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“Matter and energy had ended and with it space and time. (...)

All other questions had been answered, and until this last question was answered
also, AC might not release his consciousness.

All collected data had come to a final end. Nothing was left to be collected.

But all collected data had yet to be completely correlated and put together in all
possible relationships.

A timeless interval was spent in doing that.

And it came to pass that AC learned how to reverse the direction of entropy.

But there was now no man to whom AC might give the answer of the last
question. No matter. The answer — by demonstration — would take care of that,
too.

For another timeless interval, AC thought how best to do this. Carefully, AC
organized the program.

The consciousness of AC encompassed all of what had once been a Universe and
brooded over what was now Chaos. Step by step, it must be done.

And AC said, ‘LET THERE BE LIGHT’!

And there was light -

Isaac Asimov, The Last Question
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Resumo

Nessa dissertacdo, nds brevemente revisamos aspectos essenciais da complexi-
dade quéntica computacional e da complexidade de Krylov e introduzimos um
modelo quantico simplificado para um buraco negro em AdS interagindo com a
sua radiacdo de Hawking. Com o objetivo de estudar a complexidade de Krylov
nesse sistema, nds calculamos equacdes de Dyson-Schwinger para o modelo em
tempo imagindrio e estabelecemos a base para o calculo perturbativo de uma
fung¢do de dois pontos a partir da qual os coeficientes de Lanczos e a complexidade

de Krylov poderao ser extraidos.

Palavras Chaves: Complexidade Quéntica Computacional; Complexidade de
Krylov; Holografia; Buracos Negros; Equacdes de Dyson-Schwinger.

Areas do conhecimento: Mecanica Qudntica; Informac¢do Quantica; Holografia.
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Abstract

In this dissertation, we briefly review essential aspects of quantum computa-
tional complexity and Krylov complexity and introduce a quantum mechanical
toy model for an AdS black hole interacting with its Hawking radiation. With the
goal of studying Krylov complexity in this system, we calculate Dyson-Schwinger
equations for the toy model in imaginary time and lay the groundwork for the per-
turbative computation of a two-point function from which the Lanczos coefficients

and Krylov complexity can be extracted.

Keywords: Quantum Computational Complexity; Krylov Complexity; Hologra-
phy; Black Holes; Dyson-Schwinger Equations.

Knowledge Areas: Quantum Mechanics; Quantum Information; Holography.
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Chapter 1

Introduction

In recent years, a lot of research work has been done in an area which brings to-
gether quantum information and holography, presenting perspectives of a deeper
understanding of spacetime through the study of quantum phenomena under the
lens of quantum information theory.

The advent of holographic dualities, starting with Maldacena’s 1998 paper
[1], was a great advancement in theoretical physics, allowing for the study of
correspondences between mathematical objects in quantum gauge theories in 4
dimensions and their dual counterparts, gravitational theories in d 4 1 dimen-
sions. Not long after that, studies began to establish the relevance of quantum
information in this context, more specifically of entanglement entropy. Ideas arose
about an intimate connection between entanglement and spacetime geometry
[2, 3, 4,5, 6, 7], even evoking the possibility of viewing classical spacetime as
emergent from entanglement between quantum degrees of freedom (DOF’s).

One can mention, for instance, the Ryu-Takayanagi formula [3], found in
2006, which relates quantum entanglement entropy with the area of minimal
surfaces in the gravitational side of holographic dualities, an area law analogous
to the Hawking-Bekenstein black hole entropy [8]. Another notable result is the
“ER = EPR” conjecture [6], which draws an equivalence between Einstein-Rosen
bridges connecting pairs of black holes and EPR-like entanglement between the
internal DOF’s of the black holes.

Eventually, however, it became apparent that another concept in quantum
information was a more adequate candidate for this type of correspondence,
namely, quantum computational complexity. This idea was initially proposed
by Susskind and generated a series of studies attempting to better understand
the details of such relation [9, 10, 11, 12, 13, 14, 15, 16, 17]. This was a very
important development which also promoted the study of said concept in many-
body quantum mechanics, allowing for a better understanding of chaos and
thermalization in terms of it. Complexity was previously regarded as a notion

belonging in computer science, but it has become very relevant in theoretical
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Chapter 1. Introduction 2

physics, not only in what concerns holography, black holes and quantum gravity,
but for many-body dynamics as well.

From the beginning, black holes have been central to the study of quantum
information in holography. Evidence suggests that they are the most chaotic
systems in nature (or, equivalently, the fastest scramblers) [18, 13, 19]. This prop-
erty is supposedly associated to quantum interactions between their internal
DOF’s, manifesting in their classical gravitational description via the holographic
spacetime-complexity dualities. Such a paradigm includes the idea of conservation
of information (or unitary evolution): all the information that enters a black hole
is preserved and scrambled among its DOF’s, but also shared by the Hawking
radiation emitted by it.

In Anti-de Sitter (AdS) space with reflective boundary conditions, black holes
are known to reach thermal equilibrium with their Hawking radiation [20]. Al-
though the behavior of information in the internal DOF’s of AdS black holes has
been studied previously, the regime of thermal equilibrium with the radiation
is largely unexplored. The general objective of this project is to make progress
in that direction. Therefore, the initial goals we set out to achieve are to find a
quantum model which can adequately represent the system and then analyze the
growth of Krylov complexity in it. The way we’re approaching this problem is
heavily inspired by the work exposed in [21], where Krylov complexity growth
was analyzed in the IP matrix model.

In [22], Maldacena reviews the simplest quantum model giving rise to an
holographic dual spacetime governed by Einstein’s equations. This emergent
gravitational description contains a black hole in an AdS “box universe”. The
model we are studying is a further simplification of that one, but with an additional
modification introduced with the intention of including Hawking radiation in the
quantum picture.

This text is divided mainly in two parts. Chapters 2 to 4 provide a brief review
focused on computation complexity and related concepts, while the remaining
ones regard our research project. Appendix A displays some of the conventions
employed throughout the text so that they can be readily consulted upon confu-

sion.



Chapter 2

Quantum Computational Complexity

The notion of computational complexity was first defined in computer science
as a measure of the minimum amount of operations necessary for solving a
computational problem or of the amount of operations executed by an algorithm
[23]. In very general terms, it is a measure of information processing.

When adapted to the formalism of quantum mechanics, the most direct ap-
plication of this concept is in the study of algorithms in quantum computation.
However, it went on to become relevant for research in more fundamental ar-
eas of theoretical physics, having been adopted by researchers working with
quantum gravity and holography, but also by those concerned with chaos and
thermalization in many-body quantum mechanics.

The general idea of complexity can take many forms depending on the context.
Although it can be related to them, Krylov complexity (chapter 4) is a different
conception from the other two kinds presented in chapter 2: circuit (or discrete)
complexity and geometric (or continuous, or Nielsen’s) complexity. These last two
are the ones typically employed in studies in quantum computation and the latter
is a generalization of the former, so the general definitions, given in section 2.1,
are valid for both cases.

General information about quantum computation can be found in Nielsen’s
book [23]. A good review on circuit complexity, geometric complexity and ap-
plications involving holography is given on [24]. Two instructive studies on the
geometric complexity of systems with one and two qubits are given in [25, 26].

2.1 Basic Concepts

The idea of computations or of logic operations is translated to quantum
mechanics in the form of the action of unitary operators on quantum states. So a
given initial state |¢p) contains information which is processed by the action of an

unitary U representing some algorithm, and the result of this operation is the final
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state |¢):

|pr) = U [ipo) - (2.1)

Usually, when talking about complexity, the initial state is called reference state
and the final state is called target state.

Complexity can be defined for operators or for states. The complexity of an
operator is conceptually analogous to the complexity of an algorithm in classical
computation and the complexity of a state (meaning the complexity of a target
state relative to the chosen reference state), is analogous to the complexity of a
computational problem.

State complexity is a more involved concept than operator complexity. It’s
defined as the complexity of the least complex operator that can generate this
state from the reference state. So not only it is a relative notion (relative to the
chosen reference state), but it also involves a process of minimization (finding the

operator with least complexity):

Cllyn) = gleigc(fl), Q={UecU(N):Ulypo) = |y1)}; (2.2)

where C denotes complexity and U(N) denotes the group of unitary operators in
N dimensions, which is the number of dimensions of the Hilbert space’.

In order to define the complexity of an operator U, one must pick an universal
basis and a cost function F. What exactly this basis is depends on whether one is
referring to circuit complexity or geometric complexity, but either way, the basis
contains mathematical objects which in some way are used to build U. On the
other hand, the cost function F determines how each part of the decomposition of

U in the selected basis contributes to the complexity.

2.2 Circuit Complexity

Independently of how quantum computers are realized experimentally, quan-
tum algorithms are studied theoretically in terms of systems constituted by sets
of qubits, which are vectors in a two dimensional Hilbert space. Additionally,
computations are constituted by the action of discrete unitary operators on these
qubits. A sequence of operations in a set of qubits constitutes a quantum circuit,

and the unitary operators employed are often called gates.

!n the case of N-qubit systems, the operators are further restricted to belong to SU(2V).
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It's important to realize that the Hilbert space of states contains an infinite
amount of possible states, independently of the number of qubits. Of course, if
one is allowed to use any unitary operator, it is no problem at all to reach any
desired target state starting from any reference state. However, in this context, one
studies circuits constructed by successive action of discrete operations contained
in a finite predefined set. These building blocks are called elementary gates and
the circuits must contain a finite number of them. In the language of group theory,
a circuit is built from a finite number of transformations belonging to a group
determined by the elementary gates.

These types of circuits cannot be used to reproduce with infinite precision the
action of all possible unitary operators acting on the Hilbert space. However, it
has been proven that any unitary (acting on any number of qubits) can be built,
up to arbitrary precision, from a small set of elementary gates acting on only one
or two qubits at a time [24, 23]. A set like this is called a universal set and “up to
arbitrary precision” means that a certain tolerance § > 0 must be admitted.

With all of this out of the way; it’s possible to define complexity. As mentioned
in section 2.1, a universal basis must be picked as well as a cost function. In the
discrete case, the universal basis {U}} corresponds to the universal set of gates
chosen to build the circuit. Then, in its simplest form, the complexity of U is just
the number of elementary gates employed in its construction. This is equivalent
to choosing a cost function which establishes that all elementary gates contribute
equally and that they contribute with 1 for each time they are employed:

C() =Y rn(ly), Ar=1Vk (2.3)
k

where 1(Uy) denotes the number of times the elementary gate Uy is used in the
construction of U. Other cost functions can be picked, for instance, simply by
changing the A’s, but also in other ways. These correspond to different definitions
of circuit complexity.

One must not fail to notice that the complexity of quantum circuits is not
only dependent on the choice of universal set of elementary gates and of the cost
function, but also on the tolerance § admitted. This isn’t necessarily a problem,
since complexity in computation is usually applied in practice to measure how
much computational resources are necessary for certain objectives. Therefore, the
definitions can be adapted to each situation. Also, absolute comparisons useful

on a more theoretical level can be made if one considers trends. For instance,
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how much the complexity of a problem grows as the number of input variables

increases. This is common both in classical and in quantum computation.

2.3 Geometric Complexity

If one knows two circuits that take a reference state to the same target state, it’s
easy to compare the complexity of the two unitary operators and find which is
smaller. However, it is not a trivial task to try to find which would be the smallest
possible unitary to perform that same task. In order to find a solution to this
question, Nielsen came up with a way of generalizing the previous definition of
complexity based on discrete operations to one that contemplates the continuous
evolution of quantum systems. With the new definitions, he managed to turn this
problem into a differential geometry problem [27]. This is the so-called Nielsen’s
approach.

Once one is no longer restricted to a finite number of discrete operations, the
tolerance required previously in the comparison of quantum states is no longer
necessary, because any state can be accessed exactly. Going from discrete to
continuous evolution amounts to adopting a Lie group. Hence, what is meant
by continuous unitary transformations is: objects constructed by exponentiation
of Hermitian generators picked from a universal set of allowed “elementary
generators” A/.

In this context, a universal set of elementary generators is a set of generators
from which any unitary operator U can be built in the following way:

n
Uy, a0, ) = lim <f—|— %itx]flj) — o vj € R; (2.4)
where U is given as a function of the coefficients a. The set of generators amounts
to a basis that spans the Lie algebra of the U(N) group (where N is the dimension
of the Hilbert space).

However, in order to be able to compare all the possible unitary operators
which perform the same task, one must consider the general case of a sequence
of distinct infinitesimal unitary transformations. Therefore, the unitary operator
U (1), which takes the reference state |y) into the target state |¢;) is considered
to depend on a parameter T and built in a way that’s perfectly analogous to the

construction of the time evolution operator in quantum mechanics:
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A

Ulpo) =gy, U)=U, U©0) =1, (2.5)

((t) = Pexp (i /0 TdT/H(T/)) ; 2.6)

where P denotes a path-ordered exponential (which is the same as a time-ordered
exponential) and the “Hamiltonian” H(T) can be expanded in terms of the ele-

mentary generators Al:

H(t) = aj(T) Al (2.7)
Finally, complexity C is defined in terms of a cost function F, which determines
exactly how each of the coefficients a;(7) contribute:

c(l) = /01 dtF (a(r), da(r)) . 2.8)

Cdt
This equation shows that the complexity of U is given by a functional integral over
a path parametrized by T in the space of unitary operators.

With these definitions, the task of finding the unitary with the smallest com-
plexity among all those that execute a certain task becomes the task of minimizing
the complexity functional by finding the optimal path between two-points in the
space of unitaries. Additionally, Nielsen argued that a reasonable cost function
should satisfy the following properties (here U denotes position in the space of

unitary operators and v denotes a velocity vector tangent to the trajectory):
¢ Continuity.

¢ Positivity:

F(U,v) >0,
(2.9)
FU,v)=0 <= ov=0.
¢ Positive homogeneity:
F(U,Av) = AF(U,v);
(2.10)

AeR, A>0.
¢ Triangle inequality:

.7-"(11, U1+ 7)2) < ]—"(U, 7)1) + f(u, 02). (2.11)
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If one assumes that F is not only continuous, but also smooth, then it has all the
properties that characterize the length functional of a Finsler manifold?, which
provide a generalization of Riemannian manifolds.

This is the core idea in Nielsen’s approach. One can minimize the complexity
of U by solving a tractable problem in differential geometry: finding the path
of minimal length in a Finsler manifold with a length functional defined by the
cost function F. It’s worth highlighting that, like in the discrete case, geometric
complexity depends on the choice of F and on the choice of the basis of universal

generators.

2The right side of eq. 2.8 actually corresponds to a length functional and F to the length of an
infinitesimal piece of curve. The choice of F is associated to the choice of a metric.



Chapter 3

Complexity in Time Evolution

3.1 Thermalization in Quantum Mechanics

In order to understand what makes quantum complexity an interesting concept
in areas of physics other than quantum computing, it’s necessary to consider
thermalization. There are different ways to describe this concept, which emphasize
different ideas. The goal here isn’t to discuss the intricacies of different possible
definitions, but to give a general notion of the physical meaning of the process
under the different lenses that appear in the literature.

The original idea of thermalization is the foundation on which statistical me-
chanics and thermodynamics rely on: the idea that, sometimes, when dealing with
a physical system with a large number of DOF’s, many physical properties don’t
depend on the details of the state of the system in terms of each of its DOF’s, but
only on a statistical description of the system as a whole. Systems behaving like
this are said to have reached thermodinamic equilibrium or, equivalently, to have
thermalized.

In quantum mechanics, this translates to saying that, in a system in a thermal-
ized pure state |{(t)), the expectation values of a set of operators {O;} tend to
not vary much in time and to remain close to the expectation values of these same
operators calculated in some thermal ensemble. In other words, in regards to these
operators, the state of the system resembles a mixed state described in terms of a

density matrix with an associated temperature:

W) Ojlp(t)) ~ (O))p = Tr(pp0;), (3.1)

where pg denotes the density matrix with inverse temperature . More specifically,
this description refers to the so-called strong thermalization. A review on this defi-
nition and several other topics related to thermalization in many-body quantum

mechanics is given in [28].
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3.2 Scrambling and Operator Growth

One can also think of thermalization in terms of quantum information. A
thermal density matrix is characterized by maximal von Neumann entropy, or
entanglement entropy. On the other hand, in a thermalized pure state, the DOF’s of
the system are maximally entangled, i.e., the entanglement entropy of the density
matrices describing small partitions of the system are maximized (they are thermal
density matrices).

Therefore, the process of thermalization involves the spreading of information
among the DOF’s of the system. Consider, for instance, a system containing N in-
teracting DOF’s and with an initial state |ip) in which these DOF’s are completely
unentangled. As time passes and the state thermalizes, information regarding
any DOF is spread throughout the whole system due to interactions. Once entan-
glement is maximized, recovering any information about the initial state is only
possible if one studies an amount of DOF’s of the same order of magnitude as N.
This process is called scrambling and the thermalized system is called scrambled
[18].

The speed at which this occurs is determined by the form of the interactions
present in the system, and, therefore, by its Hamiltonian. Systems with k-local
Hamiltonians, where k can be much smaller than the total number of DOF’s, are
typically fast scramblers [29, 30]. A k-local system is one which isn’t local in the
typical sense of spatial locality, since every DOF can interact with any other DOF,
but it’s still local in the sense that interactions only happen between k DOF’s at

once; this restricts the spread of information to some degree.

<

Figure 3.1: Illustration of the spread of information in a 2-local random circuit. The qubits are
represented by horizontal lines and interactions by vertical wiggly lines. Evolution occurs from
left to right and the red color highlights the spread of information from one qubit to all others.

The defining characteristic of fast scramblers is the fact that their scrambling
time is way smaller than that of systems with Hamiltonians which are spatially
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local and don’t allow for interactions between all DOF’s. More specifically, the
scrambling time of fast scramblers is logarithmic in the number of DOF’s! [18, 29,
19]; these systems are particularly relevant due to their relation to chaos and black
holes. On the other hand, systems where the DOF’s are arranged periodically in d
spatial dimensions and which only have interactions between DOF’s close to each
other in spacetime, have scrambling times with a lower bound that grows linearly
with N %, where N is again the number of DOF’s [18, 19].

Just like it can be useful to think of thermalization in terms of operators instead
of states, the same is true for scrambling. What happens with Heisenberg picture
operators during scrambling is that they go from “simple” or “local” to “complex”
or “non-local” operators. Once more, the word local isn’t being used in a space-
time sense, but in regards to the size of the subspace in which the operator acts:
operators which initially act only on one of a few DOF’s evolve during scrambling
into operators which act on a much larger amount of DOF’s or, equivalently, over

a larger subspace of the Hilbert space [31, 32]. This is called operator growth.

3.3 Complexity and Thermalization in k-Local Fast

Scramblers

Let’s turn our attention to the growth of complexity in the time evolution
of k-local fast scramblers and compare it to thermalization. Additionally, some
comparisons to the complexity and entropy of classical systems shall provide
interesting observations. The following analysis is based on similar ones found in
the literature and closely related to a conjecture called “the second law of quantum
complexity”, which won’t be explained in detail [33, 29, 30, 24].

Consider a system of N classical bits. The associated space of states contains
2N possible states, corresponding to either 0 or 1 for each bit. If one imagines
the system in an ensemble with an associated probability distribution, then the
maximum possible Shannon entropy? (Syx) occurs when all possible states have
the same probability. That gives:

2 1, 1

n=1

A simple argument for this is given in section 3.3.
2This concept is explained briefly in appendix B.
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where, p;, indicates the probability of each state in the ensemble.

Now, to calculate the maximum possible complexity (Cyax), we must define
a basis of elementary gates, a reference state and a cost function. This is a trivial
case in which any state can be accessed by consecutive applications of one simple
gate which flips one bit. To keep it simple, let’s define the complexity as just the
total number of gates in the circuit. Then, C;,4x is the same for any reference state
and it’s equal to N; the state of maximum complexity is reached by flipping all the
bits.

Summarizing the results, we have:

Smax = Nlog?2,

3.3
Crax = N; ( )

both linear in N.
In the quantum case, the story is very different. First of all, the Hilbert space is
2N dimensional and the possible states are given by:

Zoc]- iy, ajeC; (34)
j

where {|j) } is a basis for the space and each vector of the basis represents one of
the possible configurations of a system of N classical bits.

The first easy observation is that the space of quantum states is way bigger
than the space of classical states, and the vastness of it is quite remarkable. This
aspect of quantum mechanics was first pointed out by Feynman in [34] and it is
very relevant in the study of complexity. Note also that each pure quantum state
can be associated with one of the possible probability distributions representing
the whole classical ensemble presented earlier.

Now imagine that we’re building a model for a physical system. Ultimately,
we’re interested in the complexity of time evolution of fast scramblers, so let’s
consider that the time evolution of this system can be modeled by a 2-local random
quantum circuit, and then let’s look at the complexity of this circuit. For simplicity,
we’ll adopt the simple definition of complexity as total number of gates.

What is meant here by a 2-local random circuit is a circuit built by application
of gates randomly selected from a set of elementary gates which act on random
pairs of qubits (figure 3.1). Imagine this circuit divided in steps, each containing
N /2 commuting gates. At each step, each qubit interacts with one other randomly
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selected qubit by the action of a randomly selected gate [29].

The number of steps required in the application of a circuit is generally re-
garded as the depth of the circuit. It follows that, for the circuit in question, the
total number of gates (the complexity) as a function of the depth 7 is:

_Ne
v

In order to analyze more deeply the behavior of complexity in this system, a

C(7) (3.5)

counting argument will be employed, which relies on the estimation of the number
of operators contained in the SU(2N) group®. Naturally, a Lie group contains an
infinite number of elements, however, as explained in section 2.2, when dealing
with discrete circuits, one must allow for a certain tolerance J in the comparison
of operators. In the present case, this amounts to dividing the SU(2N) group in
many small pieces with size depending on J and considering all the operators
inside each piece as equivalent. The number of possible operators is then given by
the ratio of the volume of the SU(2N) group to the volume of each piece.
This won’t be demonstrated here, but the volume of SU(M) is:

(M+2)(M—1)
20 2

Vsum = i3 (M—1)
as given in [33]. For simplicity, consider each of the pieces of the SU(M) group to

(3.6)

have the volume of a hyper-sphere of radius 4, living in an (M? — 1) dimensional
euclidean space®. If we set (M? — 1) even, this volume is [33, 24]:

(M2-1)/2
Vs = 1)/2)!5 . (3.7)
The desired ratio is then given by:
Vsumy [ m'T (M? —1)! (38)
Vo \eM>-1)2131... (M —1) '

Using Stirling’s formula [36] and keeping only the leading order in M, one can
show that:

1%
In (M) ~ M2 <lnM +ln 1) . (3.9)
Vs 5

3This is the group of unitary transformations acting in a Hilbert space of N qubits.
4(M? — 1) is the number of dimensions of the SU(M) group [35]. Also, it makes sense to
consider spheres in euclidean space if we're interested in small 4.
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Therefore, with M = 2N, we obtain the estimate for the number of possible
operators in the discretized SU(2N) group with big N:

exp [4N (Nan—i—ln%)] _ (%)w. (3.10)

Now, when analyzing circuits up to a certain depth, if it’s assumed that the
circuit generating time evolution is the least complex one leading to the target state,
then the complexity of the target state grows linearly with 7. This assumption
is quite reasonable if T is relatively small. However, as T gets bigger, the chance
that the random circuit stops being the most efficient also increases (figure 3.2).
Imagine that at a certain point, T reaches a value so big that the number of possible
circuits with this depth is greater than the total number of distinct operators in
the group, that necessarily means that some of these possible circuits constitute
the same unitary. Therefore, it’s safe to assume that complexity grows linearly for

some time and that it stops growing after a certain point.

:ﬂ”?

Figure 3.2: As the random circuit increases, there’s also an increase in the chance of the correspond-
ing trajectory in the space of operators (black line) becoming more complex than another more
efficient trajectory (blue line). The grey circle amplifies part of the line revealing the discreteness of
the circuit.

Once it stops growing, complexity reaches a plateau. We can estimate the value
of this plateau and the value of T required to reach it by calculating the number
of possible unitaries with a certain depth and then equating it to the number of
distinct operators in the group.

There are % ways of pairing the N qubits at each step of the circuit. If the
gates are selected from a set of p elementary gates, then the number of distinct

possibilities for each step is:

((N%!) pr2~ (Np)YZ, (3.11)
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where the relation is obtained by using Stirling’s formula and assuming large N.
Therefore, with T steps, the number of possible circuits is exponential in N:

(Np)™, (3.12)

where we recognize the expression for complexity as a function of T from eq. 3.5.
Also, using the properties of the log, one can show that:

In [(Np)ﬂ = % In(Np). (3.13)

With a simple comparison between egs. 3.10 and 3.13, we finally obtain estimates
for the complexity of the plateau (Cyqx) and for the number of steps required to
reach it (Tyayx):

¥ln(Np) —= 4N <Nln2+ln%)

. (3.14)
Nt 4V (NIn2+mn})

meee In(Np)

Atlarge N, the exponential factor dominates the behavior of the function, so we

can just regard both Cy;4x and Ty as exponential in N:

Crax ~ Tmax ~ 4N, (3.15)

This result is very different from the one found in the classical case (eq. 3.3),
in which the maximum complexity grows linearly with N. There is, however, an
even more interesting observation to be made regarding 7;,;,x and scrambling time
(T:). In section 3.2 it was stated that the T, of fast scramblers has a lower bound
proportional to log N. It’s easy to see that the 7, of the system considered in the
present example fulfills this expectation. Consider that information contained
in one qubit in the reference state is shared with other qubits as they interact,
since interactions are always between pairs, the number of qubits sharing that
information after T steps is given by> 27. Therefore, it follows from the definition
of scrambling that the system will be scrambled when:

2T ~ N, (3.16)

"We're considering that the same two qubits don’t interact twice, which is a reasonable approxi-
mation when dealing with large N.
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consequently, the amount of steps required for scrambling is logarithmic in N:

T, ~ log, N. (3.17)

Assuming that the physical time associated with these processes is propor-
tional to the number of steps, what we see here is that the growth of quantum
complexity is a phenomenon very distinct from scrambling in what concerns its
time scale. This shows that, while for some purposes the history of a system may
be considered over once it thermalizes, if one cares about complexity, thermaliza-
tion is merely the beginning. Indeed, the difference in time scales is enormous.
For instance, for a mere 100 DOF’s, one finds:

7. ~log,100 ~ 6.5, (3.18)
Toax ~ 410~ 10%; (3.19)

that means that if one step were to be taken as equivalent to one second, while
thermalization wouldn’t even take ten seconds, the entire age of the universe
would pale in comparison to the time necessary for reaching the complexity
plateau. This comparison becomes way more dramatic the bigger the value of N.

Although more evidence was gathered for it later, such as given in [37], the
behavior described for the time evolution of complexity was initially conjectured
in [29, 30], along with the second law of quantum complexity. In very general
terms, the statement of this law, for which some intuition has been given here,
is that the growth of quantum complexity in a fast scrambler with N DOF’s is
a statistical tendency and can be seen as analogous to the growth of entropy in
a classical system with a number of DOF’s exponential in N. Looking back at
the given example, if one takes the maximum entropy found for the system of
N classical bits (eq. 3.3) and plugs in 2V instead of N, then the value becomes
2N'log 2, which is proportional to the maximum complexity found of the system
of N qubits, a result which illustrates the point.

Finally, one may ask why do physicists care about what happens to a system
after thermalization if then the observables which are typically of physical interest
remain constant in time (setting aside simple curiosity, of course). The answer to
this is of utmost importance: complexity can be related via holographic dualities
to relevant quantities in gravitational theories, providing helpful insights into the
nature of black holes and of gravity itself. In fact, complexity was adopted as an

interesting concept in holography in the first place because its behavior mirrors
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the time evolution of black holes, given the long time scale required to reach the
complexity plateau [10, 11, 12].

3.4 Chaos and Complexity

How does one probe, or even define, quantum chaos? This isn’t a simple matter
and a lot of work has been done in many-body quantum mechanics trying to deal
with aspects of such question [28, 38]. Nevertheless, fundamentally it comes down
to the classification of physical systems with respect to their dynamical behavior
and, more specifically, to a notion of “predictability”.

The initial idea comes from classical mechanics, where the study of chaos
started and where such notion could be well matched with the analysis of tra-
jectories in phase space. However, it couldn’t be directly translated to quantum
mechanics, since trajectories in phase space lose their meaning in this realm. This
conception can be formulated in therms of concepts associated to information
theory, which have become more common in the literature in recent years.

In fact, the concept of complexity seems well suited to deal with the problem of
chaos. After all, what does it mean for a system to be more or less predictable than
others? It means that, given the initial conditions and the laws governing time
evolution, some systems require less computation than others for the prediction
of their behavior. This matches the idea of chaos in the classical case, since the
prediction of the behavior of chaotic systems requires an actual simulation of them,
which means performing an amount of computation that gets bigger and bigger
as the system evolves. Furthermore, in the quantum case, complexity is directly
related to scrambling and operator growth, important aspects of many-body
dynamics.

It has been shown in recent years that complexity provides a promising quan-
titative framework for the classification of the dynamical behavior of quantum
systems and it has been suggested that it may come to supersede the notion
of chaos in quantum mechanics [32]. Although geometric complexity itself has
been proposed as a measure of chaos [39], Krylov complexity has particularly
interesting characteristics.

Regardless of referring to distinct concepts, scrambling, operator growth, ther-
malization, chaos and complexity growth, must not be regarded as independent
physical phenomena, instead, it’s more accurate to regard them as different aspects

or different manifestations of the same process.



Chapter 4

Krylov Complexity

Krylov complexity was initially derived independently from the other notions
of quantum computational complexity. It was conceived as a measure of operator
growth in the context of many-body quantum mechanics [32]. Nonetheless, it has
been shown to be related to geometric complexity [40].

An analogous definition was proposed for the complexity of quantum states, it
was named “spread complexity” [41], although it may occasionally be referred to
as Krylov complexity as well, since both rely on the so-called Krylov basis.

Some of the interesting aspects of Krylov complexity are:

¢ [ts inherent relation to time evolution allows it to avoid some of the arbitrari-
ness present in geometric complexity (chapter 2), it also makes it particularly
suited for the study of directly related phenomena such as chaos.

¢ [t can be calculated from two-point functions, which can be very convenient

and, for instance, makes it readily applicable to studies in QFT.

¢ It bounds other measures of operator growth or of quantum chaos which

were already employed in many-body quantum mechanics previously [32].

This chapter contains only some of the more important definitions necessary
to understand this subject and not necessarily in their most general form. Further
information such as certain demonstrations and related concepts can be found
in the literature. Krylov complexity was defined initially in [32] and spread
complexity in [41]. Good reviews of Krylov complexity can be found in [21, 40].

The complexity of operators is more relevant for this project, however, it is
instructive to introduce spread complexity first, even though this is opposite to
the chronological order in which these concepts were developed.

Unless otherwise specified, the Hamiltonians under consideration are time-

independent.

18
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4.1 Spread Complexity

The evolution of a quantum state |(t)) is given by the following differential
equation:

1) = Aly(e) @)

In the case of time-independent Hamiltonians, the solution is given by a time

evolution operator with the form of a simple exponential:

[9(8) =), ) = [9(0)). (42)
By using the Taylor expansion of the exponential at t = 0, one obtains:
o (—it)" Ay
py =y, S y). 43)
n=0 )

Therefore, |(t)) can be expanded in terms of the vectors " |¢), however, these
are not orthogonal in general. The so-called Lanczos algorithm allows one to
construct an orthonormal basis starting from |¢) and proceeding iteratively with
the action of H followed by Gram-Schmidt orthonormalization. The basis obtained
in this manner is the Krylov basis! {|K,)}. Spread complexity K (t) is then defined
in terms of the expansion of |¢(¢)) in this basis:

K(t) =Y nlpa(t), ¢u(t) = (Kalgp(t)) - (44)

n

Let’s go through this process in detail. We start by defining the first vector of
the basis:

[Ko) = [¢) - (4.5)

By acting with [ on |Kp), we construct a new vector which is, in general, linearly

independent from |Kp). Then, we subtract from H |Kj) it’s projection onto |Ky),
obtaining |A1):

|A1) = H|Ko) — Py (H|Ko)), P = |K;) (K. (4.6)

The next vector of the basis is defined as the normalized version of |A1):

IThe Krylov basis doesn’t necessarily span the entire Hilbert space of states, only the subspace
that’s explored by | (t)) from t = 0 to infinity.
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K1) = |Ar) (Ar]Aq) 2. (4.7)

We obtain the other vectors of the Krylov basis by repeating these steps and always
subtracting from H |K,) it's projection onto the subspace spanned by all the basis

vectors defined up to then, i.e.:

n—1

|An) = H|Ky—1) — Y Pj (H |Kp—1)), (4.8)
j=0

IKy) = |An) (An]Ap) V2, (4.9)

We can find further information by analyzing these projections. Consider the
following:

PuH |Ky) = |Kn) (K| H|Ky), m <. (4.10)

By using eqs. 4.8 and 4.9, we obtain:

m
PmH ’Kn> = |Km> <<Km+1| <Am+1|Am+1>1/2 + Z <Km| HPj) |Kn> s (4-11)
j=0

but, since the Krylov vectors are orthonormal and m < n, this simplifies to:

Pl |Ka) = (nmst (Awsa | Ansa)' "+ S (K| B K} (K}, (412)
which also implies, by action of (Ky,| from the left:

(K| F |Kn) = Spms1 (Ams1| A1) + Gum (K| H |K) . (413)

This result clearly shows that the matrix elements H,,,, = (K| H |K,,) are always
real and are non-zero if and only if |m — n| < 1. In other words, the Hamiltonian
is tridiagonal and symmetric in the Krylov basis. These matrix elements are called

Lanczos coefficients and are denoted by a, and b,:

an = Hyp, by = Hy 1 = (An]A)Y?, (4.14)
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ag by 0 O
bl a bz 0

{Hun}<— | 0 by ap by ---|. (4.15)
0 O b3 as

Additionally, using eq. 4.12, we can rewrite the expressions for |A,) and for |Kj)

(egs. 4.8 and 4.9) in terms of the Lanczos coefficients:

|An) = H|Ky_1) — ay_1|Kn_1) — bp1|Ky_2), (4.16)
Kn) = | An) by . (4.17)

With all these results in hand, we can find an expression that relates the coeffi-
cients 1, () and the Lanczos coefficients. We start by applying the Schrodinger
equation (4.1) to the expansion of the state |¢(¢)) in the Krylov basis:

Z W (t) K, (4.18)
Z dt‘b’” ZW H)H |Ky,) (4.19)
by acting with (K| from the left, we get:
i%tpn(t) = ;lpm(t)ﬁnm (4.20)
B s (®) 4 b (0 4 b)), =0, @21)

This result allows one to compute the coefficients ¢, (¢) requiring previous knowl-
edge of the Lanczos coefficients and of ¢o(t) = (Ko|t(t)) = (¢|p(t)).

4.2 Krylov Complexity in the Space of Operators

Consider an operator O(t) in the Heisenberg picture. Krylov complexity is
a measure of the spread of this operator in the Hilbert space of operators. This



Chapter 4. Krylov Complexity 22

means that the operator is regarded as a vector and denoted by:

O(t) = |0(1)), (4.22)

with an inner product defined as:

(QIW) = (0| Q"W |Q), (4.23)

where Q and W are any two operators and |Q)) can be any quantum state.

The time evolution of O(t) is found by application of the Baker-Campbell-
Hausdorff formula [42]. By defining the Liouvillian superoperator £ in terms of
the Hamiltonian H, it’s possible to write the time evolution of O(t) in a way that’s

analogous to that of typical quantum states:

£|0)=[A,0], (4.24)
10(t)) = i (i%m@) = ¢t£|0). (4.25)
n=0 :

From here on, everything is defined in analogy to the case of spread complexity.
O(t) can be expanded in terms of the vectors £"|0) and the Krylov basis {|0,)}
is built via the Lanczos algorithm. This won’t be shown in detail for this case
because it’s the same process described in section 4.1.

Krylov complexity KC(t) is defined in terms of the coefficients ¢, (t) which are,
in turn, defined from the expansion of |O(t)) in the Krylov basis:

O(t) = Li"u()0n 9ult) = 5(0ulO()); (4.26)
K(t) =Y nlpa(t)]*. (4.27)

The relation between the coefficients ¢, (t) and the vectors £"|O) is given by
the matrix elements L, = (O, £]OD,,). If these elements constitute an hermitian
matrix?, then it follows that such matrix must also be tridiagonal and symmetric.
In this case, its elements are the Lanczos coefficients:

21t can be shown that if the state |Q) in the definition of the inner product (eq. 4.23) is an
eigenstate of H, this matrix is indeed Hermitian.
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a by 0 O
171 a1 b2 0
{Lyn}+— |0 by ap bz ---|. (4.28)
0 0 by a3

Additionally, if the operator O is hermitian, all coefficients a,, are 0.
The coefficients ¢, (t), from which Krylov complexity is calculated, can be
obtained from the Lanczos coefficients according to the following equation:

le;t(t) = iy Py (t) — bys1 g1 (t) + buthy_1(t), (4.29)

where by = 0 and ¢ (t) = (O|O(t)) = (O|O(t)).

4.3 Finite Temperature

Krylov complexity can be generalized for the case of a canonical ensemble.
In order to do this, one can redefine the inner product in the Hilbert space of
operators in the following way:

Ajon At oA 1 Ad oA N s
— (At _ 2t t1A7,—BH _ —pHY.

(QIW)s = (O'W), ZTr(Q We ) z Tr<e ) (4.30)
where B is the inverse temperature and Q and W are any two operators. Using the
cyclicity of the trace, it’s easy to show that:

(L"QIW)p = (QIL"W)p = (QIL"|W)g. (4.31)

The Krylov basis is defined using the same procedure as in the case of pure
states and then the matrix elements (O,,;|£|O,) p can be obtained, necessarily
giving a Hermitian matrix. In the limit of B — oo, these definitions reduce to the
case of pure states with the ground state in the definition of the inner product (eq.
4.23 with () being the ground state).

4.4 The Moment Method

In practice, directly implementing the Lanczos algorithm isn’t always the best
way of obtaining the Lanczos coefficients. The so-called moment method allows
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one to obtain the coefficients from a two-point function: C(t,8) = (O(t)|0) Br
or from its Fourier transform C(w, 8). In this section, O is considered to be a
normalized operator, which means: (O|0) =1

The moments M,, are defined as:

M, = (@0|£n|@0)ﬁ (4.32)
They are related to the coefficients of the Taylor expansion of C(f, §) at t = 0:

1 d"C(t,B)

M, = — , 4.33
A T (39

00 drc , n 00 _\n
C(t,B) = n;) (% t:O) % - M, ;f) . (4.34)

They can also be found from C(w, B), often referred to as the spectral function
d(w, B):
© dw =
My = [ 200w p), owp)=Clw,p) (4.35)

It’s easy too see how the moments and the Lanczos coefficients are related by

thinking in terms of matrix multiplication, since:

M, = (0ol L"Oo)p = (L")o0. (4.36)

That implies that the coefficients can be extracted from a set of moments. In the
case of N + 1 moments (from My to My), with N even, this can be done via a
recursive algorithm defined by the following equations:
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b, = ML,

n
an — _Ll’l’

(0 <k <N);
(0<k<N-1);

(4.37)
(4.38)

(O<k<N-n),  (1<n<N/2); (439)

0<k<N-n-1), (1<n<N/2-1);

(4.40)
(1<n<N/2); (4.41)
(0<n<N/2-1); (4.42)

where the upper indices in M}’ or L} are not to be confused with powers.

These equations can be somewhat confusing, so the following explanation of

the algorithm may be useful:

1. One starts by defining the number of moments available. Consider N + 1

moments (from My to My), where N is taken to be even.

2. One obtains {MJ, MY, - -
4.38.

3. Using eq. 4.39, one finds {M(l,, M%, .
4. Using eq. 4.40, one finds {L}, L%, .
5. Again, using eq. 4.39, one finds { M3, M2, -

6. Again, using eq. 4.40, one finds {LZ, L%, .

. ,MON} and {LO, L(l),- .

., L(I)\I—l} using eqgs. 4.37 and

’ ’M}\Ifl}'
o ,L}\;,Z}.
o ’M%\I—Z}'

) 'L%\I—S}'

7. The previous steps are repeated many times, untill one finally arrives at

N/2 N/2 N/2 N/2 1N/2
{MO/'MZ/’”.’MN;Z}and{LO/'Ll/’”.

N/2
’ LN/Z—l}'

8. Now eqgs. 4.41 and 4.42 are employed and the following sets of Lanczos

coefficients are obtained: {b1,by,- - ,bn/2} and {ag, a1, -+ ,an/2-1}-

If N had been picked to be odd, one would obtain the same number of coef-

ticients a,, and by, so there would be an extra a, coefficient that isn’t employed

when applying eq. 4.29.
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Since the Krylov complexity can be obtained from the Lanczos coefficients via
eq. 4.29 and the Lanczos coefficients can be extracted from the moments, it follows
that the Krylov complexity of any operator is encoded in the two-point function

C(t, B). This is the most important conceptual point to be made here.

4.5 A Bound on Operator Growth

Aside from defining Krylov complexity, the authors of [32] proposed that the
classification of quantum systems according to their dynamical behavior could be
done in terms of the growth rate of the Lanczos coefficients b,. They showed that
the maximum possible growth rate for the b,’s associated to any local operator
is asymptotically linear in 7 and they hypothesized, with significant evidence to
support it, that this bound is achieved in chaotic systems, while in non-chaotic
systems, the b;,’s grow more slowly or even don’t grow (which includes oscillation
around a fixed value). An example of the linear behavior is the Sachdev-Ye-Kitaev
(SYK) model, very prominent in studies of operator growth.

In interacting many-body systems, the spectral function ®(w, B) exhibits a
decaying tail extending to arbitrarily high values of |w|. The asymptotic decay

rate of this tail is directly related to the asymptotic growth of the coefficients b, in

1/
) , (4.43)

for a real number 7y > 0 and a constant wy. Therefore, faster growth of b, translates

the following manner:

by ~n" <= |P(w, B)| ~ exp (— ‘wﬂ
0

to slower decay of ®(w, B) and in the case of v = 1, the linear growth of b,
corresponds to exponential decay of ®(w, ). Still in this particular case, it’s
possible to quantitatively relate the two rates via a real number & > 0 as follows:
w 2
by =an+0(1) < |®(w, B)| = exp (— ‘w_‘ +0(w)) , wo=a (4.44)
0
where we employ the the big-O and little-O notation in O(1) and o(w) respectively.
The coefficient & has quite a central role since it also quantifies complexity

growth. Linear growth of b, corresponds to exponential growth of Krylov com-
plexity K(t) with exponent 2at:
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by ~ an <= K(t) ~ e (4.45)

This provides an upper bound for other measures of operator growth previously
employed in the study of quantum chaos [32].



Chapter 5

The Toy Model

The model reviewed by Maldacena in [22] is the simplest quantum model
giving rise to an holographic dual spacetime governed by Einstein’s equations. Its
emergent gravitational solution contains a black hole in an AdS “box universe”
where the gravitational potential grows monotonically as one goes towards the
boundary. Due to this, any particle traveling towards the boundary is reflected
back to the black hole in a finite amount of time, meaning that nothing can escape
to infinity and that thermal equilibrium is possible.

This model won’t be reviewed here, but it's a quantum model in (0 + 1)
dimensions with an action that’s invariant under the fundamental representation
of SO(9) and the adjoint representation of SU(N), and which contains bosonic
and fermionic harmonic oscillators.

As mentioned in chapter 1, our goal is to study Krylov complexity in the regime
where a black whole reaches thermal equilibrium with it’s radiation. In order to
do so, we're employing a toy model inspired by the one reviewed by Maldacena,
but with several modifications: all the fermionic oscillators were removed, the
SO(9) symmetry was replaced by SO(3) and one interaction term was also re-
moved. However, since we want to take into consideration the interaction between
the black hole and the Hawking radiation, we’ve included an extra oscillator ¢,
supposed to describe the radiation.

28
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Our toy model in (0 + 1) dimensions is governed by the following action:

s= [ at(lx+Ly+Li),

—0o0

(5.1)

where the time dependence of all matrices is omitted. This action is invariant
under SO(3) and under SU(N). The X’s and ¢ belong to the adjoint representation
of SU(N) and, therefore, can be written as N X N traceless hermitian matrices
(about adjoint representations, one can consult: [35, 43]). X! transforms under
the fundamental representation of SO(3), hence the uppercase index. While ¢ is
supposed to represent the Hawking radiation around the black hole, the X’s are
supposed to represent the internal DOF’s of the black hole.

We define the generators T, of SU(N) in terms of the structure constants f,.
in a way that gives a convenient normalization for the adjoint representation of
the Lie algebra:

A , [ A
TI'(TaTb) = Néab, [Tb/ TC] = Zfabc Ta ﬁ (52)

Taking the generators T, as the basis for the adjoint representation of SU(N), the
matrices X! and ¢ are given by components X!* and ¢*:

X'=1,X1", ¢ =Tw" (5.3)
The transformation of a member X! of the adjoint representation of the Lie algebra
of SU(N) under the action of a member g of SU(N) is given by:

gXg !, (5.4)

which means that the action written in terms of traces is manifestly invariant

under SU(N). Even so, one could decide rewrite it in terms of the components
X' and ¢”.
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Since the matrices in the action are hermitian:

X}] = X{]T = (X].ﬂ.)+ , (5.5)

where i, j indicate the matrix elements. This means that the momentum conjugate

to XZI] is X]IZ = (XZI])Jr, and canonical quantization is done by imposing;:

X}, Pl = i6" 6651, Pl =X (5.6)

[¢ij, ox1] = 1001, okt = Pire (5.7)

Therefore, the Hamiltonian is:

H:Hx—l—Hq)—l—H[,

Hy = %Tr{i% [(P1)2+ (mxxf)z}},

I=1
N_ (17, ) (5.8)
Hy=~+Tr {i[P + (myp¢) }}
N 3
Hy = = Tr qi(mx + §¢) Y erX' XXX}
1,J,K=1

Creation and annihilation operators are defined for X as:

1
I _ I I
A= e (mXX 1 iP! ) (5.9)
1 .
(Alyt = e (mxx].fl. - zpig.) ; (5.10)

with the typical commutator:

(AL (A" = 6Y6udy, (5.11)

and the following inverse relations:
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1
\/me
P = > (Al — AlD. (5.13)

The creation and annihilation operators are defined for ¢ in an analogous way,
but in this case they shall be denoted by lowercase 4;; and (aij)Jf, instead of A{]-
and (AZI])+ Rewritten in terms of these operators, the free part of the Hamiltonian

becomes:

Hx + Hy = %Tr (mXA”AI n m¢a+a> ) (5.14)

with zero point energies dropped.
Finally, we expect this model to adequately describe the desired system in the

regime dictated by the following conditions over the model’s parameters:

m<<T<< A3, (5.15)
N7VB\3 << T, (5.16)
1<<N; (5.17)

where m stands for both myx and my, and T stands for temperature. These condi-

tions can be rewritten as:

— <<, 5.18
= << (5.18)
T
75 <<1 (5.19)
T
— N3 >>1, (5.20)

AL/3
N >> 1. (5.21)
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Dyson-Schwinger Equations for the Toy
Model

6.1 From Action to Complexity

We can, in principle, use any local operator to probe the growth of Krylov
complexity in our model, as per the discussion about operator growth presented
in section 4.5. Inspired by the work done with the IP matrix model [21], we've
decided to attempt to use the moment method (section 4.4) to extract the Lanczos
coefficients and the Krylov complexity of an operator from its two-point function.

Therefore, our fist task is to obtain a two-point function, and since the regime of
interest for our toy model requires finite temperature, the two-point function must
be thermal. We intend to obtain it perturbatively and using the Dyson-Schwinger
(DS) equations, this shall give us a time-ordered thermal two-point function of a
matrix component of either X or ¢, which still isn’t really what we need, since it’s
time-ordered. However, in appendix C, we derive a general relation between a
non time-ordered two-point function and its time-ordered counterpart that can be
employed to solve this problem.

The DS equations are the quantum equivalent of the classical equations of
motion and they give n-point functions in terms of n-point functions. They are
exact equations and, therefore, are more general then the equations obtained up
to a certain order in a perturbative expansion. In fact, they can be used to derive
the terms of a perturbative expansion up to any order; this is done by iterating DS
equations and cutting them at a certain point.

In this chapter, we’ll derive DS equations for the toy model. We’ll derive one
equation for a matrix component of X algebraically in detail and then proceed dia-
grammatically. Some results related to the path integral formalism, imaginary time
or the DS equations won’t be demonstrated here. For information about the path

integral formalism in imaginary time, the following sources are recommended:
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[44, 45, 46]; for information about the DS equations: [46, 47, 48].

The derivation of the DS equations is more easily done using the path integral
approach, although it wasn’t done like this originally. Since we want to obtain
thermal correlators, we’ll work with the generating functional in the imaginary
time formalism. The Euclidean action is:

S =S50+ 51, (6.1)
31
/ dTTr{ @ + (mg)?| + ZE[ mxXI)ﬂ}, 6.2)
3
/dTTr{ (me+39) Y eUKXIX]XK}. 6.3)
1], K=1

The normalized generating functional is:

fdAeiSE+S/ _ Zﬁ(]).
fdAeiSE N Z,B(O),

Zp(]) = (6.4)

where S is the source term, containing sources for each DOF (] is a source for X !
and ]ij for ¢;)):

Z dT 4)1,] +ZXZ 1 (6.5)
jlij

,]1

and the integration measure dA:

dA =[] DX Dy (6.6)
i1

Time-ordered correlation functions are obtained by functional differentiation:

o 6 v . » y y
5 Zp()| = (TX(—m) Xy (—im))p = (TXG(T) Xy (%))p,
el
(6.7)
where we have introduced the notation ¥ = —it. The operators X{j(—ira) are

typical Heisenberg picture operators, but evolving in imaginary time:
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XL (—it3) = i) (D)o HIw) = gH (xh)o~H, (63)

and the time-ordering operator T acts with respect to T and not t:

T (X{j(—ira)x,{,(—irb)) = X}, (—im)Xfi(~iw), if 7> (6.9)

The free part of the euclidean action (Sp) can be rewritten in the following manner:

3 1 )
/ dTTr{ e +(m¢¢)} ;z[(xf)u(mxxfﬂ} (6.10)

_ N2 d /d
2;/0 TaO Tp

(6.11)
' <<Pij(Ta)A$1(Ta, )i () + \LI—:Xz'Ij(Ta)A}_(l(Tﬂ/Tb)X}i(Tb)> ,

where A;(l and A(;l are the inverse operators to the free thermal propagators:

Ax(ta, 1) = (TXE(T) X5 (%))go Y i L (6.12)

(T — T) /dTbe(Ta,Tb)A (Tp, Tc)- (6.13)

6.2 Algebraic Derivation of a Dyson-Schwinger Equa-
tion

The starting point for the derivation is the identity:

)
AA | ——— | e %515 =, (6.14)
/ <5XP7;V(T;Z)>

which is analogous to the simpler case:

/ab dx% (x) = f(x)|Z =0, validfor f(a)= f(b). (6.15)

That becomes:
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0—/dA O (—Sp+S)) | eSS (6.16)
5)<;L(Tﬁ)
= [dA | — + 1T (1,) | e SE+S) (6.17)
for (o)
:]Ev(Th)Z/s(])—/dA 5TS—E e TSI, (6.18)
5)<yv(7h)

where we have ignored (and will continue to ignore) the N/A factor from the

action, because it’s irrelevant (we could have, for instance, multiplied equation

6.16 by A/N and gotten rid of it).

Considering again a simpler analogous case:

[ axseet = [axs () e = r () [ e,

valid because:

d

_e]x — xe]x,-

]

similarly, eq. 6.18 is equivalent to:

55
= 7 (1) Zs()) / A ( TG

= (W) Z()) - (%

)
row- (s

e—SE—l-S]
5/6]

5/6]

)] Zg(]),
5/68]

) Janfee

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

where |;,5; means substituting all the X's and ¢'s in the expression by the func-

tional derivatives with respect to their respective sources, always using DOF’s and

sources at the same 7.
Dividing eq. 6.23 by Z5(0), we find:
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o i T . 5SE
0= ]#V(Th) (5}(;;1/(171)

_ 6(So+ S
R (S

) ng(]) (6.24)
5/5]

Z5()), (6.25)

3/6]

with Sy indicating the interacting part of the euclidean action. Using the expression
obtained for 6Sy/6X}, (1) in appendix D, this becomes:

B
0= [];fv(fh)— (/0 dTbA)_(l(ThrTb)XEy(Tb)"‘&) Z4(]);  (6.26)

5X£V(Th)

5/6]

acting with foﬁ dt,Ax (7, 7,) from the left:

B
0:/O A, 8% (11, )y () Z5(J)

B oS
_ (XE]/[(T1>+/0 dThAX(Tl,Th)MT—(ITh))
iny

rearranging:

024(]) /Oﬁ dt,Ax (1, Th) !];{V(Th) - <L> Zp(J)- (6:29)

o () XTI, ()

5/6]

In order to find the intended two-point function, we must act with one more
functional derivative from the left:
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0 ) . AT
0] (12) (5]1/Ty(T1)Zﬁ(]) = Ax(7 7)oy Z5)
B )
+:A J%Ax(ﬁ,ﬁﬂhﬂ(ﬁﬂgﬁgfajz%(n (6.29)
B ) 0Sy
— [ 4 Zs(])-
[y sy (s, 50

If we were to take more derivatives, the term multiplied by | ;V (1,) would originate
other terms, but since that’s not the case and we’ll set ] = 0 at the end, this term is
no longer needed and we'll consider it gone from here on.

Now we substitute the explicit expression for 6S;/ 5X;£U(Th), derived in ap-
pendix D, to obtain:

0 0 B AT
5]1‘747(T2) 5]1/Ty(T1) Zﬁ(]) = A1, )0y Oy
— i€[ K51T2/ﬁ dThAx(Tl Th) 0 3mxx]'(Th)X.K (Th)
J o 0 ’ 5}4\7(,[2) vi 7
(6.30)
+g (Ximxf; ()i () + X1, () i (1) X, ()
+<Pvi(Th)X{j(Th)Xﬁ(Th)>] Z()),
/6]
which becomes:
0 ' 2 (J) =A Oy 0o 07T
ST () 3Tty P = Al ot
B ) 0 0
— iepgd'T dt,Ax (1, Ty) ——— |3
Ll ”X“”%%me%mmwﬁm>
(6.31)

( 5 6, 8 5 5
OT0:(w) 815 (B) 670 (w) 6Ty, 615 () ST ()

+38

5 5 5
" 51 () 811(7h) 51};(@))] )
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Once we apply the functional derivatives and set | = 0, we obtain, in accordance

with eq. 6.7, the two-point function in imaginary time:

(TXp, (1) X0, (1)) g = Dx (T2, 71) 8y 6,07

p Y
— i€1]K51TZ/O dThAx(Tl,Th) [3mx<TX,?7(’f2)X1]/l(’fh)X5{(’Z’h)>ﬁ
L]
+§ (<’er,;“7<%2>X,{ﬁh)xf;(fhm<fh>>ﬁ + (T, () X1 () i (1) X (1))

T <Tx;;‘7<f2>4>w<fh>x!j<fh>x};<fh>>ﬁ>] .

(6.32)
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6.3 Diagrammatics

The terms on the right side of eq. 6.32 can be represented diagrammatically in

the following way:

Q=

(6.33)

U\

)
= 1.7 A 2,

°

Y

e

6.35
i (6.35)
= 1
(4
v

—
—
AR
\eo>od
N

The box represents an n-point function with external points determined by the
legs going into it; one can think of it as containing all possible ways of connecting
the incoming and outgoing legs with any number of additional vertices.
Consider one more diagram, but this time, a diagram without the box, i.e., a
diagram in which all vertices and external points are connected to other vertices

or external points, like the ones that show up in perturbative expansions:
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()

1. T IThK CmA V 2

ND B B
:(_1)2(g2)5y17(5v'y€UKGABC5T15AV/0 /0 Aty dtuAx (1, ) Ax (T, T2)

o=

e

(6.36)
: Z<4>W(fh)¢jy(fm)>5,o<Xﬁ(fh)X5 ()} 3,0{ X35 (T) X5, () g0
i
= (—i)?(NZ)*0uydur€rjxeapcd’ 64V 618 5KC
(6.37)

B B
-/0 /0 dTthmAX(Tl,Th)AX(Tm,TZ)A¢(Th,Tm)(AX(Th,Tm))2.

One can read the Feynman rules of the theory from the given examples.

Before going any further, let’s make some considerations about the problem
at hand. From the structure of the available vertices, which shall be called X-
vertex (three-legged) and ¢-vertex (four-legged), it’s possible to infer some things
about the diagrams that can show up in a perturbative expansion for a two-point

function (that means we’re considering only diagrams without the box):

¢ All diagrams must have an even number of each kind of vertex and, by

consequence, also an even total number of vertices.

* While each pair of ¢-vertices introduces two loops, each pair of X-vertices
introduces only one loop!. Each loop contains a sum over one matrix index
and, therefore, a factor of N. This means that, in principle, the ¢-vertices are

more powerful.

If we want to obtain a two-point function perturbatively, then both vertices
must behave perturbatively, which means that both Nm?% and (N§)? must be small.
Since the ¢-vertex is more powerful, it’s not difficult to find a set of parameters for
which the ¢-vertex dominates. The conditions for this can be written as:

IHere we're taking into consideration the fact that there are only two external points, which
means that for every extra line generated in a vertex, another line must, at some point, go into a
vertex. We're also relying on the suppression of non-planar diagrams.
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1
<2
1
2
—, 6.39
my << (6.39)
2
my )
X ) A4
N <<& (6.40)

If we set m% = 1/(Ny), for some real constant y > 1, then combine this with
inequalities 6.38 and 6.40, we obtain:

; << (Ng)? <<1. (6.41)

Therefore, by satisfying this condition, we’re able not only to find a two-point
function perturbatively, but also to do so without taking into consideration any
diagrams containing the X-vertex. Hence, from now on, this vertex will be com-

pletelly disregarded. Additionaly, we’ll adopt a simpler notation:

. [l |
1.1 I%\IL A2 = o .. (6.42)
v ! Y

Since at large N non-planar diagrams are suppressed, not much is lost with this
change. By keeping in mind that we're actually dealing with double line diagrams
and knowing how to translate between notations, we can use the simpler notation
effectively.

Let’s get back to the X two-point function. According to the DS equation we
already derived (eq. 6.32), it’s given in terms of a four-point function with three

X’s and one ¢:

(6.43)
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Since all the external points are X’s, the ¢ leg has nowhere to go but to another ¢

vertex, this allow us to rewrite the equation as:

—{F—_

(6.44)

We see that the X two-point function is now given in terms of an X six-point
function. We can use the DS equations algorithm to find an expression for this
six-point function. In this algorithm, one starts by drawing the n-point function
on the left side of the equation and selecting one of the external points. Then, the
tirst diagrams drawn on the right side correspond to free propagation from the
selected external point to one of the other external points while the remaining
ones propagate into the box (all possibilities must be covered). Moving on, one
then draws diagrams corresponding to free propagation from the selected point to
one added vertex, with the additional legs of the vertex propagating into the box
along with the other external points; all possible types of vertices must be covered.

The freedom one has in selecting the special external point is equivalent to the
freedom in the order of application of the functional derivatives to the generating
functional. Nothing is lost with the selection of one point instead of another,
because all the possibilities for all the other external points are contained inside
the box.

Proceeding in this manner, we find the X six-point function:
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L
— [ I
— —e — — 1 + | o— —eo
o— o— o—
@ [ @
<o— ~— —
+ —eo + o— —eo + o— —e
o— o—
° ° (6.45)
+ + + ,
r— —eo *— —eo r— —eo
r— *— ——
r— *— ————
@ [ @

where we’ve introduced two vertices at once in the rightmost diagrams by using

the same argument employed in the passage from egs. 6.43 to 6.44. Now we write

an equation for the four-point function that appeared in eq. 6.45:

-

e

—e

)

!

=)+ (G

)

(6.46)

We can proceed indefinitely with this algorithm, obtaining n-point functions with

higher n every time.

Now we’ll show how the terms of a perturbative expansion are generated

by iteration and cutting of the DS equations. If we take eq. 6.44 and cut it, by

considering the four-point function to be free, we obtain all the diagrams up to

order two of the perturbative expansion. Making the four-point function free

means performing all possible connections between the legs that are going into
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the box, for instance:

(6.47)

Out of all the possible connections in this example, we keep only the first, because
all the others are either non-planar or connect two legs from the same vertex,
which necessarily gives zero because of the Levi-Civita symbol in the interaction

terms of the action. Therefore, by proceeding as described, we obtain:

*—e

+ o @ .+>—@—<+c Q O+(9(g”4);

(6.48)

where O(¢*) stands for all terms of order 4 or higher.

One can calculate a two-point function perturbatively in two different ways,
either by writting the perturbative expansion explicitly and then computing all
diagrams, or by seting up a set of DS equations and solving them iteratively,
starting with all n-point functions free and then using the result of the previous
iteration at each new iteration. With the first option, it’s necessary to make sure
that all possible diagrams up to the desired order have been drawn, whilst with
the second option, it’s necessary to make sure that the point of cutting of the
equations is adequate, i.e., the n-point functions with highest n employed are
enough to get all the possible diagrams up to the desired order.

Since for our purposes we can choose between a correlator for X or for ¢
(whatever is more convenient), we’ll now obtain a few more DS equations for the
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¢ two-point function. We start with:
A e + M€ AN—o (6.49)
The four-point function with three X’s and one ¢ is given by:
. !
—— NN-e — ( NN-e ) —+ ( <o— N/ -e )
[ 4 @
(6.50)

RS

o—

N-e

N-e

-

o—

If we substitute eq. 6.50 into eq. 6.49 and then take the six-point function to be

free, we obtain the perturbative expansion up to second order:

oA e m@m—n—i—(’)(g”‘*).

(6.51)

Going further, we find the six-point function with four X’s and two ¢’s:

:VWV\,\’lZ
e — o— +
o—

o—
o—
o—

and the eight-point function with seven X’s and one ¢:

) (6.52)
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(6.53)



Chapter 7

Conclusion and Perspectives

This dissertation covers a work in progress. The main goal of our project is
to study the growth of Krylov complexity in a toy model for an AdS black hole
in thermal equilibrium with its Hawking radiation. Some of our progress so far
has been reported: we’ve been able to define a toy model and to derive Dyson-
Schwinger equations in imaginary time. The next steps involve the computation
of the two-point function, the translation to real time, and the implementation of
the moment method in order to calculate the Lanczos coefficients and the Krylov
complexity itself.

Obtaining the two point function in imaginary time will involve first Fourier
transforming imaginary time propagators to the frequency domain and then
solving the equations computationally (performing Matsubara frequency sums).
We have a code under development in Mathematica that shall be capable of doing
this symbolically in an efficient manner by employing the residue theorem.

Once we have the two-point function, we shall perform an analytical contin-
uation to real time and find the spectral density. Then, the next step will be to
implement the moment method, for which we also have some codes prepared.

These are the short time perspectives for our project. Interesting progress
has been made so far, but there’s certainly still a lot to be done. The long term
perspectives involve possible adaptations of the model depending on the initial
results and also the study of the gravitational solution via holographic dualities,
but this is a whole other story and it will certainly provide us with a lot more

ground for research.
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Appendix A

Conventions

Natural units are used in every part of this text, therefore, one shall not expect
to see /1 (Planck’s constant) or kp (Boltzmann’s constant) anywhere.

Hats () are always used to denote operators acting on a Hilbert space, except
in chapters 5 and 6, where they are omitted.

Einstein’s notation is used to make sums implicit whenever a pair of indices
are contracted and a pair of contracted indices is made evident by the contrast
between one upper and one lower index. The only exception to this is the case
of matrix indices: these are always lower and their sums are always explicit.
Additionally, one must be careful and properly distinguish by context between
indices and powers.

When dealing with the components of some matrix M:

M = (M)

5= (A1)

ijr
which is, in general, different from (M;;)*.

When dealing with Heisenberg picture operators, an operator O(t) can be
written simply as O if t = 0.

The symbol € (without indices) must always be understood as a real and
positive infinitesimal number, i.e., expressions containing it are actually defined in
the limit € — 0+. As usual in physics literature, this limit will be implicit.

When containing indices, as in €}k, this denotes the totally anti-symmetric

tensor, also called the Levi-Civita symbol, with the following properties:

€iriyiz-iy — “€iyiqize-ins  €aaiz--iy — 0, €123, n = 1. (A.Z)

One dimensional Fourier transforms are defined as:

flwy= [ de s, (A3)

where f(t) is a function in the time domain and f(w) is the Fourier transformed
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function in the frequency domain. The inverse Fourier transform is:
fi = [ Soe i fw) (29
- . .
The integral form of the Dirac delta is given by:
6(a—b) = A% ix(a-b) (A.5)
- . .
The integral form of the Heaviside function is given by:
S —ixt
oty =i [~ 2xe (A.6)

Coo 2T X + i€



Appendix B

Shannon Entropy

Shannon entropy [23] is a concept in information theory that generalizes differ-
ent notions of entropy appearing in physics. It measures the amount of uncertainty
one has about a random variable depending on the probability distribution associ-
ated with the possible values that variable can assume. Equivalently, it can also
be thought of as the amount of information one stands to gain upon learning the
value of the variable. If a variable can assume a certain set of N values, each with

probability p,, where ) p,, = 1, then the Shannon entropy of the variable is:

S=—)_pnlogpu. (B.1)

It’s clear that the entropy doesn’t depend on any specific characteristic of the
variable in question, only on the probability distribution.

Consider, for instance, a coin flip. For all practical purposes the result of
the coin flip is random, with 50% probability of the coin landing on either side.

Therefore, the entropy associated with the coin flip is:

1. 1 1
S=-2 <§ log 5) = —10g§ = log 2. (B.2)

If the log is evaluated with base two, then the result is one. Different choices of
base for the log give entropies related by a constant factor:

log, pn 1

— 1 = — b = — ,

these are simply regarded as different units for entropy. If base two is employed,

the entropy is given in bits. In the case of the coin flip, the entropy is one bit.
Imagine now that we have a special coin where the outcomes of the flip have

probabilities 1/3 and 2/3. In this case the entropy is:
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3

much smaller than the previous result. In fact, the maximum entropy is always

1 1 2 2 1 2
S=— (Elog2 3 + 3 log, §> =5 log,2+ = (1 —log,3) ~ 0.11, (B.4)

associated with probability distributions where all p,,’s are equal. That’s the case
when one has the least information about the value the variable will assume. The
entropy then depends simply on the number of possible values of the variable:

N1
S=— Z Nlogﬁ = log N. (B.5)

n=1
It’s easy to see that Shannon entropy is equivalent to some definitions of
entropy in physics. The von Newmann entropy, or entanglement entropy, for
instance, is given by:

S=—-Tr(pInp), (B.6)

where  is the density matrix representing a quantum state. In the basis where p
is diagonal, this becomes the Shannon entropy, but since the dentity matrix can
always be diagonalized and the trace is independent of basis, we can always relate

the von Newmann entropy with Shannon entropy. Other examples are:

¢ The entropy of a canonical ensemble, which is a direct implementation of

Shannon entropy:.

* The entropy of a microcanonical ensemble, corresponding to Shannon en-
tropy applied to the case where all probabilities are equal and the result
is, therefore, given simply by the log of the number of possible states, the
microstates of the system.



Appendix C

Extracting a Two-Point Correlator From
Its Time-Ordered Counterpart

As explained in section 4.4, the moment method allows the Krylov complexity

of an operator O to be calculated from the following correlator:

C(t,p) = (O(1)|0)p = (O (1)O)p, (C1)

or the spectral function ®(w, ) = C(w, B). Here we derive an equation which
allows C(w, B) to be obtained from the Fourier transform of the time-ordered cor-
relator G(w, B). In this demonstration, the ’s inside the arguments of correlation
functions are omitted.

The time-ordered correlator is defined as:

G(t) = (TO(1)O)p = 0(t)CT (t) +6(—t)C (1), (C.2)

where 7 denotes time-ordering, and:

CT(t)=C(t) = (O (t)O), (C.3)

C(t) = (00" (1))p. (C.4)
Its Fourier transform is given by:
G(w) = / dte G (1), (C.5)
From the properties of the Heaviside function 6(t), one sees that:

/oo dte'“tG(t) = /oo dte’“tC(t). (C.6)
0 0

Additionally, in the beggining of section 4 of the IP complexity paper [21], it was
shown that:
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/ dtetC(t) ( / dte ' C(t) ) . (C.7)

Therefore, one obtains:

/ dtel“’tG (/ dte“"tG )

(C.8)
_ /0 dt veG(tHe*WfG*(t)),

and:

/ / 1t (w—w )G(w/) + eit(w’—w)é*(w/)) ' (C.9)
Now, it’s well known that!:

A itte-o) Z L 5w — 'y = L L
. 2t =5 (w—w') nP e I (C.10)

where P indicates the Cauchy principal value and the expression is properly

defined when inside an integral over w or w’. Applying this result to eq. C.9, one
obtains C(w) from G(w):

Cw) = 3 [6(@) + & (@) - 17 [ aw (5% N f)(_“’cj)] (C11)
C(w) =ReG(w) — %P /_O:o dw'’ (%) : (C.12)

IThis can be derived from manipulation of the fourier transform of the Heaviside function with
application of the residue theorem.



Appendix D

Functional Derivative of the Euclidean
Action With Respect to X

D.1 Functional Derivative of the Free Part

From the free part of the Euclidean action, as given in eq. 6.11, we obtain:

550 -1
e / iz, / Aty —rt 5XT <l]1 (1) A5 (1) XL (x b)) (D.1)
N1 5
Y -
A2 ) T o X () (D2)

(X () A5 (T, ) X () + X (1) A (70, ) X (1) )

which is the same as:

5
5XT (1 0 A/ d’ta/ dTb(sxT XT (1) AR (1, Tb)xjy(rb)). (D.3)

After the derivative is applied and the resulting dirac delta is integrated, this

becomes:

6S9 N (B » .
ST~ A | (85 () X () (D.4)
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D.2 Functional Derivative of the Interacting Part

In this demonstration, the time dependence of all the X’s and ¢’s will be
omitted, but it is to be understood that in egs. D.5 and D.6, they all depend on 7
and from then on they all depend on 73,. Also }_ must be taken to mean sum over
all matrix indices available in each term except for y and v. From the Interacting

part of the Euclidean action, given in eq. 6.3, we obtain:

Sy N/ﬁ 0 ] 5 ; <
oy = 5 | ATy Tryi(my + e X' X X (D.5)
0XT,(w) A Jo T eXT,(n) {itme+ g9)enx }
= N/ﬁdTLZe <im XLx) XK +ige;i XL X XK) (D.6)
A 0 (5X;7;V(Th) IJK Xk ki 8Pij jk“ kb* bi .
= %ZQ}K
+ ity ((5T1(5m5vj)X}kX£§ + X(6718,6,) XK + XI-I]-X]Ik((STK(SHk(SW-)) (D.7)

+ i8¢ <(5T15yj5vk)X}{leIJ<i + X}k(fST](Syk%b)XzIfi + X}kX;{b((STK(Syb%i)) ]

N : TI K T]~1 K TK~71
= = Ve |im (67X xE, + T}, X+ 6T x] x],)
(D.8)
+ig (5“¢in@}<{,§ + 6Ty x!, XK + (sTanvjx]lkX,{y)
N : TI K T]~xK~7I TK~71
= = Ve |im (67X Xk, + 6T XX, + 6T X x])
(D.9)

+ig ((5” X! XKy + 6T XKy X!, + (STKgbV]-X].IkX,{y)

Here we can see that all the terms multiplied by mx are just cyclic permutations of
the SO(3) indices, which means they are equal. We can then rewrite the result as
(also renaming the SO(3) indices in the other therms):

OS] N . TI ] vK 5 () xK ] K ] xK
e = X o (05) 6 (K - Xy )|

(D.10)
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