulk partition function is given by

Zeran[@] = /¢D¢ exp (—Loui[d] — Iuv[9]) (3.46)

N (z,6)=e?~2¢(x)

where z = € is the UV radial cutoff, and A denotes the scaling dimension of O(x). The bulk action
is

Lunlé) = 5 [ A4 /Gg"0,00,6 + M267] | (3.47)

with M2L? = A(A—d). As always, Iv[¢] denotes the counterterm boundary action for holographic

renormalization [68] 69], whose explicit form will not be needed here.

3.5.1 A simple example: wall at constant z

The most obvious way to separate the bulk spacetime is by means of a wall at z = Z. The regions
below and above the wall correspond respectively to the UV and IR of the CFT. Contrary to the
standard Wilsonian elimination of the UV region, here we want to integrate out the IR component.
This reduction will generate a contribution to the effective action of the remaining geometry that
encodes the information of the IR.

Specifically, in analogy with we need to calculate

eXp(_]IR[(;S]) = ¢’Z()¢§i§3(e))(p (_Ibulk[gb]) s (3.48)

where ¢(x) is the boundary condition for the fields on the resulting EOW brane at 2z. Since the
path integral is quadratic, the saddle-point approximation is exact. For the on-shell evaluation
of (3.48), we need the classical solution of the KG equation in the (Wick-rotated version of the)

metric (3.41]),

2419, (Zﬂ) + 226" 0,0, — M?L*¢ =0 . (3.49)

As usual, due to translational symmetry, it is useful to decompose into Fourier modes, ¢(z, z) =
d ~ .
S ((2171)7‘1 o(p, z)e"*. The general solution is then found to be [3] 4]

6(p,2) = = (CLp) a4 (02) + C2(0)K a4 (92)) - (3.50)

5In the partition function (3.45)) or the correlators it encodes, one has the reduced density matrix inside a trace,
as in (3.38). To obtain p directly, one must cut open the path integral across the time slice ¢ = tg on which A
resides. Strictly speaking, this will only yield a density matrix if the configuration is symmetric under time reversal
about tg.
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The coefficients C (p) and Cy(p) take specific forms depending on the boundary conditions imposed.
For the standard time-ordered correlators, we impose regularity as z — oo, which sets C;(p) =
0 Vp. At the wall, we must enforce the Dirichlet condition

é(p, 2) = ¢(p) , with qZ(p) = /ddx qg(x)e_ip‘w ) (3.51)

This determines C3(p), singling out the momentum-space solution

=) = (2) =0 (3.52)

With this solution, we can evaluate the on-shell action. The result can be expressed as a surface
term at 2 = 2,

— 1
Inlg] = 5 - d*eVhn™ ¢ 00 (3.53)

with h the induced metric and n the outward unit normal. In momentum space, this is

_ Ld—l ddp ~d -
C C
- _ _ .54
nld) =~ 27 [ o 97220000 2)| (3.54)
The derivative in the integrand can be evaluated explicitly, obtaining
- 4 Kn_a(pz) -
0.0 =o.((2) o . 3.5
| _ ((z) Rayo?)| 6(p) (3.55)
At this point, it is convenient to define
P z d%p z\ & Kafg(pz) = ,
— _ __ - - 2 - wpx
Wile) =~ [ 5 - ((z) Teom )| e (3.56)
Using this in (3.53), we are left with
_ 1 _ P
Tfd) =5 [ dovho@) i) (357)

Note that this is a nonlocal expression, because, as seen in , the operator W acts on é(x)
with an infinite series of spacetime derivatives.

The boundary term encodes the information of the classical profile of the scalar field
in the IR region of the bulk, z > z. As explained in the previous section, this term supplements
the action in the UV region, and determines the suitable boundary condition for the field ¢ at
z = Z. This guarantees the coincidence between correlators computed with the reduced geometry
and those obtained from the complete spacetime.

To see this explicitly, notice that variation of the effective action for the UV region, I =

Loui[®] + Lin[@] + Luv[@], vields the following boundary terms at z = z:

61,6 D / ~d'wVhn™ m¢>5¢+% / 7ddx\/55¢w¢+% / deVhgWie . (3.58)

We then need to integrate by parts the final term, but the nonlocal nature of the operator W

makes this a bit nontrivial in the position-space representation. We will return to this point

in the next subsection. Here, it is simplest to change to the momentum-space representation,
d ~ .

dlx,2) = [ %gﬁ(p, z)e'P'®. Using (3.56)), we see then that the vanishing of (3.58) implies that

one of the following two boundary conditions must hold:

Dirichlet (IR) O(p,2)| 2=z = <Z:5 D

—

) (3.59)

Neumann (IR) 0:0(p, 2)

o(p, 2) . (3.60)




These two alternatives are appropriate before and after performing the D¢ path integral, re-
spectively. Since one can exchance the order of the integrals, one find an equivalence between the
Dirichlet and Neumann approaches for the case of a free bulk scalar field on a general background.
In our pure AdS441 analysis here, we will focus on illustrating the Neumann approach, which is
the more efficient of the two. Our task is then to enforce at the wall, together with the
standard Dirichlet condition at the AdS boundary,

Dirichlet (UV) O(p, 2)|sze = €720 (p) . (3.61)

A general momentum-space solution to (3.49) is given by (3.50). Applying it in conjunction
with (3.60)) and (3.61f), we deduce that

oz, 2) = / (ddp <2)% KA_i(PZ)(%(p)eip.x 7 (3.62)

2m)d \e

which as expected, is exactly equal to the solution in the entire spacetime with the same boundary
condition at z = € and the regularity condition at the Poincaré horizon. This result confirms that
the role of the boundary term, obtained via the Wilsonian reduction of the IR, is to keep the
memory of the information of that region, by supplying the correct boundary conditions at the
interface.

3.5.2 General recipe

In the preceding subsection, we performed a reduction to a region of the spacetime delimited
by a wall at z = Z (which becomes then the location of the EOW brane that arises from the
reduction). In that example, translational symmetry greatly simplifies the task of finding an explicit
solution of the Klein-Gordon equation with the prescribed boundary conditions. Nevertheless, our
rememorization procedure can be applied to more general regions in the bulk. The example that
was the initial motivation for this work is the entanglement wedge £ associated with a spatial
region A in the CFT, described in Section [3.4.2] In that context, the reduction is performed over
the exterior of the entanglement wedge, £€.

In the most general case, one reduces to some spacetime region R in the bulk of an asymp-
totically locally AdS spacetime, which delineates some spacetime region R in the boundary. At
large c, the saddle point evaluation translates into a linear PDE problem with arbitrary Dirichlet
boundary conditions on the specified interface.

In more detail, within R¢ we ought to solve

(O- M%) p(a™) =0, (3.63)
with boundary condition
b(x,2) = () if (z,2) € OR , (3.64)

where R denotes the interface between R and R€ (the eventual location of the EOW brane), and
¢ is a specific but arbitrary profile. If the boundary of RS has other components aside from R,
appropriate boundary conditions must be specified there as well. For instance, if R = £ is the
entanglement wedge in Poincaré AdS associated with a causal diamond D in the CFT, then we
must turn off the source J(z) in D¢, and pick boundary conditions at the Poincaré horizon (e.g.,
regularity in the Euclidean description, which is appropriate if we wish to compute the time-ordered
correlators).

We can obtain a general solution to the problem if we first tackle the problem of finding the
associated Green’s function

(O- M%) G(a™,2"™) = —=6@" —2'™), (3.65)

with the requirement that
G(z™,2"™) =0 if ™ e d(R°) . (3.66)

In the following, we will specify the prescription to compute ¢(z™) given G(z™,z'™).
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With the help of Green’s identities, we can prove the following modification that incorporates
the Klein-Gordon operator [215]:

/MdDm’\/g| fo(O-M*)u—u(@-M*)v}=
/ dP=a'\/|n] (vn™ O — un™ o),  (3.67)
oM

where u and v are two smooth functions defined in M, hg; is the induced metric on the boundary
OM and n™ is the outward-pointing normal to 9 M. The previous expression is stated in general
notation, but for our purposes, we identify M with R, and set the dimension to d + 1. If we
replace u = ¢ and v = G, then Eq. simplifies enormously. The first term in the left-hand
side gives zero contribution since ¢ is assumed to be a solution to , while the second term
gives the value of the field at z’. In the right-hand side, the boundary conditions of the Green’s
function make the first term vanish. Therefore, we obtairﬁ

d(x™) = ﬁddm’\/h(m’)gg(ac')nmamG(x’,a:) : (3.68)

This expression is convenient, since its dependence on the boundary condition is manifest, and the
evaluation of the Green’s function can at least be carried out numerically.

Substitution of in gives
I:[0] = /dd dia’ \/h(z)\/h( 2")0,0m Gz, 2" ) p(z)p (). (3.69)

Note here that the crucial information of the region that has been integrated out, R¢, is encoded
in the Green’s function GG, because the profile ¢ is arbitrary. The resulting effective action in R is
thus

IZEF = Ibulk[d)?d + IIR[(ZE] + IUV[(P] . (3.70)

Consider now the variational principle based on I g% . As usual, variation of the bulk term gives
rise to a term that is proportional to the EOM and a term that is related to the normal derivative
of the field at the interface. Variation of I}y gives

/dd d?az’\/h(x)\/h( ) [010m G (z, ")
+0,0mG (2, 2)] p(2')d0(z) . (3.71)

Based on the form of this expression, it is convenient to define the nonlocal operator
Wo(z) dd "Vh( ) 010Gz, ') + 8,0, G (2, 2)] (2) . (3.72)

Using this, we can rewrite the variation of the infrared action as
S [d] = / Al IG5 . (3.73)
OEA

The boundary variation , supplemented with the variation of the bulk term, gives rise
again to , now with a more general definition for the operator W. From this line of reasoning,
we see then that W is a key piece of information of the reduction. In the end, we deduce the
following two alternative boundary conditions for the field:

Dirichlet (IR) o(2)|7 = d(z) , (3.74)
Neumann (IR) ny ()7 = Wo(z) . (3.75)

The former is called for prior to carrying out the D¢ path integral, and the latter is enforced
as a result of that integral. Eq. (3.75) it shows that through (3.72), the determination of the

6For brevity, we assume here that ¢ is meant to have vanishing boundary conditions on (R¢) \ R. Were this not
the case, there would be an additional, ¢-independent term in (3.68]). This would not change anything essential in
what follows.
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appropriate Neumann boundary condition and the resulting IR action for general R has been
reduced to finding the Green’s function G satisfying . The compact form of our notation
should not obscure the fact that is a nonlocal boundary condition, because W denotes the
convolution .

The geometric interpretation of is as follows. In the saddle-point approximation, the
full partition function is entirely determined by the solution ¢ that interpolates between
the prescribed UV boundary condition ¢(z) and the appropriate IR condition (e.g., in Euclidean
AdS, regularity at what would have been the Poincaré horizon). After rememorizing, the role of
I1x is to pick out the same solution ¢ purely within R. Across R, this solution is continuous, and
its normal derivative is also continuous. But when we split the path integral into the portions on
R and R¢, and prior to carrying out the integral over ¢, the normal derivatives of the inner and
outer saddles do not match. The net result of the D¢ integral is to enforce the boundary condition
7 which is precisely the statement that the two normal derivatives match. This ensures that
we have found ¢°'. Since this solution was originally picked out by standard boundary conditions
at the IR and UV ends of the full geometry, it naturally does not satisfy any simple requirement
on the intermediate surface R. This explains the nonlocal nature of : the correct normal
derivative at any given point depends on the value of ¢ all over OR.

3.5.3 Conclusions

In this project, we dive into the problem of finding the correct prescription for computing holo-
graphically CFT correlators using the gravitational information inside the entanglement wedge.
We emphasized that the GKPW prescription is insufficient to calculate those correlators because
the path integral required for that computation involves the sum over field configuration whose
domain is outside the entanglement wedge. Therefore, it was necessary to implement the Wilso-
nian renormalization technique in a non-standard way to replace the previously mentioned path
integral with an equivalent calculation considering the sum of field configurations supported inside
the desired region. The result of applying this procedure generates a boundary term, Iz, that
keeps the memory of whatever is included in the entanglement wedge complement. This opens the
possibility of interpreting I}z as the remnant of a possible purification.

Our application of the Wilsonian renormalization technique involved the computation of the
path integral for fields supported in the complement of the desired region. At first for simplicity,
we considered the Wilsonian reduction for computing CFT correlators considering a wall at z = Z.
This type of reduction can be understood as a density matrix reduction in momentum space given
the fact that z = Z is related to the energy cutoff in the CFT [140]. Additionally, in [I87] we
analyzed the two-point function for operators with large conformal dimensions, namely A > d.
Holographically, it is possible to calculate the two-point function using the length of a geodesic in
the bulk that has both of its endpoints located on the AdS boundary. The two-point function can
be calculated by exponentiating the length of that geodesic. Our now ’'rememorization’ technique
has much wider applicability than what was observed in [I87]. In particular, it would be interesting
to apply it in the context of black hole geometries, to obtain an effective description of the exterior
region in the spirit of the membrane paradigm [139].
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