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Abstract

This dissertation focuses on methods which aid in the study of exotic phases of mat-
ter in quantum many-body systems. For this I look specifically at systems with local
disorder that can give rise to the phenomenon of many-body localization as well as two-
dimensional systems with certain local symmetries, which I show can potentially lead
to the emergence of topologically ordered phases. In this work I use a group-theoretical
approach to investigate the topological properties of two-dimensional materials, with a
specific focus on the effects of local SU(3) symmetries in the Kagome lattice and enhance
this theoretical approach by a numerical analysis that utilizes tensor network constructs.
To further investigate the effects of disorder on a quantum many-body system, I derive
analytical solutions to time-evolved local observables in many-body localized systems
with random perturbation, which I subsequently use to design a tensor network frame-
work by which I combine variational and perturbative solutions for quantum many-body
systems to efficiently calculate the time-evolved values of relevant observables.



Zusammenfassung

In dieser Dissertation beschéftige ich mich mit Methoden welche bei der Untersu-
chung von exotischen Phasen von Quanten-Vielteilchensystemen helfen. Dafiir befasse
ich mich insbesondere mit Systemen mit lokalen zufélligen Storungen, in welchen das
Phidnomen der Vielteilchenlokalisierung auftreten kann, sowie mit zweidimensionalen
Systemen mit bestimmten lokalen Symmetrien, fiir welche ich zeige, dass diese zum Auf-
treten von topologisch geordneten Phasen fithren kénnen. In dieser Arbeit benutze ich
einen gruppentheoretischen Ansatz, um die topologischen Eigenschaften von zweidimen-
sionalen Materialien zu untersuchen, mit speziellem Fokus auf die Auswirkungen von
lokalen SU(3) Symmetrien auf dem Kagome-Gitter. Dieser theoretische Ansatz wur-
de ergidnzt durch eine numerische Untersuchung welche auf Tensornetzwerkmethoden
basiert. Um die Effekte von Unordnung auf Quanten-Vielteilchensysteme weiter zu un-
tersuchen, leite ich analytische Losungen fiir die Zeitentwicklung lokaler Observablen
von Quanten-Vielteilchensystemen gestort durch lokale zuféllige Stérungen her, welche
ich anschlieflend fiir die Konzeption eines Tensornetzwerk-Systems benutze, in welchem
ich die stor- und variationstheoretische Losungsanséitze fiir Quanten-Vielteilchensysteme
kombiniere um effizient zeitentwickelte Werte einschlégiger Observablen berechnen zu
kénnen.
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Chapter 1. Introduction and Motivation

My doctoral work focuses on methods to enable the study of exotic phases in quantum
many-body systems. One point of focus is the study of the effects of symmetries on
the properties of quantum many-body systems, as well as the possible emergence of
topologically ordered phases and their characteristics. The project work began with
a group-theoretical approach to the investigation of the topological properties of two-
dimensional materials, with a specific focus on the effects of local SU(3) symmetries in the
Kagome lattice. This was followed by a numerical analysis that utilized tensor network
constructs. Another point of focus in my later work involved analytical derivations of
time-evolved observables for a many-body system with random perturbation. My thesis
attempts to provide a holistic approach to the study of exotic phases in quantum many-
body systems, utilizing an array of different methods from a toolbox of numerical and
analytical methods, some of which I newly developed for this purpose.

——>0 =D 0<—

The chapter you are currently reading, Chapter 1: Introduction and Motivation,
serves as an introduction in which I introduce the mathematical bones of the problems
I address in the work shown in my dissertation, but also present the physical interpre-
tations of various problems and list the contemporary scientific achievements in fields
relevant to my topics of research. Chapter 2: A Perturbative Solution to a Many-
Body Localization Hamiltonian details my analytical work on the perturbation the-
ory of many-body systems with interesting properties, such as the emergence of many-
body localization. Some of this work was summarized in [1]. By completing arduous
calculations, I discovered the prevalent behavior and values of significant observables in
quantum many-body systems — in an exact fashion. Chapter 3: Creating a Tensor
Bridge for Perturbative Many-Body Localization Solutions shows, in simple
terms, the midpoint between the work presented in the previous two chapters. I use the
tensor network methodology to create parametrized wave functions that act as a bridge
between two exactly calculated perturbative solutions for different phases in a quantum
many-body system, by introducing a minimal number of variational parameters. In ad-
dition, this chapter includes the results of a numerical tensor network algorithm that
divined the behavior of such a system close to the phase transition between the two
phases. With that, I accomplished something traditionally difficult to achieve — a fast
and efficient calculation of the phase properties in a quantum many-body system, driven
by an exact calculation of phase properties; exactly verifiable and immensely productive.
Chapter 4: Z; Topologically Ordered Systems comprises my work on the trans-
lation of the SU(2) model to its equivalent of the SU(3) kind, partly exposed in [2]. In
other words, I investigate (both analytically and numerically) the global phase in which
a Kagome lattice with a local SU(3) symmetry can be found, with one major question
— whether it has topological properties. A concise summary of the presented results is
contained in Chapter 5: Summary of the Results.

Some additional calculations can be found in the Appendix.

With this dissertation I will demonstrate the completion of the following goals:

#* Derivation of a stochastic integral representation for interacting quan-
tum many-body systems with disordered terms

I derive a way to directly write down the disorder-averaged propagator of a quan-
tum many-body system with disorder. This allows me to write down certain quan-
tities such as the density of states, spectral form factor and certain correlations
directly in the form of a stochastic integral expression

Ivana Kurecié 12
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% Calculation of a general analytical solution to the time evolution of a
local observable in a perturbed many-body system.

Using perturbation theory, I obtain some expectation values of disordered systems
directly with respect to the perturbed states.

# Construction of a general system of efficient bridging between differ-
ent variational solutions for a many-body system with disorder, using
the tensor network formalism and the already obtained perturbative
solution.

I construct a tensor-network description of a quantum many-body system per-
turbed with disorder. This allows for a unified description of both the normal,
ordered ground state and the one of the system with disorder, with a parameter
to freely interpolate between them.

# Construction of a tensor network state with a local SU(3) symmetry with
topological order.

I present a construction for a tensor network state on the Kagome lattice with
local SU(3) symmetry.

el E——— [

The contents of this first chapter are as follows. Section 1.1: Dissertation
Overview is a short overview of the topics I present in my dissertation, whereas Sec-
tion 1.2: Review of Crucial Topics is a summary of the relevant topics related to
quantum systems, to the extent necessary to read and understand further work of the
dissertation. This chapter also explains the minutiae of the construction of my research
project and includes some relevant references.

1.1 Dissertation Overview

The work I am presenting in this dissertation answers the question of whether it is possi-
ble to use the information on the intrinsic symmetries and structure of a quantum many-
body system to determine its macroscopic properties, in particular when they concern
recently more intriguing topics such as topological order and many-body localization.

—>0 =D 0<

The methods used to tackle enticing problems in quantum many-body physics range
from the numerical simulations of systems with an ironically low number of particles, to
the purely analytical handling of exact solutions of systems that can serendipitously be
described by easily manageable Hamiltonians. In this dissertation I present work that
tackles both those fronts and the field between them. By starting from a simple setup
of a defined local symmetry of particles distributed on a lattice, I examine the phase
content of quantum systems by employing practical analyses grounded in group theory
and numerical tensor network algorithms, but also explore the exact analytical solutions
of perturbed quantum many-body systems with clearly defined Hamiltonians. I reach
clear results for a number of relevant observables, which I present in this work.

To connect the solutions of numerical and analytical approaches, I have addressed a
gap in literature and existing mathematical methods and reached results that promise
to act as a vast improvement on the possibilities for analysis of quantum many-body
systems. Here I demonstrate the specific devised solutions that stand on the border
between arduous analytical calculations and tensor networks, notorious for their immense
power of efficient approximation.
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In particular, as part of this dissertation I will present general, analytical solutions
for the wave functions and relevant observables in quantum many-body systems, later
applying them onto specific system descriptions, deriving and discussing their properties.
The work I will show includes applications to systems that exhibit many-body localiza-
tion, as well as symmetry-protected topological order; the derived results are set against
performed numerical analyses that in some places rely on the tensor network arsenal.

1.2 Review of Crucial Topics

The derivation of both analytical and numerical solutions for the general forms Hamil-
tonians of many-particle systems allows for an investigation into particular many-body
systems that can be described by Hamiltonians of the same form. To that end, it is
important to apply the obtained solutions onto example systems, where it can lead to
conclusions and insights that could not otherwise be derived from the general solutions
alone. The derivations shown in my work exemplify the versatility and applicability of
the obtained solutions, expanding the analytical understanding of a number of many-
body systems.

The following subsections demonstrate the mathematical underpinnings and the cur-
rent state of existing literature and scientific research in the fields relevant to the work
presented in this dissertation, as well as some of the implications of the completed work.
It includes an introduction to group theory, quantum mechanics, quantum systems and
approximate methods, topological order, many-body localization, AKLT, RVB models,
and tensor networks.

1.2.1 Group Theory

This short subsection serves as an introduction to the broad topic of group theory and
the terms and concepts necessary to proceed with the remainder of this introductory
chapter. It includes a brief focus on the special unitary (SU) group and its representa-
tions, as well as the mathematical methods used to perform group operations on various
representations and their subsequent interpretation. A few paragraphs are also devoted
to the properties of the SU(2) and SU(3) groups and their representations, which shall
prove its use in the later parts of the dissertation. This subsection also introduces defi-
nitions necessary for the theoretical concepts presented further in the dissertation.

——>0 == 0<
Group theory is the study of groups, their algebraic properties, and applications of

these structures to other problems in science.

Definition 1.2.1. A group is an algebraic structure {G, o}, where o is a binary operation
between the elements of set G with the following properties:

1. Closure: Vg,,9, € G| gy 09, € G

2. Associativity: Vgy,92,95 € G | g1°(g2°935) = (91 °92) © g3

3. Existence of an identity element: Je | Vg € G, goe=€eog=g

1 1

4. Existence of inverse elements: Vg € G, 3g~! | gog =g log=ce

For simplicity, groups {G, o} will be referred to as G, with the group operation de-
noted as o or (§;,&5), where ; and &, denote the group elements involved in the operation
and the brackets signify the operation itself. To consider them in more practical terms,
groups can be studied in terms of their representations in particular vector spaces.
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Definition 1.2.2. A vector space {V,+} over a field F' is an additive group that supports
the multiplication of scalars f € F with vectors v € V in the form fv, such that the
following conditions are valid Vf;, f, € F,v,,v, € V:

1. Closure: fivq, €V

2. Quasi-associativity: f; (fovy) = (f1f2) V1

3. Existence of an identity element: 31 € F' | 1v; = v,

4. Distributivity of addition in F: (f; + fy) vy = f1vq + fovy
5. Distributivity of addition in V: f; (vq +vg) = fivy + f1Vs

Definition 1.2.3. A linear operator M : V — U, where V and U are vector spaces over
a field F', is an operator for which it holds that M (o, vy + ayvs) = oy Mv, + ay,Mv,
for all ay, a9 € F and all vq,v, € V.

Then, a general linear group can be defined as the set of all bijective linear transfor-
mations V — V, with function composition acting as its group operation. In general, a
group homomorphism is any mapping between two groups, h : {G,,o} — {G,, e}, such
that Vg, 9, € G, | h(g1°92) = h(g1) ® h(gz)-

Definition 1.2.4. A representation of a group G defined on a vector space V over a
field F is a group homomorphism h : G — I'; where I' is the general linear group on V.

A visual portrayal of these basic algebraic structures of group theory can be seen in
1.1.

In more commonly used notation, given that the general linear group of the vector
space V is the group of all bijective linear transformations within V, such that the
composition of functions is defined as the group operation, a group G defined on a
vector space V' can be represented by a group homomorphism

p:G— GL(V), (1.1)
where GL(V) is the general linear group on V. For Vg, € G, it holds that

p(9:9;) = p(g:) p (95) - (1.2)

Then, the vector space V is referred to as the representation space and its dimension is
that of the representation, p. For each representation, a kernel (ker) can be defined as a
normal (invariant with respect to conjugation by any element of the original group, i.e.,
ker = gkerg! for all g € G) subgroup of the group, for which each element is subjected
to the identity transformation (id):

ker (p) = {g, € Glp (g;) = identity} . (1.3)

For each group, the kernel must contain the group’s identity element, but it may contain
others, too. If the kernel is not trivial, the representation of the group is said not to be
faithful.

A linear subspace of the relevant vector space, W C V, is invariant to the group
operation if Vg € GAVw € W|p(g) w € W, effectively restricting the image space of the
group elements. If the representation is then explicitly restricted to the subspace W, it
is called a subrepresentation, and the original representation, p, is reducible. Instead, if
the representation has only trivial subrepresentations, it is referred to as irreducible.

A group for which both the binary group operation and the inverse are analytical
functions is called a Lie group, and the initialism SU denotes the special unitary group.
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®

{V, +}.D I

Figure 1.1: Visualization of the relations between important terms in group theory:
scalar field F', group G, vector space {V, +}, general linear group I', and representation
h.

Definition 1.2.5. A special unitary group SU(n) is a Lie group for which it holds that
Vg € SU(n) can be represented by n x n unitary matrices with determinant equal to 1.
The group operation of such a group is matrix multiplication.

For a simpler further analysis of SU(n) representations, I will define several important
concepts. An operator is a general term used to denote a function that maps from
elements of a defined space onto elements of another defined space — which may be the
same as the starting one.

Definition 1.2.6. FEigenvectors or eigenstates of a linear operator M are non-zero vec-
tors |v) such that M |v) = v|v), where each eigenvector is associated with v € C, referred
to as its corresponding eigenvalue.

Various SU(b) groups have found excellent applications in physics and mathematics,
being able to successfully describe the properties of electric charge of particles or those
of families of quarks. The group SU(1) is trivial, represented by a unit matrix, but the
group SU(2) is already much more interesting. It can be defined as

w-{(3 )

Definition 1.2.7. A Lie algebra is a vector space V defined over a field F', with its
binary operation [£;,&,] : V X V' — V referred to as the Lie bracket. Thus defined Lie
algebra satisfies the following axioms Vv, vy,v3 € V,Va,,ay € F*:

a,BeClaf +18 = 1}. (1.4)

o Bilinearity: [a;v; + ayvq,v3] = aq [vq, V3] + b [vy, V5);

o Alternativity: [vy,v,] =0;

 Jacobi identity: [vq, [vg, vs]] + [vs, [V, Vs]] + [Va, [V5, v1]] = 0;
o Anticommutativity: [vy,v,] = — [vg,v;].

The Lie algebra of the SU(2) group can be defined as

(2 )

with the commonly used generators:

e (N X0 ) I

Definition 1.2.8. A set of generators of a group is subset of group elements such that
every element of the group can be expressed as a finite number of group operations
between the generators and their inverses.

aG[R,zEC}, (1.5)
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For a set of elements of a Lie algebra to act as its generators, the smallest possible
subalgebra of the relevant Lie algebra that contains the elements of the set must be
the vector field V. The matrices of the (¢;,cy,c3) SU(2) generator basis satisfy the
quaternion relations, i.e.,

C1Cy = —CyCp = C3, C9C3 = —C3Cy = C1, C3C] = —C{C3 = Cqy, (1.7)
and the commutator equalities:

[c1,Ca] = 2¢3, [cg,c3] = 2¢1,  [e3,01] = 2¢9, (1.8)

where [ci, cj] = ¢;¢; — Cj¢.

These generators are closely related to the Pauli matriz basis, which is often used
in particle physics and quantum mechanics to mathematically represent the spin of
fundamental particles:

- (@)ED6 ) w
The following expressions hold:

cp =10y, Cyq=—10y, Cg3=103. (1.10)

The (yet more interesting) SU(3) group has a Lie algebra defined by the generators

T, = 2k (1.11)

where A\, are eight Gell-Mann matrices, analogous to the Pauli matrices of SU(2):
010 0 — 0 1 00 0 01
AM=|1 00|, A=]1 0l,2=10 =1 0|, Xx,=([0 0 O],
0 00 0 0 0 00 1 00
0 0 —i 0 0 00 O 1 (L0 0
¢ 0 0 0 0 0 i O V3 00 —2

(1.12)
To describe the algebra of the eight generators, T}, the following structure constants,
Jijk» and symmetry coefficients, d, ;;,, are defined:

.

— o O O O

ijk>

f123 =1,
5
f147 = f156 = f246 = f345 = _f367 25’

fass = Jors :\f,
dyyg = dogg = d33g = —dggg :\}5’
dyyg = ds55 = dgeg = dyg = — 2\1/3,
dyge = dis7 = —dogy = dosg = d3gq = dass = —dzee = —d3p7 :%’ (1.13)
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where all other (i, j, k) combinations for f; ; , and d, ; , are equal to zero. The generators
conform to these commutator and anticommutator ({c;, ¢;} = ¢;¢; + ¢;¢;) relations:

8
7. 7] :iZfijka (1.14)
k=1
1 8
{T,,T;} :§5ij1+22dijkxk, (1.15)
k=1

where 0,; is the Kronecker delta function. The Lie algebras of SU(n) groups for n > 3
have an even more complicated structure, but several descriptors of these groups or their
representations are universal.

Each SU(n) group can be represented by a trivial representation, for which p; (g) =
1q, where 14 is the unit element in the representation of the group G. The kernel of p,
is equal to all elements g € G. The natural representation of an SU(n) group is also its
lowest-dimensional nontrivial representation, with dimension n. All higher-dimensional
representations of a special unitary group are necessarily reducible and can be uniquely
decomposed to a finite direct sum of irreducible representations, such that:

p=pVaop?ae. oph. (1.16)

These representations are naturally restricted to their subspaces, W;, the elements of
which are invariant to the group operation. If two irreducible representations are joined
by a tensor product, the result of this operation can be shown as a sum of irreducible
representations for the group in question, by use of Clebsch—Gordan coefficients that can
be derived explicitly. These versatile sets of coefficients can be obtained recursively for
ever-higher-dimensional irreducible representations — henceforth referred to as irreps
— and also used to accurately obtain the exact direct sum of representations that result
from a tensor product of two irreps. They are often stored in tables and referred to when
necessary.

Definition 1.2.9. For a representation p, its conjugate p* is obtained such that it holds:

p*(g) = plg~ )"

A conjugate representation is another valid representation, as it is true that:

p*(9192) =p((9192) )T = p(gzr gt )T = (p(gzH)p(grh)T =
=p(g:") " 09" = p(g1)*p(g2)"; (1.17)

i.e., there exists an equality with the complex conjugation of the original representation.
Note that a product of a representation and its conjugate leads to a trivial solution.

The higher-dimensional representations of SU(3) are often referred to as D(p,q),
where p is the minimal number of fundamental representations and ¢ the number of
fundamental conjugate representations in the tensor product that can be used to obtain
them. The dimensions of such representations can be calculated as d(p, q) = %(p+ 1(qg+
1)(p+q+2). The direct product of two such irreducible representations can be presented
as

D<p1ap1> ®D(p2aQ2) = ZEBU(Pa Q)D(Pa Q)? (118)
PQ

where (P, Q) are the Clebsch—Gordan coefficients for SU(3).

In line with the visually intuitive properties of tensors, the tensor products of rep-
resentations can also be treated in a visual manner — by use of Young’s tableaux [3].
Aside from being intuitive and visually appealing, this method completely circumvents
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Figure 1.2: a) A Young tableau that can be used to describe the 80 representation of the
SU(3) symmetry group or, for example, the 315 representation of the SU(4) symmetry
group. b) Visual calculation of the hook length of the cell in the top left of the diagram
— the hook passes through a total of 5 cells, which means that one of the factors in
the denominator of the representation dimension calculation will be 5. ¢) The algorithm
used to assign values to factors of the numerator in the calculation of the representation
dimension, where n is the rank of the symmetry group. d) Cells filled with factors that
correspond to the denominator in the calculation of the representation dimension in
the SU(3) group. e) Cells filled with factors that correspond to the numerator in the
calculation of the representation dimension in the SU(3) group.

the need to calculate Clebsch—Gordan coefficients for special unitary groups of a higher
rank. However, it is marred by the unfortunate loss of any information more detailed
than the dimensionality and internal symmetry of the obtained groups — luckily, that
information proves to be sufficient for all but a few problems. In the Young’s tableaux’
framework, each representation of an SU(n) group can be depicted as a construct of
stacked cells. To illustrate, the representation 80 of SU(3) is shown in Figure 1.2a.
Each cell is assigned a number by summing 1 with the number of squares directly below
and to the right of the original square, forming its hook length, shown for the cell in
the top left of the diagram in Figure 1.2b and, as a result, for all cells of the diagram
in Figure 1.2d. Then, in a copy of the original stacked construct, numbers are assigned
in the manner shown in Figure 1.2c. The top left cell of the table’s copy is assigned
the number n, the one immediately to its right n 4+ 1, the one after that n + 2, and the
assigned numbers are iteratively increased until the end of the row. The cell directly
underneath the top left one is assigned the number n — 1, the one below it n — 2, and so
on. The same rule that applies for the first row applies for all the other rows.

Once both sets of numbers have been found, the product of all the numbers of the
respective sets is found, and the product of the n-related tableau is divided by the
product of the hook-related tableau. The obtained number is the dimension of the
representation shown by the Young’s tableaux in Figure 1.2, calculated for the SU(3)
symmetry group.

In a standard Young tableau, each subsequent row of the tableau is flush to the left
and contains fewer or the same amount of cells as the row directly above it and each
row contains fewer cells than the rank of the special unitary group which it depicts.
The states corresponding to the representation shown in a single row of a Young tableau
are completely symmetrized, whereas those shown in a single column are completely
anti-symmetrized. (A state |¢) is completely symmetric if [¢) = II,; [¢) or completely
anti-symmetric if [¢) = —II;;|¢) for the permutation II,; of any two subsystems.)

The direct product of two irreps of a special unitary group can be calculated in the
following manner. One by one, the cells belonging to one of the tableaux are removed
from the original tableau and appended to the other one. If the cell to be appended can
be attached to the Young tableau to form a valid shape in multiple ways, all resultant
tableaux should be included in the tensor product in the form of a direct sum. The
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Figure 1.3: Young’s tableaux corresponding to the product of representations of the
SU(2) symmetry group: 2® 2 =1 3.

Oed=He [

Figure 1.4: Young’s tableaux corresponding to the product of representations of SU(3),
33=3®6.

procedure continues until all cells have been removed from one of the tableaux engaged
in the tensor product, resulting with the product of a trivial representation and a vector
sum of irreps — the result of the posed problem. There is only one caveat to this
procedure: each row should be marked by a unique symbol (e.g., a, b, ...) and the cells
that originally belonged to the same symbol must not ever be positioned in such a way
that they are directly below one another.

For example, each fundamental representation of a special unitary group, as it has
the dimension equal to the rank of the group, can be presented by a Young tableau with
merely one cell. For SU(2), if two fundamental representations were to be put through
a tensor product, the result of the calculation may be obtained by a simple calculation,
as shown in Figure 1.3. In the SU(3) case, such a calculation results in the appearance
of the fundamental conjugate representation, 3, shown in Figure 1.4.

The 3 representation has the same dimension as 3, yet its corresponding states
are completely anti-symmetrized. The special feature of the fundamental conjugate
representation in a special unitary group is that its tensor product with the fundamental
representation brings forth the trivial representation, in a direct sum with another. In
the case of SU(3), it follows: 3 ® 3 = 1 @ 8, as shown in Figure 1.5.

The use of Young’s tableaux facilitates the determination of factors for a calculation
that provides a certain representation as its result. A simple to obtain a trivial represen-
tation as one of the results in the direct product of representations that equal the tensor
product of representations is to use the fundamental representation and its conjugate.
Then, the full result can be projected into the trivial representation space.

If a Young tableau of an SU(n) group consists only of columns with exactly n — 1
cells each, it is clear that a tensor product of it and a representation that can be shown
by a Young tableau that consists solely of one row, with exactly the number of cells as
the first representation has columns, it is guaranteed that the trivial representation will
form part of the direct sum of representations that results from the calculation. For
example, see Figure 1.6.

1.2.2 Quantum Systems

In this subsection I present a summary of the crucial topics used for the description of
quantum systems and those terms that define them. The information presented here is
standard within the quantum fields of research, but I include it here as a resource for

B@[}:@@_ ‘:1@_ |

Figure 1.5: Calculation of the direct product of representations in the SU(3) symmetry
group, aided by the use of Young’s tableaux: 3® 3 =1@ 8.
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Figure 1.6: Direct products of representations that must have the trivial solution as
one of the direct summands in the result. The upper row shows the calculation of
4®4 =115 in the SU(4) symmetry group. The lower row shows the generalization
of this principle for an SU(n) symmetry group, where a € N.

readers who may not be familiar with some of its details.

—_—>0 =D 0

A quantum system [4] is a physical system in which quantum properties are evident,
affect the state and behavior of the system, and can be studied experimentally or theoret-
ically. The external environment is considered only insofar it affects the quantum system
under study, which is for all other purposes considered to be isolated. The state of such
a system — or its quantum state — is a construct that gives a probability distribution
for the outcomes of measurements that can be performed on the system. The physical
quantities of a quantum system that can be measured (in other words, observed), are
called observables. To investigate the theoretical properties of non-relativistic quantum
systems, a plethora of toy models are used to describe their constituents and behavior,
allowing for a derivation of their quantum states and interesting observables. These toy
models assist with the conceptualization of more complicated systems by reducing their
behavior to a fairly small number of well-defined rules.

The term quantum spin system is used to describe a quantum system comprising
a number of particles (or degrees of freedom) that can be positioned on a graph, with
each assigned a finite-dimensional state space (commonly associated with quantum spin).
These systems are a frequent topic of research in the field of quantum many-body physics,
and they may be characterized by their potential to exhibit classically unexpected, emer-
gent macroscopic properties that may not intuitively correspond to the underlying mech-
anisms of the model itself.

The challenges in researching quantum many-body systems [5] stem from their expo-
nentially large Hilbert space dimensions that come into play already when dealing with
a relatively small number of interacting particles.

Definition 1.2.10. The Hilbert space of an isolated system is a complex vector space
with a defined inner product; it is also referred to as its state space.

This large state space often proves difficult to manage in a satisfactory way, leading
to the precise dynamics of such systems always being slightly out of hand for detailed
investigation — both theoretical and experimental. Unlike its classical equivalent, -
body physics, quantum many-body physics does not boast classical toy models, but must
consider the minute quantum effects that may influence the system as a whole greatly
and in a complicated manner, especially when nearing the statistical limit.

Instead of having to address the individual elements of many-body systems, quan-
tum many-body physics is rife with approaches that engage with states and observables
of these systems on a macroscopic level, often approaching the thermodynamic limit,
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in which they comprise an infinite number of subsystems [6] and which may exhibit
intriguing phase transitions, such as those to topologically ordered states. Note that
topological order may also exist at a finite temperature (e.g., see [7]), but its properties
are more pronounced at the thermodynamic limit.

Where quantum states are mathematically described as vectors of a Hilbert space,
observables are linear operators acting on that space. Typically, the eigenvalues of
observables belong to the real set of numbers, R, and assume values of possible mea-
surement results for the corresponding quantities when the system is in a particular
quantum state. Hilbert spaces were named after mathematician David Hilbert, who
generalized Euclidean spaces. Unlike Euclidean spaces, in which mathematical opera-
tions are defined for a positive and finite number of dimensions, Hilbert spaces can be
infinite-dimensional. A Hilbert space, H, is a vector space with a defined structure of
inner product that allows for the measurement of length and angle, for which it is a
complete metric space. As such, a Hilbert space supports the use of functional analysis,
allowing the well-defined use of differential and integral calculus.

A quantum system is fully described by its quantum state and operators that affect
its evolution. A quantum operator is a function that is defined on a space of states
(henceforth referred to as a state space), and each observable can be represented by its
corresponding operator. To ensure observables provide consistent and real eigenvalues,
all operators must be self-adjoint and linear.

The Hilbert space of a quantum spin system A can be described using a tensor
product,

H=IH,,  dim(H,)=0(1), (1.19)
ueA
where 7, refers to the Hilbert spaces of all the individual degrees of freedom in the
system, u.

These systems are often investigated by utilizing the model in which spin degrees of
freedom are distributed on an integer lattice, and by considering their local Hamiltonians
— i.e., Hamiltonians that are appropriately defined on a spatially limited region and that,
when summed, comprise the full Hamiltonian of the system:

H=> " Hy;,, (1.20)

r<rg i€\

where B(i, ) denotes a ball of radius r < r( around the point i and Hg; ., represents the
corresponding local Hamiltonian with support only in this region. Often, these quantum
spin system models are described by local Hamiltonians with effects that decrease rapidly
with increasing distance, allowing for the consideration of interactions of only those
degrees of freedom near one another to still yield viable solutions.

Definition 1.2.11. A probability measure is a real function f defined on a set of events
in probability space, which satisfies the following two conditions:

o it returns results in the interval [0, 1], where 1 represents the full space and 0 an
empty set;

o for all countable collections { E;} of pairwise disjoint sets it holds that f (U jeTEj) =
ZjeT f (Ej)’
thus describing the probability space.
Partition functions, thermodynamic quantities that normalize the probability of mi-

croscopic states, can be extremely useful in the calculation of interesting values for the
observables of a quantum system because they contain information on the statistical
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properties of this system at its thermodynamic equilibrium. The Gibbs measure is a
probability measure that stems from the generalization of a canonical ensemble to an
infinite system. In simple terms, it gives the probability of a particular system being in
a certain state.

Whereas the canonical ensemble introduced in statistical mechanics provides a sta-
tistical measure that can be used to describe the possible states of a finite-sized system
in thermal equilibrium with a heat bath of constant temperature, the Gibbs measure
may be applied to infinite systems instead. The probability of a system A being in the
state I' can be determined by the following expression:

1
o BE)

Pa_r = 70 ; (1.21)

where 8 o< T~ is a free parameter (dependent on temperature), E(T') is the energy of
the corresponding configuration, and Z(3) = tr (exp (—8H)) the partition function, such
that H is the Hamiltonian of the system in question.

The temporal evolution of such a system is uniquely described by its Hamiltonian, the
self-adjoint observable used to measure a system’s energy, and the Schréodinger equation.
Various formulations of quantum mechanics are used to describe this evolution, and
here I will name two of the most relevant formulations: the Schrédinger picture and the
Heisenberg picture.

In the Schridinger picture, as a quantum system evolves in time, its state vectors are
what evolves, while the associated operators remain constant in time. This means that
a state vector at time ¢, |¢(t,)), evolves to [¢(t)) at time t. It does so as it is acted on
by the unitary time evolution operator U (t, ), i.e.,

[p(8)) = U(t, o) [¢(to)) - (1.22)

If the system’s Hamiltonian does not change in time, i.e., 8th = 0, the time evolution
operator has the following form:

Ul(t,ty) = e Ht—to)/h (1.23)

and it holds that U(t,t,) = U(t,t,)U(t;,t,). The exponent in (1.23) can be evaluated
using the Taylor series:

. J
o—iH(t—to)/h _ Z (_ZH%_tU)) . l (1.24)

'7
7 J:

which aids with calculation.
In the Heisenberg picture, however, the state vectors of a quantum system are inde-

pendent of a time evolution, but the operators do depend on time, such that:
d i

aY (1)
ZY() = T [H, Y ()] + (m)H (1.25)

where Y'(¢) is an operator or observable in the system and ¢ stands for time. That is,
the state vectors of the examined system are handled as time-independent, with all the
time-dependency being transferred to the operators acting in the system, as

iHt —iHt

Y(t)=en Ye i, (1.26)

for simplicity of calculation. This expression holds only if the Hamiltonian itself is also
time-independent. However, if Y (¢) is time-independent, as is often the case, the entire
final summand can be omitted.
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M|V (t1)) M| (t2)) M (t1) |¥) M (t2) |¥)
t‘l t; t t‘l t; t

Figure 1.7: Temporal evolution of a quantum state vector |1}, acted on by an operator
M. The image on the left depicts this evolution as seen within the Schrédinger picture
of quantum mechanics, whereas the right one depicts it as seen within the Heisenberg
picture.

Figure 1.8: Visualization of a quantum phase, with an indicated locally continuous path
for the evolution of the system’s Hamiltonian, H (\), within that phase, from the wave
function |¥,) to |¥,). The squiggly line indicates the relevant quantum phase, but
the surrounding square may contain other quantum phases of the system that may be
reached via a quantum phase transition.

These two frameworks — the Schrédinger and the Heisenberg picture — yield equiva-
lent results for the investigation of quantum states and observables and their constituents
are consistently handled, as shown in Figure 1.7.

A quantum phase is a quantum state of matter at the temperature of absolute zero
[8]. Quantum mechanical properties of matter indicate that, even at such a low tem-
perature, quantum fluctuations still occur in a quantum system. This means that the
alteration of various physical parameters of the system may induce transitions between
different phases of matter. While classical phase transitions happen driven by macro-
scopic properties such as temperature, pressure, or density, quantum ones may occur
when triggered by quantum fluctuations that create a relevant change in an order pa-
rameter of the system’s Hamiltonian. Matrix product states, described later, are often
used to classify one-dimensional gapped quantum phases.

A quantum phase transition may happen when a quantum system passes through a
gapless point in its energy spectrum, and two states, [¢,) and |¢,), are said to be in
the same quantum phase if there exists a continuous family of Hamiltonians, H(\), for
which both of the states correspond to a ground state and no gap can be found on the
path from one to the other. This means that, if |¢,) is the ground state of H(a) and
|1,) is the ground state of H(b) for the parametrized Hamiltonian H(\), and the energy
gap of the system remains open for all A € [a,b], those two states then belong to the
same quantum phase. A visualization of this concept can be seen in Figure 1.8.

Similarly to this definition, if these two quantum states can be converted into one
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another using a local quantum circuit of a depth that is constant in the system size, they
belong to the same quantum phase. A quantum circuit is a quantum computation model
in which operations on quantum phases are performed as quantum gate transformations
on a quantum register, which can be defined on quantum spin systems — for example,
using the Hilbert space #,, = I2 ({0,1}"), i.e., a complex vector space of dimension 2".
Unlike classical gates, all quantum gates act as unitary operators — therefore, they are
reversible in their operation.

#- Quantum Many-Body Localization

In general, many-body physics studies the collective behavior of systems that consist of a
large number of interacting particles — this is simple in theory', but the large number of
relevant variables makes this quite a difficult problem in practice. This unfortunate sce-
nario stems from the combination of entanglement features of such many-body systems,
as well as the fact that many-body systems indeed include many constituent particles,
which come with a very high-dimensional vector space for their descriptive variables.
However, with a large number of particles come lots of intriguing phenomena, one of the
most lauded being many-body localization — often referred to just as MBL.

Many-body localization [9, 10, 11, 12] is a fascinating phenomenon that emerges in
quantum many-body systems, first postulated by Anderson in his original paper on the
topic [12], where an interacting many-body quantum system with strong disorder exhibits
starkly different behaviors from what is expected for a typical interacting many-body
quantum system without disorder.

MBL phases may occur in some many-body systems, under specific circumstances
which allow the system to exhibit randomized interactions between particles — but all
transport in the system is halted. This was historically understood as the many-particle
variant of Anderson localization. In a many-body localized phase, Lieb—Robinson bounds
have the velocity of zero [13]. The numerical analysis of many-body localized phases is
difficult to complete successfully, primarily due to the complex interactions between
the constituent particles of the many-body system — these create a heavy load for the
computational algorithms employed to analyze the many-body localized systems. In
truth, it is still intractable to numerically solve a true many-body-localized system, and
most analyses are treated as successful if they complete the study of systems with fewer
than a few dozen particles [14, 15], with some recent developments allowing to study
systems of approximately 50 particles [16].

Thus far, in the research of many-body localization, we have gotten to the stage at
which we can usefully describe some of the behavior of systems that reach a many-body
localization phase, but we do not yet truly understand why they occur. Due to the fact
that many-body localization is a process that is not very well understood, it is also tough
to pick its chief, unique defining characteristic, as it is not entirely clear how it comes to
be. For this reason, and despite the many challenges of numerical analysis when applied
to many-body systems, this is still the most used method of investigating these systems.

#- Quantum Computing

The widespread inception of the field of quantum computing stems from the exploratory
paper written by Richard Feynman in 1982, Simulating physics with computers [17], in
which he proposed the possibility of constructing quantum computers, which would rely
on the quantum-mechanical properties of nature to perform calculations and simulate
it in its own — quantum — form. Since then, the research in the field of quantum
computing has experienced a steady growth, with a recent boom in the past few years,

INo pun intended.
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which have seen incredible progress with physical realizations of quantum computing
devices. Such devices hold the potential to increase our understanding of the laws of
nature, but they also promise an unpredictable array of applications and a shift in
the global economy. The widespread availability of quantum computers is likely to see
them become what is known as a general technology, as the special properties of these
devices can be applied to problems ranging from quantum chemistry to gravitational
sensing. An important facet of research in quantum information processing are also
quantum communication and quantum cryptographic protocols, which are expected to
become state-of-the-art standards in their own right within the next few decades [18].
To ensure this field of technology experiences truly efficient progress, it is important to
devote research to various systems that exhibit quantum properties — one of such are
quantum many-body systems, which exhibit complex behavior such as topological order
and many-body localization. The quantum information approach to quantum many-
body systems is comprehensibly presented in a relatively recently composed manuscript
[19]. As it stands, it is entirely unclear if future scientific and technological advances will
enable one approach to the construction of quantum devices of the second generation to
prevail over others, or whether all will find an appropriate role in the stemming quantum
computing industry. For this reason, too, it is crucial to develop detailed descriptions
of these systems, so that they may enable engineers and experimental researchers to
develop these technologies to their full potential.

1.2.3 Quantum Mechanics

This subsection shows a short introduction into the mathematical structures used in
quantum mechanics, and is limited to basic definitions, conventions and formulations.

—_—>0 C==D0<

The universally accepted way to denote and discuss quantum states is the bra—ket
(or braket) notation, which uses angled brackets combined with a vertical bar to denote
vectors and linear functionals in linear algebra. Instead of depicting a vector as a variable
topped by an arrow, as v, a quantum physicist will write it in a ket, as |1). Similarly,
the conjugate transpose of a vector, ET, is written in a bra, as (£]. Operators are often
shown with ’hats’, as M , but this notation may be disregarded for brevity. Instead of
E f '12, the quantum physicist would write a bra—ket, (£ 1), present an operator acting on

a quantum state as M |¢), and understand that (1]%) = 1 and, naturally, (MT = |¢).
It is assumed that operators and vectors written next to one another engage in a scalar
product. If M is a Hermitian operator, then Mt = M and <£ | M ’ w> = <w ’ M ‘ £>*,
where * denotes the complex conjugation of the whole expression.

All quantum states can be directly superposed to create another valid quantum state,
and all quantum states can be represented as a superposition of one or more quantum
states. Especially for the field of quantum computing, an important term is that of
the qubit, a simple quantum logical state that is used as the basic unit of quantum
information — a two-level quantum system. A pure qubit state can be described as a
superposition of two basis states, |0) and |1), as a wave function |¢)) = «|0) + 3 |1),
where « and 3 are complex probability amplitudes, «, 8 € C, with |a|? 4 |3]2.

When pairs or groups of particles cannot be described by independent quantum
states, they are said to be entangled. Quantum entanglement creates a correlation
between the observables associated with the physically separate particles. If two non-
interacting quantum systems, A and B, are associated with the Hilbert spaces 7 4 and
H g, the Hilbert space of their composite is the tensor product H 5 = H 4, ® Hp
and each of the wave functions can be written out as ]w)7 = Zv C.y |k>7, where |k:>7
complete a basis. Similarly, if the systems A and B are in the quantum states [¢) 4 and
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Figure 1.9: Bloch sphere used to represent a quantum state, |¢), on a 2-sphere. The
shown angles ¢ and 6 define it uniquely.

1) 5, Tespectively, the state of the composite AB system is [¢) ,, = [¥) , ® [¥)) 5. If
such a state can be represented in this form, the constituent quantum states are called
separable, product states. However, if it is impossible to write the joint state of two
quantum systems as a tensor product of separable states, those states are entangled:

ZCU ®|7) 5 (1.27)

This state is separable only if ¢/* and cJB exist such that ¢;; = =cf c for each ¢;;. In the
case of mixed states, which are viewed as statistical ensembles of pure states and cannot
be described using only one ket, the distinction lies in the properties of their density
matrices, defined as operators of the type:

p= ZPZ‘ |:) (Uil (1.28)

where the factors p, denote the portions of the ensemble that belongs to the respective
state [¢,;). A density matrix is separable if it can be written as

B=D 0 ®p) + p; 20, ) p=1, (1.29)
J J

where p;‘ and pf describe the mixed states of the systems A and B, respectively.

The pure state of a qubit can be represented in a geometric fashion, using a modeling
device called the Bloch sphere, which shows qubits as vectors on a unit 2-sphere. The
Bloch sphere, named after the physicist Felix Bloch, is defined as shown in Figure 1.9,
with the north and south pole of the sphere representing the basis vectors of the |0)
and |1) state of the qubit, respectively. An interesting feature of this representation is
its versatility — the surface of the sphere is used to represent pure qubit states, but
the innards of the sphere can be used to represent those that are not pure, but mixed.
Naturally, the Bloch sphere can be extended to an n-dimensional object, which enables
its use for quantum systems with a larger number of energy levels — however, this
thoroughly impedes its visual convenience. In standard practice, this tool is primarily
used for qualitative estimation.

Within an orthonormalized basis of the two kets, |0) and |1), any pure state can be
mathematically described as their superposition, such that:

|) =al|0) +0b]1), a,beC, (1.30)
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with (¢ |9) = |a|*> + |b|> = 1. Thus, if an appropriate 6 € [0,7] and ¢ € [0,27] are
chosen, it can be written as:

|4 = cos (g) 0) + €' sin (g) 1) = (1.31)
= cos (g) |0) + (cos () + isin (p)) sin (g) 1) . (1.32)

This representation gives a unique result for (6, ) in all but two cases (when [¢) corre-
sponds exactly to one of the basis vectors). Thus, the pure state |1)) can be represented
on the Bloch sphere by the vector:

—

Y = (sin (0) cos (¢) ,sin (#) sin (¢) , cos (6)) . (1.33)

Another quirk of the quantum mechanic’s mathematical toolbox is the Einstein nota-
tion, introduced by Albert Einstein in 1916 [20], after which it quickly gained popularity.
Instead of writing a mathematical expression that requires the multiple use of a partic-
ular variable index under a summation or multiplication symbol, it is simply omitted,
and the results follow. For example:

N
a1§; + a6y +agés + ... +ayly = Z a;&; = a;&;. (1.34)

Mathematical expressions that are used often can then be written using this simplified
notation which elucidates the meaning of the procedure. The dot product of two vectors
can be represented as x -y = x,;%, whereas the vector product of two vectors can be
shown as x xy = 63,@7 y*e,, where e, is the i-th unit vector of the used coordinate system
and ¢, are the Levi-Civita symbols, for which it holds:

6;/{ == (Silfljk,, (135)

where 6% is the generalized Kronecker delta function.
If | ) is the state or wave function of a quantum system and M the linear operator
corresponding to the observable M, its eigenvalues, m, are obtained as:

M |9y = m|¢), (1.36)

where [¢) is an eigenfunction of M. In quantum mechanics, the commutator function
holds a particular value. If operators used as arguments of a commutator indeed com-
mute, i.e., if XY = VX, then their commutator is equal to zero: [X,Y] 1)) = 0. This
means that their corresponding observables can be measured simultaneously, without
the measurements affecting one another:

[X,Y]|4) = XY |9) = VX [$) = (y[) —y (z|¢)) =0, (1.37)

where x and y are eigenvalues of X and }A’, respectively.

The expectation value of a result in quantum mechanics is the average of all possible
outcomes of a measurement, weighed by their probability of outcome; for an operator
M it is defined as:

(M) = (g | M |) (1.38)
where |1)) is a normalized state vector, (¢ |) = 1.

For quantum systems to evolve in a way that preserves the sums of all probabilities,
they must evolve in a unitary fashion.
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Definition 1.2.12. A wunitary operator U is a bounded linear operator defined on a
Hilbert space &, U : I — J{, which satisfies UTU = UU' = 1, where 1 is the identity
operator on the space J.

The Hamiltonian of a quantum system, usually denoted by H or merely H, is an
operator that corresponds to its total energy. It can be defined as the sum of the potential
and kinetic energy of the system, and its eigenvalues in a finite system correspond to
the possible outcomes of an energy measurement performed on the system. The Hilbert
space associated with a particular quantum system is spanned by the eigenvectors of the
system’s Hamiltonian — in other words, the eigenvectors of the Hamiltonian form an
orthogonal basis of the Hilbert space and the Hamiltonian is well-defined as an operator
in this space.

1.2.4 Approximate Methods — Perturbation Theory and the Varia-
tional Method

In this subsection I will present an introduction to the analytical aspects of standard
perturbation theory as applied to quantum physics, reaching relevant expressions for the
wave functions and energy levels of perturbed quantum systems in orders of magnitude
of the perturbation. In addition, I will present the basic facets of the variational method.

—>0C=—=00<—

Perturbation theory is a set of methods used to approximate a complicated quantum
system to one that is much more easily solvable, by expanding a power series around a
known exact solution. In most approaches, a simple system is used as the starting point
to which a perturbing Hamiltonian is imposed as a weak disturbance to the system.
Perturbative methods are most efficiently applicable to systems that only experience
a weak disturbance to the quantum system, requesting only small corrections to the
observables measurable in the starting system.

The corrections obtained by the perturbation theory can be specified by the order
of perturbation. For a time-independent system, the first order corrections can be de-
rived by utilizing the time-independent Schrodinger equation and substituting for the
perturbed Hamiltonian:

Hy [n©@) = EY [n©@) | neN, (1.39)

where the subscript n denotes the energy excitation level of the system, whereas the
superscript (0) signifies that the values belong to the unperturbed system, the zeroth
order of perturbation. Similarly, the k-th order of perturbation will be denoted by the
(k) superscript. The full Hamiltonian of the perturbed system can be described as

H=Hy+\V, (1.40)
where the perturbation V' is parametrized by a R 3 X\ € [0, 1]. It follows:
(Hy+AV)|n) = E, |n), (1.41)
which can further be expressed as

(Hy +AV) SN 0y = STAE ST A jn) . (1.42)

K

For A « 1, the full energy level and eigenstate of the system may be written in a power
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series expansion, as:
E,=Y NE (1.43)
k=0
) =Y A () (1.44)
k=0

To obtain the full first order of the perturbation expansion, only the zeroth and first
order corrections are used; from

Hy [n9) + V [n@) = B |n) + E, |n©) (1.45)

it follows that
E, = (n"|V|n), (1.46)

which is equal to the expectation value of the perturbation Hamiltonian, while the system
is in the zeroth order, the unperturbed state. Because all states can be assumed to be
normalized, it is valid that, in the first order of A,

((nO+X(n]) (]n@) +A|n)) =1 (1.47)
(@) £ A ({7 [n) + (n[n@)) +0 (X)) =1 (1.48)
(n'%n) + (n|n®) =0 (1.49)
Thus,
(n® | n®) =0, (1.50)

which implies that the state corrections are orthogonal to one another.

Then, the first order correction to the energy ground state can be obtained in the
following manner:

V1) = (S 1) v 1) 4 (50) GO V) = s

k#n
= 5" [KOY (KO |V |n©@) + BN [nO)) (1.52)
k#n

where ’k(0)> are the orthogonal complement of |n(0)>. Then, the first order equation is
as follows:

(B — Hy) [n0) = 37 6O (5O |V | n©) (1.53)
k#n

Also,

oy 5 IV 1)

k). (1.54)
i Ev — B

The higher order corrections can be found in a straightforward fashion, noting that
the normalization conditions imply that the following equation holds:

2 (n® |n®) + (n® [nV) = 0. (1.55)
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The calculation for the second order is as follows:

(O |V |n©)

k
E, (\) =E§?>+A<n<0>\v\n<0>>+vz| o +O () (1.56)
k#n Ex _Ek
OV]n©
) =l A3 s
k#n
k<°|V|l ) (IO V)
+ A2 |K0))
ZZ (80— E0) (50— E0)
ey oy & 0 715 (49 v 9)
= (B - E<0>)2
1 nO |V | EOY (O |V | n©
k#n (BY - E)

In a similar vein, the third order energy corrections can be calculated as follows:

B3 _ OV [m®) (m©@ |V [£O) (KO | V|n©)
' _;;@ (B _Egg)) (B9 — B -

— oy oy Yo LD IVImE

7 (B - BR)

(1.58)

If the eigenstate observed in the relevant quantum system is not unique, but is
degenerate instead, then Eflo) — H, does not have a well-defined inverse, which inhibits
the use of the derived equations. Typically, these eigenvalues that span the subspace D
split under the influence of perturbation, making each of them unique. The perturbed
eigenvalues can be used as a basis for the perturbative expansion:

ny = Z e [KO) + A nD) (1.59)
keD

which is solved in the first order by restricting the investigation to the subspace D:
VI[EQ) =€ |k) +6, V|kY) e D, (1.60)

where J is some small value and ¢, are the first order corrections to the degenerate energy
levels. Thus, to solve this problem, the matrix

KOV 1O) = Vi, ¥ [K) ,]I©) € D (1.61)

must be diagonalized. Higher order corrections can be found analogously, from

(B = H) [n) = > (KO [V [n®)) [1). (1.62)

kgD
Then,
KOV |n
iy = 3 Ll e 159

and its effect on the degenerate states is of the order of O (\).
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In conjunction with the perturbative approach, an approach often used in quantum
mechanics to find suitable approximations for the relevant (usually ground-state) wave
functions of complicated quantum systems is the variational method. With the varia-
tional method, one would choose a trial wave function that depends on one or a multitude
of variational parameters, after which the values of these parameters are modified and
searched for such that the expectation value of the corresponding energy of the quantum
system becomes minimized. Thereby obtained energy of the system corresponds to the
upper bound of the true relevant energy level of the system for the corresponding ground
state.

If the Hamiltonian of the system has a discrete spectrum, it holds that

> (¥, | ¥2) = Or, 00 (1.64)

A1, A €spectrum(H)

where A; are the eigenvalues of the system and ¢, their corresponding eigenfunctions,
with

H ) = Alihy) - (1.65)
When the lowest energy of the system exists and can be denoted by E,, the expectation
value of the Hamiltonian can be referred to as follows:

(V| H ) = > (W], (o, [H |s,) (vn, | ¥) = (1.66)
A1, AgEspectrum(H)
= > AP (1.67)
Aespectrum(H)
> > Bl Y P =E, (1.68)

Aé€spectrum(H)

To normalize this ansatz wave function, it must hold that:

(¥ () |9 () =1, (1.69)
and the following function must be minimized:
€(a;) = (¥ (o) [ HY () - (1.70)
In general, it can then be defined that:
(v|4]v)
= . 1.71
€(¥) T (1.71)

According to the described variational principle, € is greater or equal to that of the ground
state, E/; — equal only when 1 is exactly equal to the ground state wave function of the
quantum system under investigation.

1.2.5 Topological Order

In terms of quantum phases, topologically ordered phases represent specific long-range
quantum entanglement patterns in quantum systems — this subsection provides a concise
description thereof.

——>0 == 0<

The detailed classical description of phase transitions of matter was presented by
Lev Landau’s symmetry-breaking theory [21] in the first half of the twentieth century.
Within this theory — and the later-developed extension Landau worked on with Vitaly
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N
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Figure 1.10: A representation of the eigenvalues of the ground state and first excited
state of a Hamiltonian H(p) = H, + pH, which depends on a dimensionless coupling
constant p, and where H, and H; commute and are independent of p. The figure on the
left shows a level crossing, and the figure on the right shows an avoided level crossing.

Lazarevich Ginzburg (named aptly the Ginzburg-Landau theory) — classical phases
of matter can be classified using their physical properties and local order parameters.
Phase transitions are then recognized by the change of the physical symmetries in the
system. Commonly, the parameters that can be used to describe (and thus predict)
these phase transitions depend on temperature, and a transition may occur when the
system is in the minimum of its free energy.

However, the later observation of phases that cannot be described by the use of such a
parameter allowed for a new perspective. Notably, this concerns the fractional quantum
Hall effect [22, 23], in which phases that correspond to certain system filling factors
and are associated with different physical properties cannot be described accurately
using the classical, Ginzburg—Landau theory of symmetry breaking, which would assign
the same classical phase to two distinct phases of matter. The observation of such
phases, which are known to emerge at temperatures nearing absolute zero, eventually
led to their description through the topological quantum field theory (which was also
utilized to describe chiral spin states) and to their dubbing as topologically ordered phases
[24, 25]. Note that topological order is a phenomenon that is still not sufficiently well
understood at temperatures (much) above absolute zero, but its spectral gap above
the degenerate energy of the ground state and its inherent robustness to perturbation
may prove to be a stable conduit for the development of quantum memory devices or
algorithms that incorporate quantum error correction [26]. The non-local observables
which remain robust to perturbation within a topologically ordered system are named
topological invariants.

In general, the term quantum phases is awarded to phases of matter found at the
temperature of absolute zero, which correspond to the (degenerate) ground states of
topologically ordered systems [8]. For a gapped system (i.e., a system with a gap be-
tween the energy of the ground state and that of the first excited state) described by
a parametrized Hamiltonian H(p), where p is a dimensionless parameter that couples
to a conserved quality, it may hold that H(p) = H, + pH, and [H,, H,] = 0, which
would make it possible to diagonalize H,, and H,; simultaneously. Then, the eigenvalues
of H(p) would depend on p, but its eigenfunctions would not. Within this system, there
can exist a critical value of the parameter, p_, for which the ground state energy becomes
non-analytic, allowing for an excited state to assume the role of the ground state.

The point of non-analyticity in a finite sized lattice presents a level crossing, whereas
at the infinite lattice limit such a point may represent either a level crossing or an
avoided level crossing (see Figure 1.10, inspired by [8]). Any non-analytic point in
the ground state energy of an infinite lattice system is identified as a quantum phase
transition [8]. In other words, for a quantum phase transition to occur, the spectral gap
above the ground state of a quantum spin system must close. Such phase transitions
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Figure 1.11: Example of a lattice with uniform distance between nearest neighbors, with
three examples of regions of different sizes. The purple triangle-shaped lattice belongs
to 8§(2), the pink rectangle-shaped one to §(3), and the blue circle-shaped one to §(1).

may happen naturally at the temperature of absolute zero, where quantum effects that
warrant such transitions become predominant. When a system goes through a quantum
phase transition, the nature of the correlations in its ground state usually changes.

Topologically ordered phases in quantum spin systems are a phenomenon most com-
monly described by comparison with the classical Ginzburg-Landau theory of ordered
phases in materials. Whereas the parameters of order that govern the symmetry states
of materials that can be accurately described by the Ginzburg—Landau theory have been
studied in detail and are fairly well understood (such as its polarization, magnetization,
crystal lattice deformation, or the wave function of electron pairs in superconductors
[27]), the theoretical approach to topologically ordered phases is still not sufficiently
conclusive. The concept of topological order is tied to the existence of global variables
which are robust to local perturbations of the system’s Hamiltonian. This ordering is not
yet well understood at temperatures above absolute zero, and it is currently approached
from a number of different angles. In this subsection, the description of topological order
found in the recent works of Sergey Bravyi, Matthew Hastings, and Spyridon Michalakis
[26, 28] will be presented in conjunction with the general notions and implications of
topological order.

We observe a system of quantum particles distributed on the sites of an N-dimen-
sional lattice A of linear dimension L, with periodic boundary conditions and its Hilbert
space represented as stated in (1.19). If $(r) is defined as the set of all blocks A C A
with linear size r, where r > 0 (see Figure 1.11), it is valid that S(L) = A, and 8(r) =
for r > L.

Considering a coarse-grained lattice, such that the unperturbed Hamiltonian of the
system, H,, involves only interactions between particles inside of blocks A € §(2), the
Hamiltonian of the system can be written as

Hy = Z Q4 (1.72)
)

AeS(2

where () 4 is an interaction with support on A, and with the following properties:

Q4 =Qa  QuQp=QpQ,,  forall A, BeS(2). (1.73)

On top of that, I require that the ground state of H,, minimizes the expectation value
of each of the @), simultaneously, such a Hamiltonian is called frustration-free. The
commuting property of the Hamiltonian, as stated in (1.73) and the requirement for
frustration-free-ness, imposes a strong restriction on it, and even though this holds as
a requirement for the following definition, it is possible to describe topological order
in more general terms, since the commuting property is neither a requirement, nor a
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defining feature for topological order in general. It is just a convenient class of models,
for which it is easy and instructive to define the meaning of the term topological order.
Defining the Hamiltonian H|, to have zero ground state energy and a finite spectral gap
between the ground state energy and the energy of the first excited state, the projectors
onto the ground subspace and the excited subspace of H; can be defined as P and @),
respectively, as:

p=J] 0-Qn, @Q=I-P, (1.74)

AeS(2)

where [ is the identity operator. Similarly, the local versions of these operators, for any
block B € §(r > 2) are:

Py= ] U-Qa), Qp=I-Pg (1.75)
AeS(2)
ACB

To define the existence of topological order, the following two properties described
in detail in [26] (commonly known as TQO-1 and TQO-2) need to hold true, assuming
that there exists an integer L* > o for some constant a > 0 and sufficiently large L:

1. TQO-1: For any block A € §(r) with r < L*,
PO,P=cP, ceC, (1.76)

for any operator O, acting on A.

2. TQO-2: For blocks A € §(r) with r < L* and B € §(r + 2), where B is the block
that contains A and all nearest neighbors of the sites in A, define reduced density
matrices p, = tr .(P) and pqu) = tr4.(Pp), where A° = A\A. Then

ker p, = ker pEL‘B). (1.77)

The integer L* is chosen to depend on the size of the lattice, L, in a linear fashion so
that it defines a length scale for local operations in the system. Its dependence on L
ensures that the stated properties of a system with topological order do not refer only
to strictly local subsystems, but describe global properties of the system instead.

The first condition (TQO-1) is commonly thought of as the chief definition of topo-
logical order, and it states that it is impossible for a local operator to induce a transition
between orthogonal ground states of the system, or to distinguish between two such
states. Consequently, it is colloquially known as the condition of local indistinguisha-
bility of ground states of a topologically ordered system. From the statement of the
condition, it straightforwardly follows that for a system with an orthonormal basis of
ground states {|1;)}, the local operator O 4 acts in the following manner:

const. if 7= j;

0 if i . (1.78)

<¢z| OA |¢J> = {

Therefore, it can be said that any information encoded in the ground state space of a
topologically ordered system is not affected by local perturbations.

The second condition defining the existence of topological order (TQO-2) states that
the projectors Pz and P must act equivalently on the subset A C B, certifying that the
local ground subspace of the system Pp will be consistent with its global ground subspace
P, on subsets which are sufficiently far from the boundary of B. This consistency may
be violated in cases where the observed region possesses a non-trivial topology, e.g. a
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a b

Figure 1.12: Examples of tensor depictions, shown at an angle. a) Tensor with n = 2
virtual (shown horizontally) indices and one physical (shown vertically) index. b) Tensor
with n = 4 virtual (shown horizontally) indices and one physical (shown vertically) index.

hole — then, the local ground subspace may include areas with a non-trivial topological
charge inside the hole, whereas this will not be the case for the global ground subspace.

Phase transitions are not exclusive to quantum systems, but also incident to classical
statistical mechanical systems. For example, the Ginzburg-Landau theory provides a
mechanism for describing phase transitions with local order parameters, and it applies
to classical systems just as well as it does to quantum. As a concept, topological order
can also be defined for a classical statistical mechanical system [29].

1.2.6 Some Spin System Models and Tensor Network Methods

The AKLT model [30, 31] was originally developed in order to describe a system of SU(2)-
symmetric particles in a one-dimensional chain. However, further expansions upon this
model have been made, which can now be used to describe particles of any SU(n) group
with n € N. In this section, the principle of implementing a tensor network in such a
system will be presented.

—>0 == 0<

To describe the large-scale properties of a lattice system with interacting particles,
each individual element in a lattice may be described by a tensor — a mathematical
object that holds information on both the properties of the element and the manner in
which it interacts with its neighbors. A tensor T is defined as a multidimensional array
of values; a d; x dy X ... X d,,-dimensional tensor is an element of C% x C% x ... x Cx.
Within the past decade, the quantum information community has adopted the use of
tensor networks as the standard method for the description of a multitude of lattice-
based systems. If individual elements of a particle lattice and their interactions can
be described sufficiently accurately by the simple mathematical construct of a tensor
network, its global properties can be obtained in a straightforward (albeit not trivial)
fashion, by merely iterating the calculation of a tensor product of neighboring particles.

When set up in the form of a network of tensors, some systems lend themselves to a
simple analytical calculation of such global values as the ground state energy. But even if
that is not the case, a numerical investigation of their properties can still be conducted.

In lattice analysis, individual tensors are often depicted as blob-like structures with
extending tentacles — the tensor 7' would be shown with n tentacles or legs, each de-
picting a specific tensor index, as seen in Figure 1.12. Each of them is drawn extending
toward the neighbor with which the corresponding particle interacts; the touching legs
of such two tensors indicate that they may be contracted along the tensor dimensions
they represent. Evidently, drawing a complex lattice structure as a multidimensional
graph with tensors at its vertices elucidates the problem where its formulaic expression
may be lacking. An example of a one-dimensional and a two-dimensional tensor network
diagram can be seen in Figure 1.13.

Definition 1.2.13. A matriz product state (MPS) is a pure quantum state of a large
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i// /I/ /I%

Figure 1.13: Examples of tensor network diagrams — the upper image shows a snippet
of a one-dimensional, and the lower one a two-dimensional tensor network.

I I I | )
[ /[ )
I /I//I%...

Figure 1.14: Sketch of a matrix product state for a one-dimensional tensor network —
the pink squares represent tensors, the lines connecting them their contracted virtual
indices, and the thick vertical purple lines depict their physical indices.

number of particles, described by

= Tr [APVASY AR [sysy . sn) (1.79)

(Sj)

where the indices s; go through all the states of the computational basis, and Aj are
complex square matrices with a rank that corresponds to the local virtual dimension of
the system called bond dimension, D (very often it is alternatively denoted as x).

A visual representation of a matrix product state for a finite-sized system with pe-
riodic boundary conditions can be seen in Figure 1.14. In addition, an MPS can be
defined in a slightly altered way, which is more suitable to describe systems with open
boundary conditions. As shown in Figure 1.16, in this adjusted definition for a system
with open boundary conditions, the boundary tensors accordingly have one index fewer
and lead to [¢)) = > A(lsl)A(;Q) . Al |s185 ... 8,). This system can be equivalently

described by acting on the boundary tensors with appropriate vectors, L and R, which
in that way close the loose indices:

Y) =Y LTAPVASY ATV R sys, s, (1.80)

A matriz product operator (MPO) is a tensor network operator (TNO) that can be
described as an MPS in which each tensor has an additional physical index, as depicted in
Figure 1.15. Such an operator can act on an MPS by contracting those added indices with
the dangling physical indices of the MPS — creating an altered MPS in the process. This
newly created MPS then has a higher total bond dimension, as a result (and product)
of the relevant bond dimensions of the MPO and the original state.
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I I I I I
A ALY e
I I I I I
Figure 1.15: Example of a tensor network operator that can be applied to a one-

dimensional tensor network state. It is also referred to as a matrix product operator
(MPO), as it may act on a so-called matrix product state (MPS).

A7 77 - ¢-Ar-A7 - A7

Figure 1.16: MPS with open boundary conditions, where boundary tensors that have
one index fewer may be constructed by acting upon the dangling boundary indices with
appropriate vectors, shown in blue.

Definition 1.2.14. A transfer matriz is a linear operator defined on D? that aids to
express the coefficients of a wave function defined on one side of a specific index ¢ as
those of the wave function defined on the other, as

Eioarps = Z AmB i (1.81)

Its depiction in a tensor network can be seen in Figure 1.17. Transfer matrices
can then be used to express the norm of the MPS; in the case of an MPS defined
with periodic boundary conditions, its norm is the trace of the product of all transfer
matrices, (V|W) = tr[[, E;. This relation is obvious from Figure 1.18. The transfer
matrix eigenvalues with the largest magnitude can be used to approximate the correlation
length of the system, as: .

&= a1l (1.82)
g| bW

where \; and )\, are, in order, the two eigenvalues with the largest magnitude of the

transfer matrix [32].

This type of representation can be immensely helpful in the calculation of the cor-
relations of local operators and, subsequently, expectation values of the operators in
MPSs. For example, for a local operator = that is located at specific site between two
MPSs, as seen in Figure 1.19, the concept of the transfer matrix can be expanded to aid
in the calculation of its norm using a simple expression. In this example, the so-called
generalized transfer matrix that corresponds to the site which carries the operator = can

be expressed as:

( E zaa’BB/ ZAzaB“s’s ia’ (183)

ATLT ATET
L7877 T

Figure 1.17: Construction of a transfer matrix; the blue tensors in the two MPSs in the

depiction on the left are represented by a transfer matrix, shown in blue in the depiction
on the right.
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T

Figure 1.18: Trace of the product of all transfer matrices in an MPS with periodic
boundary conditions, shown here, gives the norm of the MPS itself.

NV AR

&=
0]

Figure 1.19: A local operator = between two MPSs can be described using a type of
transfer operator, Ez.

It is clear that this generalized expression corresponds to (1.81) for = =

The definition of an MPS (1.79) can also be examined in the thermodynamic limit,
for an infinite chain of particles or subsystems; when restricted to a translationally
invariant state (i.e., an MPS comprising a specific tensor A on each site), which restricts
the number of parameters required to specify the state, this thermodynamic limit is
referred to as uniform or infinite MPS.

Definition 1.2.15. An infinite MPS (iMPS) is a pure, translationally invariant many-
particle state of an infinite system of individual particles, which can be defined for
periodic boundary conditions as:

W) = tim Y (H Ao ) fshh= > (HAS ) {5, (189)

{sn)=1 {sp}=1  \nez

and for open boundary conditions as:

(A —]&1;202% ( II ASn)er{sw: > ol (HASn)er{sn}>- (1.85)

{sn} n=-N {sp}=1 nez

Unless otherwise specified, iMPSs are the states applied for the numerical analyses
presented in this work.

For iMPSs to represent physical states, they should be normalized. Since the norm
of an iMPS is equivalent to the contraction of an infinite chain of transfer operators, the
condition that a state is normalized can be expressed as a condition on the spectrum of
the transfer operator. According to its definition, the transfer operator only has positive
eigenvalues, so an iMPS is normalized if the largest eigenvalue of the corresponding
transfer operator is equal to 1. If an iMPS is not normalized and 7 is the largest eigenvalue
of the not normalized transfer operator, then the iMPS can be normalized by rescaling
the tensor entries as

- 1
Asn = — Asn, 1.86
NG (1.86)
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Similarly, the transfer operator also allows for the calculation of the expectation
values of local operators, i.e., local observables for an iMPS. The local operator gets
sandwiched between two instances of the iMPS. As it is a local operator, by definition
it has support only on a limited area of physical sites. On the left and the right side of
this area, the MPS tensors are directly connected by their physical legs and (on both
sides) there are infinitely repeated applications of the transfer operator. This means
that those can be replaced with the left and right eigenvectors, corresponding to the
largest eigenvalue of the transfer operator, which is, as stated earlier, the fixed point of
the transfer operator. After the replacement, calculating the expectation value means
contracting a tensor network consisting of a finite number of operators, which can be
done efficiently and is easily addressed numerically (as long as the area of the support
of the local operator is small enough).

Because it has been shown that the dynamics of one-dimensional quantum systems
can be computationally approximated in a way that scales polynomially with the size
of the system [33], this computational tensor network approach is often referred to as
efficient, as many values relevant for quantum systems scale exponentially with their size.
For example, MPS-based variational ground state search algorithms for one-dimensional
systems can be performed with computational costs scaling as D? (or scaling as D® for
systems with periodic boundary conditions) [34].

Beyond one-dimensional systems, MPSs can be thought of as a special case of the
projected entangled pair states (PEPS) model, in which entangled pair states, |p), are
set up on a lattice, and a linear map P is applied to adjacent halves of neighboring pairs:

P= 3" Ay li) (0B (187)
3,8

where A;., 5 corresponds to the MPS tensor. It holds that:

1 2 .. ..
PORPD )y, = D AR g AR fivis) (BBl (1@ ) @ 1) =
i1,i9;000,81,09,89,]
1.88)
1 2 .
= Z A§13a1,61A§2361,52 liy,a) (a1 5] . (1.89)

i1,99;01,81,82

For example, if A, =1 and A; = 0, the resultant state is |00...0), and if A, = <(1) (1))

01
0 0
is the W-state, |W) = Zjvzl |00...01j0...0>, because Ag4, = Ay, Ag4d; = A;, and
A3 =0.

and A, = ( ), with boundary vectors L = (1,0) and R = (0, 1), the resultant state

Due to their versatility and buildability, tensor networks have enjoyed tremendous
success in the numerical simulation approximations of problems in low-temperature con-
densed matter systems. Arguably, the most famous of the numerical techniques used
is the density matrix renormalization group, or DMRG. This variational technique is
commonly used in quantum many-body physics to efficiently discover the MPS wave
function of a quantum system that corresponds to its ground state.

The Hilbert space of a quantum system grows exponentially with its size, meaning
that a Majumdar—Ghosh chain of N spin-% particles comes up at a vast 2V degrees of
freedom. By using DMRG, the effective degrees of freedom can be reduced to a point
where only those relevant to the state in question are kept track of, while the technique’s
accuracy is affected only minimally.
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#- Singular Value Decomposition

An important method that begs elaboration in the field of tensor network simulations
is singular value decomposition.

Definition 1.2.16. Singular values of M : A — B, where A and B are Hilbert spaces,
are square roots of the non-negative self-adjoint operator MTM : A — B.

Definition 1.2.17. Let M be an a x 8 matrix with entries m,, € C. Then, there exists
a factorization of M — referred to as the singular value decomposition (SVD) — such
that M = ULV, where U is an m x m unitary matrix over C, ¥ is a diagonal m x n
matrix with non-negative real numbers on its diagonal, and V is an n X n unitary matrix
over C.

The diagonal values in 3 are then the singular values of M, which are traditionally
set in the matrix ¥ in descending order. When this convention is respected, 3 is unique
for the starting matrix M.

The rank of a matrix is equal to the number of non-zero singular values it has,
which can be easily extracted from its SVD decomposition. In some numerical uses of
tensor networks, a matrix of a high rank can be efficiently approximated by one of a
low rank, which is where the SVD method graciously steps in. A matrix M with rank
r is approximated by the matrix M with rank 7, such that the norm of the difference
between the two matrices is smaller than some cutoff value. Then,

M =USVT, (1.90)

where the ¥ matrix contains the same non-zero values as the matrix Y, up to and
including the r-th value — the rest are equal to zero.

Numerically, the SVD of a matrix M can be obtained by first reducing it to a bidi-
agonal matrix, after which the SVD can be calculated iteratively up to some precision.
Alternatively — and most often in tensor network calculations — the SVD is obtained
using the eigenvalue decomposition. First, the problem is rephrased by converting the

matrix M to a matrix W, which equals MMT, MTM, or (ABT ]\04> . Then, this problem

can be address efficiently by the iterative application of the RQ eigenvalue algorithm [35]
to those matrices?. At step number k of the RQ algorithm, a decomposition procedure
is performed to obtain W, = Q. R,,, where R, is an upper triangular matrix and @, is
an orthogonal one. This procedure boils down to the application of the Gram—Schmidt
process to the issue matrix. Then,

Wi = RQp = Q' QpRLQ = Q' W3Q), = QL W,.Q. (1.91)

Therefore, all W, have the same eigenvalues. The matrix R can be written out using
the LQ decomposition, which bears similarity to the RQ algorithm, except that a lower
triangular matrix L is used instead of an upper triangular matrix R [36]. Then, R; ; =
Q,L;, which means that W, ., = @} L, Q. In the following step, the matrix W can be
updated using the value of L, and the cyclical procedure may continue.

More details on this topic can be found in various introductory and review articles,
e.g., [37].

These decompositions (SVD and QR decomposition) are crucial components in many
tensor network algorithms, often used to simplify the mathematical forms of tensor

2Note that the RQ algorithm is performed in the same manner as the QR algorithm, but the order of
the matrices R and @ is reversed in the solution. This change keeps their shape, but leads to alterations
in their content.
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network states, bringing them to a particular canonical form. For example, for an
MPS, as long as it is in its canonical form, certain quantities (like the entanglement
spectrum) can be directly read off the state, while others (like the correlation length) can
be calculated easily. It also allows for a straightforward truncation of the state, reducing
its bond dimension while keeping the most significant contributions by throwing away
all but the D,., < D largest values of the entanglement spectrum. This truncation is
also essential for many algorithms involving MPS. How much a state can be truncated
without steering away from the original state to an unacceptable degree depends on the
original state, or, more precisely, on its entanglement spectrum.

For more details on these canonical forms and algorithms used to bring states into

their canonical forms, see [38].

#- An Example of a Tensor Network Algorithm

What is important in any numerical simulation is the cutoff point for an iterative algo-
rithm. A typical tensor network algorithm — such as the one used here — may be based
on the following procedure: This is an algorithm which, for a given MPO, approximates
the eigenstate corresponding to the dominant eigenvalue of the MPO, i.e., it also finds
a fixed point of the MPO. This will work as long as the random state with which the
algorithm is initialized has any non-zero overlap with the eigenstate for the dominant
eigenvalue. Otherwise, it will still find a fixed point, which will be the eigenvalue cor-
responding to the eigenstate with the eigenvalue of largest magnitude with which the
initial random state has any overlap.
A common protocol in tensor network algorithms may proceed as follows.

1. Pick a random MPS tensor of the correct physical dimension and of a desired bond
dimension D.

2. Construct a new MPS by applying the MPO to the original MPS, contracting the
MPS tensor with the MPO tensor.

3. Bring the new MPS to the canonical form. This is a unitary transformation on the
virtual degrees of freedom represented by the operators U and UT in the figure.

4. Truncate the MPS to the originally desired bond dimension D by discarding all
but the D largest singular values of the SVD in the canonical form.

5. Calculate the overlap (defined as | (¢, | 1) | for the two states) between the trun-
cated MPS and the MPS before applying the MPO.

6. If the overlap is larger than 1 — ¢, where € is some desired cutoff value, stop the
algorithm here; otherwise go back to step 2.

7. The MPS now describes the resulting state.

For an illustration, see Figure 1.20.

#- Some Spin System Models

In the context of spin system models, the most well-known example would likely be the
Heisenberg model, which gives a simple quantum-mechanical model of the phenomenon
of ferromagnetism, criticality and phase transitions. The Ising model can serve as a
simpler and related model to introduce it. The Hamiltonian of a one-dimensional system
of N particles that can be described using the Heisenberg model can be written as

N N
=1 =1
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2.
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Figure 1.20: Illustration of the initial portion of the described tensor network algorithm.

where each particle is denoted by the index j (with periodic boundary conditions, o ; =
01), h denotes the external magnetic field acting on the system, and J is its coupling
constant. Here, each particle in such a lattice structure is thought to have a binary spin,
o = 41, acting as a magnetic dipole for which ¢ = +1 and ¢ = —1 correspond to up
and down spins, respectively, and the lowest energy is achieved in a system when nearest
neighbor particles in the lattice possess the same spin. The Heisenberg model expands
on this setup, allowing all spins to take three-dimensional values corresponding to the
Pauli spin-% matrices, 0%, 0¥, and 0% (described in detail in [39]), and assigning three
values to the coupling constant, J,, J,, J,. Then, the system can be described using a
Hamiltonian of this form:

1 N
H= 52(.]0 oty + Jyololy + Jo%0%, + hot). (1.93)
J=

The states of the system are described by the tensor product (Cz)®N, with the expected
dimension of 2%.

The Heisenberg model has subsequently been expanded in a variety of other models,
each adapted to a system of a particular nuance. A highlight of these is the Majumdar—
Ghosh model, which doesn’t consider only the nearest neighbor interaction of the par-
ticles in the lattice, but extends the coupling to second-nearest-neighbor particles, too.
It is defined by the Hamiltonian

R N R N
=938 55208, S (1.94)
J: =

K

where the full quantum spin vector of a particle has been gathered as the operator S I
with the quantum number S = % The Majumdar—Ghosh model [40, 41] has been shown
to exhibit two different ground states, both of which comprise only pairs of spins that
form singlets — one is shifted by one spin with respect to the other, as can be seen
in Figure 1.21. This gapped model is the basis of the more celebrated AKLT model, a
quantum spin model named for its authors, Affleck, Kennedy, Lieb, and Tasaki.

The AKLT model describes a one-dimensional lattice with spin-1 particles on its
vertices, in which a valence bond would be formed between each pair of neighboring
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*—0 *—0 *—0 *—=0 [ ]

Figure 1.21: Majumdar—Ghosh model. The dots represent particles with spin in the
one-dimensional chain, and the lines denote their full entanglement. The two variants of
entanglement in the chain are created by merely shifting the entanglement pattern by
one spin to the side.

C o a e o—a o

Figure 1.22: AKLT model. The dots represent particles with spin in the one-dimensional
chain, and the lines denote their entanglement in the singlet state — their valence bonds.
The circled spins show the projection operators that form triplet, spin-1 objects.

particles, as is shown in Figure 1.22. Originally, the idea that led to the construction of
the AKLT model [30, 31] was a simple expansion of the Majumdar—Ghosh model — i.e.,
the question of what would happen if more than two spin-'4 particles were bound in the
chain. As each of the singlets formed in the original model has a spin of 1, it was unclear
how these neighboring, effective-spin-1 particles could form entangled structures of a
higher spin. Because of the specific nature of these groups, the group representations of
the these symmetries are not trivially arranged. In order to preserve the representation
properties of the particles — i.e., the physical indices of the tensors — the representations
ascribed to their virtual indices must be determined.

Then, for a one-dimensional chain of spin-% particles, the symmetries imposed on
the virtual indices of the tensors ascribed to these particles cannot be a spin-% represen-
tation, because in that case the spin-% properties of the particles couldn’t be realized.
This is because % ¢ % ® % A translationally-invariant solution would be to impose the
vector sum of the spin-0 and the spin-1 representations as the symmetry of the virtual
indices, seeing as %@% = 06 1. For a general case of a one-dimensional chain of particles
with an SU(n) symmetry of a particular representation, it is possible to determine the
minimal number of particles in an entangled set — the minimal length. For example, for
the fundamental representation of the SU(2) group — the 2-dimensional spin-% repre-
sentation — the minimal length is two, which informs the representational symmetries
on the virtual indices of the tensors assigned to the particles.

As each two adjacent spin-1 virtual particles, two of the relevant spin-'4 particles
assume the total spin-0 state, preventing the two spin-1 particles from forming a larger
spin-2 structure. The Hamiltonian that describes the AKLT model setup is the following;:

N S = 2

H= 54-Sl+1+%(§--54+1) : (1.95)

3R iR
j=1

The simplicity of this model lies in the fact that its ground state can be represented
exactly, in a clear form, as a matrix product state [42, 43, 44].

The AKLT model can be described in the MPS formalism by assigning each particle
a tensor with one physical and two virtual indices, with the symmetries imposed on
the virtual indices of the tensors corresponding to the symmetry group of the particles.
Define |¢) = (]01) — |10)) as the singlet state and let P : C2*2 — C be defined as:

(01] + (10
V2

where kets |+), |0), and |—) denote the standard spin-1 basis states, such that |s = 1,s, = 1),
|s=1,s,=0), and |s =1,s, = —1), respectively, with s, showing the eigenstates of

P = |+) (00] + |0) + |—) (11}, . (1.96)
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the S, operator. If (S’x, Sy SZ> is the spin vector of the resultant spin-1 particle and
(X,,Y;, Z,) the spin vector of particle 4, it follows:

S, = (|11) (1] — [1 — 1) (1 — 1)) <|11> (00| + |10) <01\+\/§<10! P <11|) _
1.97)
= [11) (00 — |1 — 1) (11| = (1.98)
_ 5321;22 (1.99)
S P 10) ((11] 4 (1 — 1|)\J/r§(11> + |1 —1)) (10]
(01] + (10] -
(\11> (00] +10) T2 41— <11|> - (1.100)
_ [10) ({00] + (11)  (]11) +[1 —1)) ({01] + (10]) _
_ 7 n ¥ - (1.101)
_ y)% (1.102)
Sy P — ?@. (1.103)

The motivator for the AKLT research paper [30, 31] was Haldane’s prediction [45, 46]
that, in the case of an integer-spin model, one-dimensional isotropic antiferromagnets
would have an energy gap above the ground state and exponentially decaying correla-
tions, a behavior that was experimentally observed for some systems at that time.

In recent years, PEPS have been established as a tool to study spin liquid wave
functions[47]. In particular, they might be used to provide a unified description of the
RVB model and the quantum dimer wave function, allowing for an interpolation to be
constructed between these two models, potentially identifying the topological phase.
PEPS transfer operator techniques also allow for the absence of a conventional order to
be certified by the spin degrees of freedom in the system.

The RVB model [48] was first proposed by P. W. Anderson and G. Baskaran in 1987
to serve as a theoretical model for the emergence of high-temperature superconductivity.
According to their theory, electrons in copper oxide lattices interact and form valence
bonds with one another, but when the lattice is doped, the constituent electrons can form
mobile Cooper pairs that support superconductivity. These systems can be described
by the Hamiltonian of the repulsive Hubbard model:

H=—t Z cjacja +h.c. + UZ MM (1.104)
4, i

where h.c. stands for the Hermitian conjugate of the previously listed summand. Such a
Hamiltonian can have a non-degenerate ground state when its spins are disordered. The
RVB state can, very simply, be denoted as

IRVB) = > " |C), (1.105)
C

where C' is a full lattice covering of the lattice that consists of nearest-neighbor dimers.
The system of two spin-% particles, which each have two basis states, 1 and |, has
four basis states: 11, 11, .1, and |]. In other words,

[s,m) = |s1,my) |s5,my) = |s1,my) ® [s5,my) (1.106)
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Figure 1.23: Depiction of a resonating valence bond state, where each thick lines show
entangled pairs, % (|01) — |10)). The blue lines show the entanglement changes between
the two shown summands.

where the spins of the particles and their projections onto the z-axis are denoted by s;
and m,, respectively. This expression can be simplified by the use of Clebsch-Gordan
coefficients, C":

|s,m) = Z Cotiym [81m4) [s9my) - (1.107)

mq+mq

In the case of spin-%2 particles, s; = s, = %, and three of the four resultant states have
a total spin angular momentum of 1, forming a triplet, whereas the remaining state has
a spin angular momentum of 0. The triplet states are symmetric:

1,1) =11, (1.108)
1
1,0) = (14 1) - . (1.109)
1,-1) =11, (1.110)
whereas the singlet state is antisymmetric:
1
0,0 = (1) — 1) - —= (1.111)

V2
The complete result of the calculation is a superposition of these states.

If the valence bond coverings of the RVB model do not produce a perfect set of
dimers, or if some of them break apart, free spins may appear in the lattice. Spin liquids
also support a form of exotic excitation named a spinon, carrying no charge but a nonzero
spin at temperatures close to absolute zero. These excitations can be fractional in nature.
The attempts at experimental realization of spin liquids are currently at the cutting edge
of solid state physics — the most famous example of a material that behaves as a spin
liquid is herbertsmithite [49], a mineral with a Kagome lattice, first discovered by the
mineralogist Herbert Smith. Competing experiments mark herbertsmithite as being a
gapless U(1) Dirac spin liquid and a Z, spin liquid, which may make it an interesting
material for research.

Quantum spin liquids are a promising avenue for the creation of topological quantum
computers and quantum memories. By using quasiparticles with fractional excitations
named anyons and braiding their world lines, it may be possible to form quantum logical
gates resistant to decoherence, as the topological nature of the system preserves some of
the mathematical operations performed by the braiding. Anyons are quasiparticles found
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only in two-dimensional systems, named for their exchange statistics. Unlike bosons and
fermions, whose quantum state functions upon an exchange of indistinguishable particles
adopt a + or a — sign, respectively, when two indistinguishable anyons are exchanged,
the wave function of the system can gain a phase other than 7 or 27 — it could be of
any real angle. le.,

[11a) = € [9hotdy) (1.112)
where 0 € R.
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One particularly interesting kind of order for a quantum many-body system is that of
many-body localization (MBL). Systems which exhibit MBL have some form of disorder
in their Hamiltonian. Typically, this makes it much harder to study their properties
than, for example, for a translationally invariant system, where one might be able to
exploit that symmetry to characterize its solutions. While methods to study such systems
certainly do exist, it would nonetheless be desirable to have more methods available in
the toolbox. That is why I devote this chapter to finding new methods of studying such
disordered systems analytically.

—>0 =D 0

The contents of this chapter are divided into two parts. Starting in Section 2.1: An-
alytical Solutions for Local Observables in Perturbed Many-Body Systems,
I will first provide an introduction to standard perturbation theory as it is used in
quantum physics, and follow it with my derivations of general analytical solutions for
time-evolved local observables in a disordered quantum many-body system. The second
part of the chapter is Section 2.2: Stochastic Derivation of Disorder Averages,
which provides an in-depth derivation of a stochastic solution for the expectation val-
ues of observables in disordered quantum many-body systems, as well as examples of
application to a number of different systems that fall under this moniker. In further
subsections, the derived general solutions will be applied to more challenging setups,
where they will be conduit to more interesting conclusions about the effects of specific
sets of attributes a quantum many-body system may have.

Parts of the work presented in this chapter have been published as part of [1].

— oD o<

This chapter contains a first result in the application of a perturbative approach to
a many-body quantum system [50]. The system is a one-dimensional chain of particles,
with periodic boundary conditions. It is described by a Hamiltonian with both an
interaction (H,) and a disorder (H;) part:

H=Hy+H, =) 0%, + (Z hjof + Jja;?a;”ﬂ) , (2.1)
J J

where h;, J; < 1 are random variables from two different Gaussian distributions, with a
mean of 0. These variables vary the strength of the disorder acting on the system, and
are defined as small enough to warrant the use of a perturbative approach. Using the
method presented in [51], a lower bound can be set on the ground state energy of such
a system.

The first step of this approach is to obtain the exact expression for the expectation
value for an operator in such a system:

W _ [Eh,J (efit(HOJrsHl(h,J))Meit(HOJrsHl(h,J))) . (22)

This can be done by applying the Dyson series to the expression in (2.2). The result of
this application is the perturbative expansion in the variables representing the disorder,
h; and J;. A more general result can be reached by use of the Choi-Jamiotkowski
isomorphism.

This analytical approach to a many-body Hamiltonian provides a prime opportunity
to examine the locality properties of the summands in the perturbative expansion. It
is possible to reach conclusions on the topic of the boundaries of the expectation values
for the locality of the different summands. Therefore, the next step in this approach
is to tackle the problem of the exact calculation of the expectation value for a strictly
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local operator — say, o;. Following this, it would prove to be useful to compare the
obtained general results to the well-known derivations for many-body Hamiltonians for
which analytic solutions exist in the field of condensed matter physics.

Ultimately, the goal of this approach is to be able to express and calculate the values
of variables that describe a system that may exhibit the effects of many-body localization
(MBL) [52, 53, 50, 54, 55] in a concise way. Then, these calculations may be compared

to the numerical or experimentally measured values.

2.1 Analytical Solutions for Local Observables in Perturbed
Many-Body Systems

In this section I will present a method that builds upon the well-known mathematical
framework of analytical perturbation theory and enhances it, leading to a general per-
turbative solution to the time evolution of a local operator in a many-body system. To
accomplish this goal, I will utilize a diagrammatic framework not completely unlike that
used for tensor networks, which allows for a more intuitive understanding of my deriva-
tions and the obtained solutions. To achieve these goals, I will conduct perturbative
calculations on many-body Hamiltonians that are acted on by a random Gaussian dis-
order, using the Dyson series and the Choi—Jamiotkowski isomorphism. The completed
analytical calculations include the expectation values for time-evolved local operators for
both short (¢ ~ 0) and long (¢t — o0) temporal evolutions, but also some of the crucial
partition functions.

2.1.1 Perturbative Calculations

The calculations I will present in this subsection will be performed on a system that can
be described using the Hamiltonian of a general form of H = Hy+ AV, where H, is some
basic Hamiltonian, V' represents a perturbative potential acting on the system, whereas
0 < A < 1, such that [|[AV]/|Hy| < 1. Results obtained for more specific Hamiltonian
forms will be used to better illustrate the results of the applied methods, but these can
be extended in a straightforward manner.

—_—>0 =D 0<—

In a system in which part of the Hamiltonian corresponds to a minute perturbation,
AV, I can construct an accurate wave function to describe it as:

) =D X" [), (233)
rk=0
with the corresponding ground state energy being equal to:
oo
E=) NE,. (2.4)
7=0

In the zeroth order, the Schrodinger equation gives (H, — Ey) [1)y) = 0, and in the first
order the corresponding equation equals:

(Ho - Eo) ‘¢1> = (El - V) W0> ) (2-5)
with the solution of:
E, = <¢0 | Vv | T/’0> ) (2-6)
- _ LU Ve , 2.7
V) =gV I (2.7)
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where F, and [¢;,) respectively correspond to the energy and wave function of the system
when it is regarded in the k-th order of perturbation. The second order calculation leads
to:

(HO - EO) |¢2> = <E1 - V) |¢1> + E, |¢0> ) (2-8)
with
E, = (1/10 ’ Vv ’ ¢1> . (2-9)
The second-order wave function can then be calculated as:
2
= | =0 P 2.1
o) == (g ) VRIS + g eV RV, (210

Normalizing this expression leads to:

|Gk v () - (k) v
(2.11)

To adjust these equations to the problem at hand, I will introduce several mathematical
concepts and methods throughout the remainder of this subsection.

#- Dyson Series Expansion

To perform a Dyson series expansion, which can be used to perturbatively expand a
time-evolution operator [56], I take an operator

W(s) = e 4es(AteB) (2.12)

where A and B are local operators in this system, s € C, and ¢ <« 1 is a small
parameter, and define

B(s) = e %4 Be’4. (2.13)
Then, it holds that
dIZ£8> _ _Ae—sAes(A—i-eB) + €_SA(A + EB)es(A—‘raB) — {[A.G_SA] — O} — (214>
— sefsABes(AJreB) — gefsABesAefsAes(A+eB) — {B(S) = efsABesA} —
(2.15)
=eB(s)W(s). (2.16)
It follows that
D dw p
/ s = = / B(s)W (s)ds = W(p) — W(0) (2.17)
0 0
p
Wy(p) = W(0) + 5/ B(s)W(s)ds, (2.18)
0
and by performing the integration of f P dW , I can obtain W (s).
P d P
/ mds —6/ B(s)W(s)ds = (2.19)
o ds 0
—W(p) — W (0) (2:20)
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This gives the solution of:
P
Wy(p) = W(0) + 5/ B(s)W(s)ds (2.21)
0

in the zeroth order. By inputting the obtained expression into the integral within
it, I can obtain further orders of iteration for this solution. As an example, the first
iteration gives:

Wi (p) = W(0) + ¢ /0 " Bls) (W(O) +e /0 ) B(sl)W(sl)dsl> ds = (2.22)

:W(O)—i—a/o B(s)W(O)d3+52/O B(s)/o B(sy)W(sy)dsyds,  (2.23)

whereas the second one gives:
'Y ¥4 S
W, (p) = W(0) + ¢ / B(s)W(0)ds + £ / B(s) / B(s,)
0 0 0

(W(0)+5 /0 B B(sy)W(0)ds, + &2 /0 h B(s,) /O B B<53)W<s3)d53d52) ds,ds =
(2.24)

— ’ s ds + &2 ’ s ) 51 ds,ds
W(O)—i—s/o B(s)W(0)ds + ¢ /0 B )/O B(s,)W(0)ds, ds+
3 S Sq 1 S dsyds;ds
+e /0 B( )/O B( )/0 B(sy)W(0) +
+E4/0 B(s)/0 B(sl)/o B<S2)/0 B(s5)W (s5)dssdsyds;ds. (2.25)

At the n-th iteration of inputting the definition of W (p) into (2.21), a solution emerges
that contains factors up to the 2"-th order in e:

2" —2 D s S
W.(p) =W(0)+ Z 5’““/ dsl/ ds, / dsj,1B(sy) ... B(s},.1)W(0)
0 0 0

k=0

p 51 San_q
+€2n/ dsl/ ds2.../ dsonB(S1) ... B(Sgn )W (sgn). (2.26)
0 0 0

Notably, when n — oo, the final summand in the expression above can be discarded.
Finally, to obtain the expression for eP(4+¢B) the following is valid:

eP(ATeB) — ePATY (). (2.27)
Let the examined system be defined by a Hamiltonian of the type
H=H,+H,h,J), (2.28)

where H,(h,J) is a small perturbation that depends on parameters —1 > h,J < 1,
which take random values in a Gaussian distribution of the form N (0, 77,2% ;), as shown
in Figure 2.1 and defined by:

(2.29)

Specifically, let
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Figure 2.1: Gaussian (normal) distribution (2.29) with various values of variance, n?.
Hy=> oi0i,,  H,(hJ) =Y (ho? +Jo%0%,,). (2.30)
J j

In the Heisenberg picture, the time evolution of an operator M is determined as M (t) =
e tH MetH 5o it follows that

M(t) — [Eh,J (6—it(HO+€HV(h,J))Meit(H0+sHl,(h,J))> ’ (231>

where E, ; marks the expectation value with respect to the variables h and J. From
(2.26), W (—it) = etHoe=#(HoteH,) 5o T can define:

E(dit) = exittHoteHy) — o£tHo 1/ (4it). (2.32)

When n — oo, it holds that &, (p) — &£(p), such that:
£(+it) =etitHo (W (0)+
o0 +it Sq Sk
—I-Zekﬂ/ dsl/ ds, / dsy 1 H,(s1) ...Hy(skH)W(O)). (2.33)
k=0 0 0 0
From the definition of B(s) in (2.13), I can define:
H,(s,) = e~setlo [ esitlo (2.34)
which gives:

M(t) = lim E, J<e_“H0 (W(O)—i—
n—oo ’

2" -2

—it EN Sy
+ Z €k+1/ dsl/ d82.-./ dskHHu(sl)...H,/(skH)W(O))-
k=0 0 0 0

2" —2 it S e
MeitHo (W(O) + Z 6k+1/ dsl/ dsQ.../ dskHHl,(sl)...Hy(sk+1)W(0)> .
k=0 0 0 0
(2.35)

For x € {h, J}, it is clear that

E () 0, if ¢ is odd; (2.36)
xt) = .
* né(( — DN, if ¢ is even,
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Figure 2.2: Expectation values for z¢, where z is a random variable from the Gaussian
distribution N (0,7n?), where ¢ € N and n = {0.2,0.1}. The figure includes an inset of
the higher values of (, in the logarithmic scale.

as can be seen in Figure 2.2, so E,, ;(h*J?) = E,(h*)E;(J?) # 0 only if both o and 8

are even. Thus, all odd orders of M(t) are equal to zero. In the zeroth order, M(t), =
e~ tHo Me'Ho and in the higher even orders it follows from (2.35).

In the spirit of the tensor network framework, I can represent my solutions dia-
grammatically to make them easier to grasp intuitively. As such, I can define a visual
representation for a local operator acting in the system, M:

M~ 1) (2.37)

This operator evolves in time in the Heisenberg picture as:

235
@ ~ e HH (2.39)

t represents time, and ¢ is the imaginary unit. The disorder-averaged expectation value
of this time-evolved operator can then be expressed as:

E. (00 ) = (HD-OO-H(W) 210

where ¢ is the disorder variable. By using the Dyson series expansion, an operator
W (£it) = eTtAetit(A+eB) where A and B are local operators, ¢t € C, and |¢| < 1, can
be written as a nested series in e:

where

W, (p) =W(0)+ 6/ B(s)W,,_;(s)ds. (2.41)
0

If the temporal evolution operator @ ~ e Ho ig defined by

={&.r (2.42)

up to the order n in &, then the temporal evolution of the operator up to the

order £ can be depicted as:
o
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If the tensor is defined to represent e~ *sHo H esxfo  then @ can be written
in the n-th order of ¢, as follows:

@' = @(1 kz_: / ds; /051 ds, .../OSIc dsj 4 +

(2.44)

where the final summand may be disregarded for small €. The expectation value of a local
observable M (t) within the system described by the Hamiltonian originally presented in
(2.28) can then be calculated as:

M) =E, g ( @ ) (2.45)

Note that, as shown in (2.36), because the elected Gaussian distributions of the random
variables h and J are symmetric around zero, the results in all odd orders in e vanish;
for even orders in ¢, it holds that E_(z¢) = 77,3(( — 1L

#- Choi—Jamiolkowski Isomorphism

In the Choi-Jamiotkowski isomorphism, an operator M that can be written out in
some basis as M = Zj’ w M i, 17) (k| can also be represented in a so-called state form,
such that

M = Z ixli) ®1k) . (2.46)

In this mapping, the procedure of acting on the operator M from the left by an
operator A may be written as L 4(|M)) = |[AM) = A®1|M), while acting on it from
the right with the operator A may be written as R, (|M)) = |MA) =1® AT |M). It
holds that

(Ly—Rp) M) = |[A, M]). (2.47)
Defining
EA=AQ1-1® Al (2.48)
it follows that
|e—itHMeitH> = ¢ HEH | ][ (2.49)

When this isomorphism is applied to the system and problem at this isomorphism
is applied to the system and problem at hand, it can be tackled in a much simpler
fashion. Then, it follows that

e~ HEH+E(H,)) | N[} = e~ #EH T (—it) M) = (2.50)
—it —it
=M, (t)) + 5/ (|e~Ho [e==Ho H e*Ho M] 'Ho)) ds + (52/ ) |M) .
0 0
(2.51)

For a strictly local operator M, the zeroth order of the series is a local object. The
Hamiltonian part in the calculated commutator in the first order in ¢ is a 2-local object,
which makes the commutator 3-local, and the whole contribution in the first order a
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3-local object. For the second order, the calculation leads to the following result:

—it s
82 / e—it:HOe—ngOEHyes:Ho / e—sleoEHVesl.:Hodslds |M> —
0 0

=2 /0 /0 |e*itHo [HV(S)’ [HV (31) 7]\4]] ez'tH0> dSldS. (2.52)

Because the first commutator is 3-local, the whole expression is 5-local. This formulation
also allows for the general solution to be constructed in the (k + 1)-th order, dubbed

Ok

—1t EN S
Ot :emHos’fH/ dsl/ dSQ.../ dsy 1EH,(s1)2H,(sy) ... EH, (8441) | M) =
0 0 0
(2.53)

—it Sy Sp
ettt [ [ [ e (500, ). [ ) M 1) s ..
0 0 0

(2.54)
In the (k4 1)-th order, the correction is (14 (k+1)-2) = (2k + 3)-local. In other
words, in the k-th order it is (2k + 1)-local. This result holds for a system where H,, is
a sum of strictly local operators. For a system where H| is a sum of 2-local operators,
the k-th order correction is (6k + 3)-local.

In the Choi—Jamiotkowski isomorphism [57, 58, 59], instead of being treated as a
tensor vulgaris of solid state physics and defined as M = ij M, |7) (k|, an operator

may be considered as ij M. |5) ® |k), or . in the newly constructed

visual representation. All further calculations on thus represented constructs may then
proceed as is usual for the original mathematical definitions of the forms themselves.
This mapping allows for a number of interesting manipulations, as can be shown

in the case of commutators. The product of an operator and an appropriately
defined operator @ that acts on it from the left, i.e.,

L, (M) =|AM) = A®1|M), (2.55)

«(€)-29

Similarly, if this operator is acted on by an appropriate operator @ from the right,

can be depicted as:

R, (M) =|MA) =1 AT |M), (2.57)

which can be shown as:

n(@):@O =@

It holds that (L, — R,) |M) = |[A, M]), or

(Ly—Ry) () - (@ - ) (2.59)
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Thus, if I define that

= @) :@ _ (2.60)

—HH NetH can be simplified using

e MEH @{ (2.61)

in the Choi-Jamiotkowski mapping, it holds that:

_ @{ , (2.62)

From e ®#EHote=H) | V) = e~ #=Ho W, (—it) |M), it follows that the summands of the
expansion in the k-th order can be calculated using this expression:

—it EN So Sp_1 — @
e = k./ / / / eo | Sk u ds;dssy ... dsg.
0 0 0 0 -

(2.63)

I hope that this short excursion into the creation of diagrammatic notation has

provided sufficient illustration of its use, not only for tensor network problems, but also

for the efficient management of quite complicated equations in a readable manner. This

approach is not shown further than its presentation here, but it may be explored in
future applications.

and recognize that it holds that e

N6

#- Integrating H, (s;)

A useful expression to calculate in this problem is the integral of H,(s;,) in the setup
of the derived expansion.

Under the assumption that ZH, is invertible, the following is valid:

/ H,/(sk)dsk—/ e sktof esktods, = (2.64)
0 0

= [ e *=Ho|H )ds, = (2.65)
0

=~ HHO temsk=H0] HH,) ds), = (2.66)

=((-EH,) 'e "% — (—EH,) ") |H,) ds), = (2.67)

=<—~Ho> He~=Ho —1)|H,) ds, = (2.68)

1 —z "
=((—Ho) @1 —1® (=Hy)") (e *Hos@Ho) —1)|H ) dsy,  (2.69)

which is an expression that can be solved in a straightforward manner. To proceed, the
expression to be calculated first must be of the form:

/ e BT 955 g, [H) . (2.70)
0
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Then,

Jj=1

T T N
/ e skt esktlods, = / e~ srHo Z (hjaf + Jjafajﬁl) esrfods, = (2.71)
0 0

N T N T
= E hj/ e_SkHOUfeskHOds—i— E Jj/ e‘skHOUfaﬁleSkHOdskE (2.72)
‘ 0 0

Jj=1 Jj=1

=A+ B. (2.73)
Note that the operators o7 all commute, which gives:
N z z N

e~skto — 75K 25 950 — H e kI35 (2.74)
j=1

and the following relation holds:

[070%,,,07] =0, for j#I#j+1. (2.75)
Then, it follows for A:
N T
A= Zhj/ e~skHogtesitlods, = (2.76)
j=1 0
N x
:Zhjaf/ e2$k75-195 25k 5 1 s, (2.77)
j=1 0

The calculation for B is analogous'.

N x
— —s . Hy w2 s H, —
B = E Jj/ e kTogiol efrtods, = (2.78)
j=1 0
N T
_ 2 :JjO';?O';:Ll / 6231@%’7103' 623k0j+10j+2d$k (279)
j=1 0

The matrices in the exponents are not invertible, but they are diagonal. Thus, A and B
can be integrated as follows.

N T
z z z z
A= E hjo_‘;]p/‘ erkUjilo'j 62Sk0'j0'j+ldsk — (280)

Jj=1 0
N T

_ x 25, (0% jo0%+0%0%, ) _

= E hjaj/ ek 9;5-19;7T0;50;511 dsk = (2.81)
j=1 0
N x

_ T 2s,, diag(2,0,—2,0,0,—2,0,2

= E hjaj/ 29 diag( Jds,, (2.82)
j=1 0
N T

B= E Jjg;?g;ﬂ“/ XK1 25751 2 s, = (2.83)

j=1 0
N T

_§ T x 2sy,(0% Jo0%40%, 0%, 5) _

— Jjaj Uj+1/ e“%k\9j-19;T9;5410 42 dsk = (284)
J=1 0
N T

_ T -z 25, diag(2,0,0,2,0,—2,—2,0,0,—2,—2,0,2,0,0,2

=Y Jioto?, / 2o diag( )ds, (2.85)
Jj=1 0

1See details in the Appendix here.
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This expression can be evaluated for the individual elements of the diagonal matrices:

/ eVds,, :/ Ids, = (2.86)
0 0

= [sk]g =z (2.87)
T e48,C z
/ etseds), = [ ] = (2.88)
0 41,
et —1
= 2.
y (2.89)
z _6—455 z
/ e trds, = [ ] = (2.90)
0 4 0
= 291
. (2.91)
The full integral then gives:
/ e skfof eskflods, = A+ B = (2.92)
0
N
:Zhjf/ 251 diag(2,0,-2,0,0, 202ds+
j=1
T
+ Z J. o Ug+1/ e25k diag(2,0,0,2,0,—2,—2,0,0,—2,—2,0,2,0,0,2)dsk — (2.93)
N etr —1 ety —e T 41 et
di [ 0,1 [
; U la‘g 4 b 4 R ] 4 P 4 )+
) 643: -1 €4x -1 _6741 + 1 _67410 + 1
-i—jz:JUJa]Hdlag( b
_e—4x+1 _e—41:+1 641_1 641:_1
0 [ 0,10 2.94
) 4 Y 4 P 4 R R 4 ) ( )

From (2.33), the lowest order contributions in £ can be calculated in a straightforward
manner:

—it S
S [ [ e I, ), [ (5s), o L G5 M) ) s sy =
0 0 0

(2.95)
—it EN Sp_1
et [ [ [ e ), [, (5,
o Jo 0
Sk
{/ H,(s1)dsp 1, M| ...]]eHo)ds,ds, ... ds),. (2.96)
0

As the basic integral has been evaluated, it is possible to use the result to subsequently
evaluate the main derived expression for the time-evolved expectation value. However,
the result in (2.94) doesn’t seem to be practical for further analytical calculations. It
would also be possible to write out the solution as a linear combination of projectors in
the o;0,., vector space.
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#- Application to a System with a Strictly Local Operator

This subsection covers the exact calculation with a strictly local operator M. The
examples I have chosen to present are fairly simple and quite demonstrative, but the
performed methods can be applied in the same manner to a more complex set of
locally-acting operators in a many-body system. In the following I will calculate and
describe the temporal evolution of local operators in perturbed a many-body system
within several orders of perturbation and demonstrate the effects minute properties
of the system’s Hamiltonian may have on the derived values.

In the first case, I choose M = o5, or
M=11®..00;Q0..0111=0. (2.97)
In a second variant, let
F=1Q01®..00/Q®...01Q1=07. (2.98)

The system’s Hamiltonian is of the form

H=> oiof, +hof, (2.99)
k

where the variables h; take values in a Gaussian distribution stated in (2.29). The
expression to be calculated is the following:

W — [Eh (efit(HOJrsHu(h))Meit(H0+sHl,(h))) , (2100)

which is easier when broken down into contributions in order of correction.
Henceforth the corrections in the order £ of € are going to be denoted with €2, such
that

M(t) =) (). (2.101)
k

For the zeroth order for the operator M (t), the time-evolved expectation value can be
calculated as:

Qo.ar =Ep (Mo(t)) = By, (7o Me'tHo) = (2.102)
=E;, (e X170 (191® ... ® 05 @ .. ® 1@ 1) X717 ) = (2.103)
=F,(I91®..00/®..0111) = (2.104)
=07, (2.105)
and that for F(t) as:
Qo.p =y, (Fy(t)) = By, (e o MetHo) = (2.106)
=E;, (e *Xx770 (191®...@ 07 ® .. @ 1@ 1) e X177 ) = (2.107)
=F,(1®1® .00/ ®...0181) = (2.108)

J

The first orders for the time-evolved expectations for M(¢) and F(t) can be evaluated
in detail® and give
QI;M - QI;F - 07 (2110)

2The normalization calculation is included in the Appendix here.
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which corresponds to the expected value from the derived general form of the perturba-
tive solution.

The second-order calculations are more involved. The derivation for the operator
M (t) leads® to the following expression:

—1t s
Q.0 = I, 52/ /eitHo [H,(s),[H,(s1), M]] e*fods;ds | = (2.111)
0 0

—it s
_ 2 —it cZoZ g
=L, 6/0 /Oe 2% a+12hj§ hyoiosos:
k

<€2s(—1)50"k*1>(—1)50»’@"(7;4aiezs(—1)50%k)(—1)5<J'vk+1>a;agﬂ€2s1aj 105 02510505,

. §(j—1,k)(_116(4.k 8(3,k) 5(j+1,k
_(_1>6(g,k)6251(—1) (G=1.k)(—1)0U.F) & o 36231 —1)%0,k) (—1)00+ )ajoﬁlerak 10k6250kok+1>

et Xy %% nds,ds | = (2.112)
—it s ' '
= e / / e " Xa7ai12h, Y " hy ot oot O(), k)et Te 7% ds, ds (2.113)
0 0 k

Next, it is important to calculate the defined (7, k) = 0:

®j:k 267230]{1056 2s0% O'J+162310";7710'je2810'50'§+1 + 6728105*1056723103%0;*1 e2sa§ 2soj 05 —
(2.114)
=2cosh (2- (s,(07 07 +050%,,) —s(07 107 +050%,,))) (2.115)

ej—k—l —e —2s0% UJHeQSGJHUﬁQ623105710562310'50';“ _ 623105710'567251050;16230J O‘J+16280’§+10‘§+2 —
(2.116)
— 2805410542 p25105 107 ( —2805705,162510505:0 67281032'012416280303*1) = (2.117)
__,28,0% 0% 250% 0% 5 ([ :
=e*175175 25771 %52 . (—2sinh (2(s — 5,)0507,)) (2.118)
@j—k+1 —62 0] QO'J e 230;*1032'628105*1056281050JZ'+1 o 6728105*105628105051*162SJJ 2a] 1623051*1012' —
(2.119)
—62801 207 1623103’70;“ <€72so ]62310] 105 _ e —2s,05 405 62805*1012'> — (2120)
250%_50%_ 1 ,2810%0% 1 (9 _ z z
=e?°75-2712175 %50 . (—2sinh (2(s — s,)07_,07)) (2.121)
O # {k— 1,k k+1}) = ek 17k e290k0k1125197-19] 2519771 _
o €2sla§710562510505+1 62502*1026250’;‘7%*1 =0
(2.122)

For all other relations between j and k, the value of 0(j, k) is equal to zero. With that
in mind, and by considering that E,(h,hy.,) = E,(h,) - E,(h,) = 0, the expression for

3Details of the normalization calculation are included in the Appendix here.
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Q5.5 becomes simpler:

—it s
_ 2 fitza oZoZ .
Qo =Ly, (5 /0 /0 e “12h;

(hj10%105030k = = 1) + hyot 02030k = j) + hjy103,,05050(k = j+ 1))

e’itzb U§U§+1d31d$> = (2123)

—it s
:252n20§/ / 2cosh (2(s — s,)(07 107 + 0503,,)) ds ds (2.124)
o Jo

The integrals of this type have already been evaluated and have the following form:

a;(z; k) E/ e“sk(a?l"ﬁ”?”;ﬂ)dsk = (2.125)
0
xr
:/ L diag<2’077270’0’72’072)((j71)’j’(:j+1”dsk — (2126)
0
2Kx —2Kx —2KT 2Kx
. e -1  —e +1 —e +1 e —1
= diag( 2% 0, 2% L0, 2% 0, 2% >{(j71)7j7(j+1>}
(2.127)
xr
B;(w; k) E/ e2oKT5177 25051 2 s, = (2.128)
0
:/ eﬁisk diag<2,0,0,2,0,72,72,0,0,72,72,0,2,0,0,2){(]‘71),j7(j+1)7(]42)}dSk — (2129)
0
2KT 2KT —2Kix —2Kx
et —1 et —1  —e +1 —e +1
=di 0,10 [ , 00,
fag( 2 77 2k 77 2k 2k
—2Kkx —2Kkx 2K 2KT
—e +1 —e +1 e —1 e —1
2% ) 2% ) [l, 2% ) U; I], 2% >{(j—1),j,(j+1),(j+2)} (2130)
By using those expressions, {),.,, can be rewritten as:
—it s
Q2;M = 28277%(0';7>20'§/ / <672s(a§710§+a3’fc§+1)6281(05710'JZ-+0']Z-U]2-+1)+
0 0
+ ezs(aifl"?*”?"ﬁl)e_%l(UJZ"IU;M;C’;H))dslds = (2.131)
—1t s
=2t fos([ [ oo e e das
0 0
—it s
" / / AT} ) 25 0T 0505 s, dis) = (2.132)
0 0
—it
:2527],21(03-”)20]2» (/ 6723((;;710%0;0;“)%(5; 2)ds+
0
—it
n / e25(05107+03 ) g, (s, _2>d5) - (2.133)
0

—it —it
:28277}%0'; (/ 6723(05710§+U§U]Z-+1)aj<8; 2)d8 + / 628(05*105+J§a§+1)04j(5; —2)d8>
0 0
(2.134)

To evaluate this expression, it would be useful to find a way to write aj(a:; k) in the
Pauli basis. These matrices are diagonal, so they can be written in the {¢° 0%} basis,

Ivana Kurecié 62



Chapter 2. A Perturbative Solution to a ... 2.1. Analytical Solutions for Local ...

as follows.

e?l{m_l —672’{“:4—1 —672'{$—|—1 e?l{a:_l _
5 b b b )Gy =

(2.135)

a;(z; k) = diag(

-

§,(x; k) - (U(Jl 1)UJ20(;+1))0.7'1,2,3:{,7070.2} - (2136)

1

~
Il

-

1 T1 To _T
g Tr (&(‘m H) ’ (U(j—1>gj U(J$+1))UT1,2,3{00702}) - (2‘137)

5 (1

=1

~

oo\r—‘

OOM—l

(2.138)

2sinh(2kx) 0 0.0 1 (=2  2cosh(2kx) 0 L
'<4+ )("<J‘1>"a“’<]‘+1>)+ At ) [@hmioh) +

K K

2sinh(2k) N 1 (—2  2cosh(2kz) 0
' <_4+ ,{) (071790 %4m)) + s\ T (017500

1 2 sinh(4x)
a;(z;2) = . (4 t— ) (UO} 1)JQU?j+1)) +

1
8
1 2sinh(4x) : 0 1 2 cosh(4x) . 2.0
t3- <—4 + 2) (0-10995:0) + 5 (2 g ) i)

1
4 + sinh(4z)) ( o 1)0?0?j+1)> + 3 (—1 + cosh(4z)) (0’? _

1
5
L (s sinh(42) (07, 0007, 1)) + & - (<1 + coshida) (o7, 030

S11 X U(]71)0J0'<]+1) COs €T g 1)0']0' .
(2.141)

aj(z;—2) = 1 <4+ _QSinh(_‘l‘r)) (0—0, 950 >+ 1 <2 + _2COSh<_4"T)> (Jo

[0's) \

2 (G-D757(G+1) 8 2 2

1 —2+ 672n3: + ech
0 0.0 0 Z 2
) ("(H)"j"(jﬂ)) Ty ( o ) (%4)%‘7(%1)) +

+
72/€x 1 -9 _}_672/%9 + €2f<aac
z 0.z z z -0 _
( ) (7F-1090%0)) + g’ < K ) (7G5-1750%4) =

g

(G-17J

1 —2sinh(—4x) . 0 1 (2 —2cosh(—4x) . . 0 B
Y (_4 i 2 ) (oG-09995) +3 (5 + 2 (7t-757hm) =

(2.142)

1 : 1 g2
=3 (4 + sinh(4z)) (O'?jil)O'?O'?ﬁl)) + 3 (1 — cosh(4x)) (a?jfl)ajauﬂ)) +
+ )+

M 1 z z
- (—4 + sinh(4z)) ( o 1)(7;) Gry) t g (1 — cosh(4xz)) (007”0]»0%“)) (2.143)
These expressions allow for a direct way of evaluating the integral for €,.,,. However,
what can be immediately seen is that the object {2y, ), is 3-local, affecting only the subset

of {j —1,4,j+ 1} particles.
On a simple example, where Hy, = 0 and H,(s) = »_, hyof, it is not difficult to
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evaluate this object analytically?, giving
Qo =E), (—2e2h305t?) = (2.144)
= —2t°n}07. (2.145)

The second-order calculation® for the operator F' gives the following:

—it s
Qyp =E, ( [ e [Hy<s>,[Hy<sl>,Fne“Hodslds> - (2.146)
0 0

—it s
=L, (sQ/ / e " La a0 Z (El + 3, + E3> et 2 U§0§+1d51d5> (2.147)
o k

By explicitly calculating the values of the summands ¥, ¥£,, and X3, it is shown that
the expression {2, - is 5-local:

Qoipit(j-2,5-1.5+1,5+2) = O- (2.148)
The derivation of Q. is then finalized by considering that Ej (h,hy.,) = 0:

—it s
Oyp =, <52 / / e X%y (21 + 3,4 23) eitzb”§”§+ldslds) =
0 0 k

(2.149)
—1t s
’ DI S S )
2.2 —it), oZoZ Lik=j—1 2;k=j 3;k=j+1 tY, ofo? _
e [ [ o (B B B et
(2.150)

2.2 x 26t(0F 0f+0oF ),
=npe’ofe

—it s
. / (6230JZ‘10']2' . / (—2 sinh(231aj_1aj)) (—2sinh(2(s — 81>O']Z»_20';_1)) +
0 0
+ 262595195 25955 . / (—2- sinh(2s, (0% 07 + Jjaj+1))) +
0

1 2595050 / (—2 sinh(2510]‘?0]z.+1)> (—2sinh(2(s — 81>O'JZ»+10';T+2)>) ds;ds (2.151)
0

Further, because of the symmetry properties of the chosen Gaussian, with [, (h]-) =
0, it holds that:
QS — Q5 — Q'? = ... = 0, (2.152)

so only the even contributors to €2 must be considered.
As an example for the involvedness of the calculation of higher-order perturbative
terms, I will summarize the calculation® for Q-

Q. =t (54 /0 /O 1 /O 2 /0 3 le~"Ho [H,(s1), [H,(sy), [H,(s3), [H,(s4), M]]]] e?*H0)
‘d51d82d83d84> = (2.153)

E[Eh(e“ / / e, [Hy<sl>,[HV<82>,<2<s2,83>ne“Hodsldsz> (2.154)

4The calculation is included explicitly in the Appendix here.
5Details of the normalization calculation are included in the Appendix here.
6The full calculation is included in the Appendix here.
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This expression was simplified using

S2 53
onsg) = [ [ UL sy), [H (50, M) dsyds, (2.155)
0 0
From (2.112) it can be seen that
Q, = £, (2e7Ho(,(—it, 5)e' o) (2.156)

SO
—it
0 0

+ 00,0070k = j+ 1)>dslds. (2.157)

After an extensive calculation, the final expression obtained for €,.;, can be specified
as follows.

—it s Sy pS3
Q4;M = / / / / (277%0?(—2 sinh(2(sg — 34)0571012.)).
0 o Jo o

<_2 sinh (2 (51(05—1‘75’ + UJZ'UJZ‘H) + 52(”5—2‘75—1 - U]z‘—lagz‘) - 5305—205‘—1 - 54(‘75‘75'4-1) ) -

— 2sinh

(2(s (0% 10% +0%0%,1) — 85(0% 907 | + 0% 10%) + 5307 507 4 —34(UfUJZ'+1>>
—2sinh (2 (s1(07 507 1 4+ 07 107) — s9(07 107 — 050%,) — 5307 507 | —s4(0507,1))) +
+ 2sinh (2( 0% 507 4 JrO';T_lO';T) — s5(0 0i 0i+0 ]H) — 8307 507 1 + 84(U]Z»Uj+1)> )Jr

+ 2n0%(—2sinh(2(s3 — 54)07,,07))-

(—2 sinh (2 (51 (07,07 + 0705 1) + 59(07,905, 1 —07,,05) — 8305,507, — s4(0507 1)) —

— 2sinh (2 $1(051105 + 0507 1) — 85(05,905,1 + 05,105) + 830%,50%, 1 — 84(0']770'5_ ) —

( :
— 2sinh (2 (s1(0%,507, 1 4+ 07,107) — 55(07,,07 — 0707 ) — 530%,,0%,1 — 85,0707 1))

+
3 z z z z z z Z 2 z z Z ~Z
+2sinh (2 (8,(07, 907, +07,107) — 55(07,,05 + 0507 1) — 83075071 + s4aj0j1))) +
+

A (2 sinh (2(sy — 89)(07,0% + 050%,1)) - cosh (2(sy — 53)(0F107F + 050%,,))
+ (672(51752)(05_205-_1+a']z-_lojz~) + 672(51752)(0’;0’;+1+0'Jz-+10'§+2)) .

sinh (2s,(c 05405+ 05 JH))smh (253( 7105 T oo ]H))

_ (62<81_82)<03*203*1+JJ* 10%) +e 2(s1—85) (07 ,;+1+U,7+1‘7,7+2>) .
sinh (254(05 0% —o; 0']+1>> sinh (283(0]Z- o; — 0% U]+1)>> ) ds,dsgdsyds; (2.158)

#- Correlation Propagation

To investigate the temporal (and spatial) propagation of information — in other
words, the effects — of a local operator acting in a perturbed many-body system, it
is useful to also examine the correlation function between two such local operators.
In the following I will present the calculation of the correlation function between two
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local operators and determine how information spreads in such a system.

Unlike for some previously derived solutions that rely on a perturbative approach
to treat disorder in a system (e.g., [60]), the solution presented here is analytical
and exact. This means that, where the perturbative approach is able to describe the
system accurately on small time scales (¢t < 1), the approach presented here has, in
principle, no such restrictions. From this derivation I will be able to make a statement
about the speed of the spread of correlations.

The correlation function of two local operators acting on the same system, o and

0’5, where j # k and «, 5 € {x,y, 2,0}, can be expressed as:

Ce o (1) = Q] o3 (D)0 (1) 2) — (2] 0 (1) ) (2] 77 (1) |92 (2.159)
Clearly, the expectation of the correlation function up to some order of perturbation

o(h,J), C;)ih;]ﬁ) , will be equal to zero for a large enough distance between the particles
x o0

j and k, d(}', k). For a Hamiltonian of the form

H= Z oi0% +hjot + JioTol,, (2.160)
J

and up to o-th order, M(t) is (20 + 3)-local, i.e.,

a
Jjk

Ep.s (O"“;Q (d(j, k) > 2(o + 1))) =0. (2.161)

Because j and k are fixed, the non-zero terms of this disorder-averaged expectation value
can be bounded:

OM(; 0o(h, 1)) = O(| M| + Z o(h, J),) < (2.162)
k=0

o k k+1
- t
< |M]- (1+§ 0 (n§+1ku+§ (¢ — DT <<k—g)!!+n§j+1k:u) : (l|<:|+1)'> .
k=0 ¢=1 :
(2.163)

Then, it is evident that:

> 1 1
B (Cog o) SIME- >0 0(5)-0 (o) e (16)

p+r>d(j,k)

For some natural number N > d%’k), the right side of this inequality can be written

as |[M|*- 0O (W) - [¢|?N. Thus, from [¢t|?N < (N!!)2, it follows that propagation of
negligible non-zero correlation terms is bounded by:
d(j, k
t< (‘72) (2.165)

as seen in Figure 2.3.

#- Partition Functions
I will derive the partition function for a system describable by the following, simple
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L 1]
0 10 20 30 40 50

d(j, k)

Figure 2.3: Large-time bound for the correlation function in a system described by the
many-body Hamiltonian (2.160). On the abscissa the distance d(j, k) is shown and on
the ordinate the time ¢ is shown.

Hamiltonian:
H=H,+H,
HO = g%
j_zl ! (2.166)
i, = Z hjof o5
j=1

The final part of this segment will demonstrate precisely that application.
For this system, the Gibbs measure can be written as:

P [E e_B(HOJ'_HV) e_ﬁHO + Al + AZ
o (tr(e_ﬁ(H°+H”))) ot (tr(e_ﬁHO +A4A;+ A2)> 7

(2.167)

where 8 = =~ is the thermodynamic parameter.
EpT y

In this setup, I define Z;, as:

Zy =tr (e PHo) = tr (ﬁ 6_ﬁ0§> = (2.168)

G=1
=tr(e#97)" (2.169)
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where j in the above equation is any j € {1,...,n}. I also evaluate the denominator:

7 =tr (e’B(HOJFH")) = tr (efBHO i MH”)]) = (2.170)

=

= tr (eﬁHo (1—BHV+ g, §H, + )) = (2.171)

21 31
] 5H0HJ
=7y + Ztr <€> . (2.172)

Following a straightforward calculation’, it is clear that

676<H0+Hu)
) = (2.173)

P :l}:h (tr(eB(HO‘i’Hu))

=0 ’
) k
T D= AT (Z . (e‘5H°H3)> ) (2174)
=0 k=0 ’

In addition, a general form for the Gibbs measure can be calculated, up to the second
order:

2
P =, (Zol (BBHO — Be Bl + ieﬁHofﬁ) +
+ 25 (AU =0k = 0) + Al =03k = 13j = 1,2) + Al = 03k = 255 = 1)+

+A(l:1;/<;:0)+A(l:1;k:1;j:1)+A(l:2;k:O)> - (2.175)

2
e —BH, /B
7 <2+52’7h (E :UJ g+1> + 7[511 (tr (e PHoH,,)) —
0 0

,82

- D (n () + o ((tr(e0om,)) - 26, (1, <e—ﬁHoHV>>)

Any further attempts to evaluate this expression require direct dealings with the system’s
Hamiltonian.

In the following, I will calculate the specific values for the relevant traces®. First, I
will derive an expression for the simple case of tr (e BHO), where M is the vector chosen
to write the exponential function in the Pauli matrix basis.

tr (e PHo) =tr (ﬁ 65(,;> = (2.177)
—tr (ﬁiMaa}l) - (2.178)
j=1

=1 a=0

= Z M, M, ..M, tr(o{*)tr(c5?)...tr (op™) (2.179)

Q7T A
a17a27'“7an20

"The calculation is included explicitly in the Appendix here.
8The full calculations are included in the Appendix here.
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The vector M can be constructed if the matrix exponential is written as a sum of Pauli
matrices. In other words,

e'*¢9 = cos(b)l + isin(b)é - 7, (2.180)

where & is the Pauli vector. In the case of e #%7, b — i and - — 0%, 80

e P75 =cos(if)l + isin(iB)o? = (2.181)
= cosh(B)l — sinh(B)o%. (2.182)

Evidently, the only non-zero parameters in the vector M are:
M, = cosh(p) (2.183)
M, = —sinh(p). (2.184)

The traces of the corresponding matrices are

tr (1;) =2 (2.185)
tr (o) =0. (2.186)

Then, the product in (2.179) is different than zero only in the case when a; = ay = ... =
o,, = 0. It follows that

tr (e PHo) = (cosh (B))" - 2" = (2.187)
= (2cosh (8))" (2.188)

Then, for tr (e’ﬁHOle), it follows:

tr (e PHH) = tr (ﬁ e P5 . Zn: (hkaga,ﬂg+l)j> = (2.189)

G=1 k=1

=tr (ﬁ <M0”j+M30 Zn: (ofot.y) ) = (2.190)
j=1
3 n

= > > M, M, .M, -

aq,.,0,=0 k=1
Rl tr(a,‘jkll)-tr(a,‘jk-(ag)j)-tr<a,€j51 (0F,2)) e (o022) o (2191)

The arguments of the traces give:

- (08) = (o7’ (2.192)
oi - oy =ioy, (2.193)
o (Gi)Q =0} -1 =0} (2.194)
of - (Ui)3 =0} o} = io}, (2.195)

and
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which leads to:

tr (e 7o [0) = (2 cosh (3))" (2.200)
and, as an example,
M, M,, .. (zn:h ) '(ztr o¥) -itr(o) - tr(og®) - ... tr(on™)+
k=1
+tr(oyt) -itr(od) -itr(ol) - tr(oy?) - ... - tr(on™) + ...+

+tr(oft) o citr(o? ) itr(on) +itr(o?) - tr(05?) - tr(onnt) citr(o )) =
(2.201)

=M, M, ..M, - ( Zhi) (tr(al) tr(oy) - tr(og?) - ...tr(on™)+
k=1
+ tr(oyt) - tr(oy) - tr(od) - tr(ogt) - ... tr(on™) + ...+
+tr(oyt) oo tr(o¥ ) - tr(of) + tr(o) - tr(o5?) - ... tr(on ) - tr(on)> = (2.202)
—0 (2.203)
Thus, for j = 2 it can be written:
tr (e PHo H2) = MyM, ... M, - (h% ctr(ly) - tr(ly) - tr(ly) - ... tr(D, )+
+ h3 - tr(ly) - tr(ly) - tr(lg) - tr(ly) - oo tr(0,) + .o+
P2y (1) -ty - br(0,) 2 tr(0) () i1,y - r(0,,) ) =

(2.204)
=My 2" b= (2.205)
= (2cosh(8))" - > b7, (2.206)
=1
so for all j € N it holds that:
tr (e #Ho) = (2 cosh(3))" (2.207)
tr (e Mo H) = (2cosh(B))" - > by’ (2.208)
=1
tr (e PHoHY ) =0, (2.209)
Thus, the expression for the Gibbs measure from (2.176) can be completed”:
e Pt 2 _BH, 3 _BH, 172
P=—g—|2+5 Za Foa B (1 (70, ) — 5o (1n (70 ) +
3 - 2 ﬁ2
+ 7 (o (eom,)) ) 7 En(H, tr (e ~BHoH ) (2.210)

e —BHo

— <2+52nh (Z% 220-<2cosh</3>>”>>. (2.211)

9See details in the Appendix here.
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The expectation values of other observables can now be calculated fairly easily. For
example, for E (Z) it follows in a straightforward manner that:

B (im (w)) : s

<2cosh ))”f:hfj) = (2.213)
=1

= (2cosh(p))" (2 cosh (B)) -n - (cosh (Bn,) —1). (2.214)

However, in the case in which H; and H, do not commute, it is pertinent to use the Lie
product formula to derive the correct expressions:

—tr B"

X+Y _ 33 erer
e —}Lrgo( ) (2.215)
eflotHy = lim (eHTOeHT ) . (2.216)
T—00

However, as this general case is much more complicated to resolve and not intrinsically
pertinent to this demonstration, it will not be included here.

Further, for a slightly more complicated version of the full Hamiltonian, for which it
holds that:

H=H,+H, (2.217)
N

Hy =) oo (2.218)
j=1
N

H,=> hos, (2.219)
j=1

a similar calculation can be completed to obtain the Gibbs measure:

P :eiﬁHO (2 + 8% (H,)” + Zﬁﬂih (tr (e™PHoH,)) — s 5 En (tr (e 7o HE)) +
0

Zy 22
222 £, (( (e —BHoHV))2> F [Eh (H, tr (e 5H0HV))). (2.220)

First, I will consider the case in which j = 0.

n
tr (e PHo) =tr (H eﬁa?aﬁl) = (2.221)
n 3 3
=tr (H > N,Y(;U}a?H) (2.222)

By using the already-derived expression (2.180), it is easy to assign correct values to
N,s5. Thus, from

e P757541 = cosh(B)] — sinh(B)oZ07, |

(2.223)

it follows that all N, are equal to zero, unless (v,d) = {(0,0), (z,2)}. In those cases,

Ny =cosh(p) (2.224)
N,, = —sinh(f). (2.225)

zz

71 Ivana Kurecié



2.1. Analytical Solutions for Local ... Chapter 2. A Perturbative Solution to a ...

Thus, the calculation can proceed as shown below.

n
J=1

+ Nyoo? @ 0 - NygoS ® 09 - ... - Ny,02 @ 0 + ... +
+ Nyood ® 09 - NygoS ® 09 - ... - N,,0% ® 0 + ... +

+N._0?®0: N,o5®0% ... N,.o> ® a‘f) - (2.226)
3
5 5 5,
= Z tr (N7151N’Yz52 '”N’Yn‘;n (O-’lh ® 021) ’ (032 ® 032) T (UZ ®01 )) =
’Yl?“'77n:0
Sy =0
(2.227)

3
Y1 0n o1 Sy T
= E Ny 5 Nys, Ny s tr (01101 ® 050, ®03°05° Q... ® 0y ' op ) =

Y130y Yrn =0
Sydl =0
(2.228)
= Z NovoyNaga, + No o, tr (07707 ® 05705% ® 05%05° ® ... @ 0%n-10y," ) =
aq,...,o,={0,z}
(2.229)

=NyoNyg - Nog N, tr (050% ® 090 ® 0909 @ ... ® 0007 ) +
+ NogNog - NooN==Noo t1 (0707 ® 0303 ® 0303 ® ... @ 0y _107,_; @ o0p)) +
+ NooNyg - NggN,. N, tr (050 ® 030 ® 0300 ® ... ® 07_,0%_ | ® 0007) (2.230)

The traces of the combinations appearing in the expression are:

tr (090%) =0, (2.231)
tr (0909) =tr (030%) = 2. (2.232)

This means that the only two cases in which these summands do not equal zero are those
where all the «; are equal:

J
tr (H eBUJZ'UJZ‘H) =
j=1
=Ny, tr (0(1)0? ® 0(2)0'8 ®R..Q 0202) + N tr(oj0i ®0505Q...Q0%07) = (2.233)
=Ngy - 2"+ N7, - 2" = (2.234)
=2" - ((cosh(B))" + (—sinh(B))"). (2.235)
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Including this expression in the derivation gives the following.

tr (e PHoH,)) = tr (H e PIi%5 . Z hkai> = (2.236)
=1 k=1

J=

:tI"((Noo”m +N..0f ®03) - (Noolaz + N.205 ®05) .. (Noolp—1,n + Nozof y ® 07)
 (Noob,1 + Now0s @ 05) - (0% + hoo§ + oo+ by 107y + hyo7) ) = (2.237)

:tr< Z (NQIN%...N&" (0P ®05Y) (052 ®@05?) ...

(o0 @onn ) - (07 ®077) ) - (hyoF + haof + e by 107+ hy0E) ) =
(2.238)

Qpn ']

> Ztr(NalN%...N h-
ey, ={0,2} =1

(01" ®03") (0 ®05?) - (0,7 ®@on™ ) - (on" ® 0y ") - a?) = (2.239)

= E g tr(N N, ..N_, h.
a;tVay a, ']
o0, ={0,2} J=1

n

(ool Qg Qg Q3 Ao O 1 Op1 Op z
(07" ® 051052 ®03%03° Q... Q 0, 20,1 @on" " op )-aj>. (2.240)

The only case in which this trace is not equal to zero is when all a’s are equal, because
the o7 only affects one of the products — in all cases there will be at least one part of
the trace product that is going to be equal to tr (6%) = 0. Thus, for 7 = 0 it follows that:

tr (e PHoH ) = 0. (2.241)
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I will now present the calculation for the second order, with j = 2.

Q7 Qg Ay

tr (e PHoH2) = tr< Z N, N, ..N, (67"0{" ® 05705> ® 05%05° ® ...®

ay ,...704,,1:{0,2:}

2

n

QAp_o Qp_q Qp1 Oy z —

®onrans @an o) (D okt )| ) = (2.242)
J=1

— QA Qg Qay Qo Qg Q3 QAp_2 Cp_1 Q1

= g tr(]\foélj\fa2 Ny (01"07' ® 051052 ®05203° ® ...Q 0,"120,"1' @ "

aq,..,a,={0,z}

- (hyof + hyos + ...+ h,0%) - (hyoF + hyol + ... + hnafl)> = (2.243)

= Y NN, ..N
1 2

%)

aq,...,a,={0,z}

n

[CPMpmell Qg Qg O3 Ao O A1 Oy Z 2 _

- tr ((01 01" ®05'05% ®03%03° QR ..Q0," 120, @on" top") - g hjhkojak> =
jk=1

(2.244)

= Z Z Ny N, ..N, -
Jjk=1aq,..,a,={0,z}

Qg ap _Og Qg O3 Ao O A1 Oy z Z\
-tr((al 01" ®05'05% ® 03203 ®...Q 0,20, @on""op )-hjhkajak) =

(2.245)

n
= Z Z N, N, ..N, -

=1 ay,...,a,={0,z}
QX Ay Qy Qo Qg Q3 Ap_2 Op_1 Q1 Ay
-tr((al 01" ®05'05% ®03%03° R ...Q 0,120, Q" op") -

. (h?ﬂj + hhi 07 Q05 4+ ...+ hih; 107 Q@ aj-fl)> (2.246)

Each of the combinations from the brackets gives a non-zero trace just for two specific
combinations of a’s, which means that the expression can be rewritten as follows.

n

tr (e B0 F2) = 30 (1 (Vg 2" N2+ 2%) gy - 27 (NG5 V.. + Nog N2 T)

J=1

+ 2" (NG 2NZ, + N§oNZ2) + o+ 2"hhy o (NN, + NooNznzfl)) =

z

(2.247)
=2nn - (B2 (NG + N2+ hyhy oy - (NN, + NogNZ) +
+ hihjo (NGG2NZ, + NgoNZT2) + oo+ hjhy o (NGGEN,, + NOONQZ‘l)) (2.248)
In conclusion, for j = 2, the needed contribution equals:
E,, (tr (e PHoH2)) =2"nn? - ((cosh(B))" + (—sinh(B))") . (2.249)

It is now evident that the higher orders can also be obtained in a straightforward pro-
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cedure. For illustration, I will include the calculation of the contribution for j = 4.

n

tr (e PHo[d) = > NN, ..N, -

5=1 k=1 ay ...,a,={0,2}
tr ((0?”0?1 ® 0505 ®05%05°®..Q 00" 200" ® Uﬁf”’lag”> :
(B30 Pl 105 ® 0y + o Byl 105 @ 07y ) (2.250)

Naturally, the calculation flows as the one for the lower orders.

[Eh(e—BHoHﬁ):[Eh<zn: > N,N,,..N, -

=1 aq,...,a,={0,z}

- tr ((Jf"afl ® 031032 ® 0§QU§3 R..Q 0321203211 Q Ug"’lag") .

(B0 4+ h3h2, 0+ oo+ R2R240)) + (R2h24 0+ A2h2 1) +

Jtl Jji—1 J'o+1 341
+ (B3h2 o1+ 2R3 ,0) + ...+ (h3h3 1+ h?h?ﬂ]))) = (2.251)

210D NQIN%...N%(((h;*u+h§h§+1u+...+h§h§_1u))+

- (B2h2 00+ h2R2.00) + (B3R2.0 4 R2R2,0) + .+ (3R2. 0+ W2R2.,0) )-

J jii—1
Qg Q3

(0?”0?1 ® 051052 ®03%05°®...Q 0, " 200" ' ® 070{"‘1070{">>> = (2.252)

=E, ( <((h;¥ﬂ +h3hZ 0+ o+ B3RZ D)) + (R3h2, 0+ h2R3 1) +
j=1

+ (W5h3 a0 + h3h3 o0) + o+ (P3RS0 + hzhﬁ_lﬂ)) L2m (N + N;;)) = (2.253)

g1 J

:anzn (NG + N2 - | (-3 4 4 ) + 20 + 277%) = (2.254)
j=1

— Zn: 2" (NJy+ N2 - [ -3+ (n—1)np + (n — 1)277;§> = (2.255)
j=1

:ZH:Q" “(Ngo + NZ) - | 30 +3(n — 1)77?‘;) = (2.256)
j=1

:2]n - 3nmp (NGy + N2 (2.257)
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What I have obtained for the Gibbs measure in this case is then:

e—BHo ) 2 B " 32 He rr2
pP= 7 24 4%(H,)" + ?OEh (tr (e ?oH,,)) — E[Eh (tr (e” o HE)) +
2 2
+ §2[E (b (780 1,))%) —Z)[Eh (H, tr (e ﬂHoHV))> = (2.258)
e Mo 2 i B H, 2
2+ Zhjaj ~ 97 o, (tr (e PHoH2)) | = (2.259)
—ﬂHO ,82
(2+5 Z hihyo5of — o -, - (NG, - 2" + NI - 2“)> = (2.260)
7,k=1 0
_,BHO 2, on 2
(2 + B2 J;lh hyotor — 5220""’1 - (cosh(B)" + (—sinh(ﬁ))")) = (2.261)
—BH, *ﬁHoﬁ n L */3H0I82 . IMnn2 " . "
=2 S 3 i = gz T cosh(B)" + (—siab())
(2.262)
As an illustrative example, I can also obtain E (Z):
BH,
E, (Z) = (ZO n Ztr (W) ) - (2.263)
_BYie—BHo FJ
=k, (Z) + L, (Z tr (W) ) = (2.264)
=1 '
—tr(e0) + 5 N, (i (o)) - (2.265)
=
=tr (e77H0) + E, (tr (e770)) — BE,, (tr (e~ 70 H,)))
+ g?[Eh (tr (e PHoHZ)) — {fj[Eh (tr (e PHoH3)) + ... = (2.266)
2
=" (Ngy + N2 +2° - (Ngy + N2 + 2020 - (N + N2 +

4
N

m 2" 3nni (NG + N2L) + ...

(2.267)

2.2 Stochastic Derivation of Disorder Averages

To supplement and improve on the derived solutions, I will provide calculations to de-
scribe the dynamics of interacting quantum many-body systems in the presence of dis-
order. The following derivations give an It6 stochastic integral [61] representation for a
number of disorder-averaged quantities, which can then reliably be approximated ana-
lytically, but also combined with existing analysis methods in the tensor network frame-
work, giving a strong new insight into the characteristics and behavior of many-body
systems that are often too difficult to accurately analyze by only numerical methods.
The integral expansion gives a series of approximations, the first of which already in-
cludes all diffusive corrections and is (manifestly) completely positive. The addition of
fluctuations leads to a convergent series of systematic corrections.
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2.2.1 Derivation of a Stochastic Integral Representation

To calculate a general expression for disorder averages of dynamical processes in disor-
dered many-body systems, consider a generalized Hamiltonian for a system of m parti-
cles, of the type

m
H(x)=Hy+ Y x,D;, (2.268)
j=1
where Hj is a fixed Hamiltonian (typically a kinetic energy term), D, represent disor-
dered terms (e.g., a local magnetic field or potential energy terms), and x; are random
variables drawn from the Gaussian distribution with the probability density function

22

e 27

v 27r’y’

g,(z) =

where 7 is its standard deviation.
To start with, as a prototype, we consider a system with only a single disorder term
H(x) = A+ B, (2.269)

where A and B are n X n matrices and = € R is a parameter chosen randomly from the
Gaussian distribution with the variance of 42. In further calculations, it will prove to
be useful to derive an expression for the disorder-averaged propagator,

. 2,2
S (t) = eitAe "2 P, (2.270)

First, I will write the propagator e as (e%H )n, such that
S, (t) = /gw(x) (e%(A”B))n dz. (2.271)
Then, by substituting = by a vector of n independent variables, x{, x5, ..., x,,, it follows

that
S.(t) 1 Lol 5(f ﬁ (A+a,B) g (2.272)
= e 2n~2 en X, .
7 YV 2w ot

where the equality of all x; has been ensured using 6 (f(x)) = H;:ll 6 (x; —x;). By
using the delta function identity

[
5(:5):% / etkrd, (2.273)

the preceding expression can be integrated over z; by introducing two auxiliary variables
ko = kn = O:

1 L2 S 1 noo
= 2n~y2 1 r(zr+1_ ? A+$ B —
S, () T /e lell (27r6 ) (l | ) dx (2.274)

1 1 T o —k,) - it A+ iB)
— - e 2n~2 el T 7‘ 1 n Zj dk dk dX
(27_[_)71—1 \/%’Y/ (le[l ) (l:[ 1- n—1
(2.275)

To integrate this expression, it would be prudent to complete the square in the exponents

of exp (— 22i2) and exp (ix;(k,_; —k,)), by using the formula:

—az? + fr = — <\/ax - \F)2 + — 52 (2.276)
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for )
a= ST and B=i(k,_4—k,). (2.277)
It follows that
o ,#_7‘1k71€2n2 2
e 2n+? ew"j(krflfkr) —e (\/ﬁwxj z\/;fY( r—1 T)) 67%(1@7171@” R (2278)
so if
kj=n(k; —k;) (2.279)
and
o0 2
Fth g~k = [ e (A iteahl) i sy, — (2.250)
—0oC
© 1 . o 2 it
:/ e_m(mj—l"/ Hj) e%(A+:va)dxj _ (2281)
o) 2

1l (e —in?r )P 1t t
:/ . 2n1V2( j ~? ]> (]]_+Z(A+:1;jB)_
- n

o (2.282)

the integral (2.275) can be written as:

1 1 _ny? " (k. ,k_) L 2
S (t)= —— /e 3 X (kg h F. (k. {—k, dky ...dk,,_,dx.
| (2m)" LV2my ]1_11 ]< 7 ]) ' '

(2.283)
To evaluate the integral, it is first necessary to solve (2.282), which I will now do up
to the second order in z; within the integral. The integration that includes the zeroth
order term of the infinite sum (1) equals:

2

oo
Int, :/ ¢ anaz (E707H) dz; = (2.284)

:/ ¢ A dy; = (2.285)

=V2mny. (2.286)

Further calculations require the integration of terms that include x; and x? The former
equals

° C 1 (22,

Int, —/ e 2?2\ Vopdr; = (2.287)
:/ e TR (z;+i7?k;) do; = (2.288)
:i'ygnj\/ 2mnry, (2.289)

and the latter equals:
oo . 2
Tnt . = / ez (5T g2, — (2.290)
! —0o0
oo
:/ ¢ T (z;+ i'yZ/ﬁj)Qdajj = (2.291)
—0Q
oo
:/ eiﬁxﬁx?dm]— — Y IV 2y = (2.292)
= (n’y2 — 74/1?) 2mney. (2.293)
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Thus, the integral in (2.282) can be evaluated as:

Fo(kp_y — k) = \/77<]1+ (A+iy?k,;B) —

J
t2

~ 53 (A% + {A B}in?kj+ B? (n7? — v*'K3)) +(9(k3)> = (2.294)
=V2 7(]1 + = (A +iv*n (k; | —k;) B) — (2.295)
t2 ,
— 5 ({4, BYir®n (ky_, — k) + B2 (m? — 2 (ky_y — kj)2>> ) (k3)>.
(2.296)
For convenience, I will define
Fo(kiy—k))

which leaves (2.283) as

1 2 a2 o
S.(t) = Ty / S (k= (HF ) dky ... dk, ,dx.

ol (271' n—l /271_,_)/
(2.298)
At this stage, it is possible to normalize the probability measure to 1. For easier calcu-
lation, I use the vector k = (kq, ..., k,,) and introduce
2 -1 0 0 - 0
-1 2 -1 0 - 0
M=|0 -1 2 -1 0f=20—P,_4, (2.299)
0o - 0 —1 2

where M is an (n—1) x (n — 1) matrix due to the properties of k and P, ; is the
adjacency matrix of the path graph. Its elements that indicate whether pairs of vertices
of this graph are adjacent or not — they equal 1 if there exists a relevant edge, and 0 if
there is none — i.e., p;; = 0; ;.1 +9; ;_;. This implies that

n 2 n n
Tk a—k)? _ —m MK (2.300)
The eigenvalues of M can be obtained as
Aj:2—2cos<7ﬂ>, j=1,2,..,n—1 (2.301)
n

and their corresponding (unnormalized) eigenvectors equal

N1 . D
v; = (; sin (%) 5 sin (T) - ,%sin (W)) . (2.302)

From det M = 27n (n’yQ)nil, it follows that

—n2? TV O
/6 2 dkl dkn—l = W, (2303)
which gives the probability measure of
n(ny?)" 1 a2 yrag
d[L = —= . € 2 dk’l dknfl‘ (2304)
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Figure 2.4: One thousand steps of a two-dimensional Wiener process with drift © = 0
and volatility o = 1 (left), and a two-dimensional Brownian bridge process with one
thousand steps, with volatility o = 1 (right). The starts of these processes are marked
in blue, and their paths are then gradated toward magenta.

As a quick consistency check, look at the edge cases where either B =0 or A = 0.
For the case of B = 0 it follows that F ~ e’=4 and S, (t) = €', as one would expect.
For the case of A =0, by inserting (2.304) into (2.283), it follows:

n n t2
S,(t) = / (H F;(k;_y —kj)) dp = / 11 (e*w%jfrkﬂBfmZB"‘) dp.  (2.305)
j=1 j=1
Because the sum in this exponential function collapses to zero, what remains is:

S (t)=e "7 B (2.306)

which is, again, expected for A = 0.

#- Brownian Bridge

To further analyze this expression, I can think of its constituents in terms of a Brow-
nian bridge — a stochastic process in continuous time, with the property that its
probability distribution equals the conditional probability distribution of a Wiener
process. A Wiener process is merely a mathematical model usually used to describe
the random motion of particles suspended in a fluid.

Definition 2.2.1. A Wiener process W, satisfies the following four properties:
1. WO - 0.

2. Yu > 0,t > 0 the increments W, — W, are independent of all values W, where
s <t.

3. W, is continuous.

4. Fort > s > 0, W, — W, is distributed according to a Gaussian distribution with
a mean of zero and a variance of ¢ — s.

Figure 2.4 shows examples of a two-dimensional Wiener process and a two-dimensional

Brownian bridge process.

To reach a useful approximation of W,, I will first discretize the interval [0, ¢] as:

[0,¢] = [0, L) U [L,2t) ... Y[ 4 (2.307)

n
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and define:
ij = le — Wﬂ,

(2.308)

which must be distributed according to the Gaussian distribution with the following

probability distribution function:

N _naz2?
pt,n(‘r> =1/ %6 vz
Because
n
W, = Zij,
=1

the probability distribution function can be written as:

nn n n (Aw ,~)2

(27t)™ J

et =1 2

If T define

w;

J
E Awy,
k=1

I can write the Jacobian for the change of variables from Aw, to w

ow; 1 <7
9] s :{’ < s

k= 0Aw, 0, otherwise,

(2.309)

(2.310)

(2.311)

(2.312)

b as:

(2.313)

which means that J is a lower-triangular matrix with ones in all non-zero entries:

1 00 0
g=|t 100 (2.314)
111 1
The inverse matrix of this Jacobian, D = J~!, equals
1 0 0
-1 1 0 0
D=J'!'=|0 -1 1 0 (2.315)
0 0 -1 1
and the matrix D”D has the following form:
2 -1 0 - 0
-1 2 -1 - 0
DTD = ? _:1 2 ? (2.316)
o o - 2 -1
o o - =1 1
Then, the probability density function for w; can then be expressed as:
nm n wI'DTDw
w2 2.317
2t ’ (2:317)
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According to Donsker’s theorem [62], also referred to as the functional central limit
theorem, the continuum limit of this expression tends to W, in its distribution. However,
the path measure for the variables k; exhibits a crucial difference from this case. To
illustrate it, I will discretize the Brownian bridge

B, =W, —tW,_, (2.318)

using the variables b;, which set B; = 0:

_ J -
by =w; — Wy = 0,1,...,n. (2.319)

It is important to note here that the increments of B, are not independent. These
variables can also be represented using Aw; as:

j .
b= Aw,— 23 Awy, j=0,1,.n, (2.320)

or by using a Jacobian:

b, — 4 k< j;
r-1., = = o’ - 2.321
T i OAw, { —2, otherwise. ( )
In a more instructive form, the Jacobian can be written as:
-3 1 b
1—2 1-2 _2 _2
1—3 13 13 _3
r-t= " o " o , (2.322)
1 1 1 1
n w w —1+3
0 0 0 0
which is the partial left inverse of the n x n matrix:
1 0 0 O 0
-1 1 0 0 0
I = ? _:1 1 0 ? . (2.323)
o - 0 -1 1 0
o -« 0 0 -1 0

Because the matrix M can be determined using the (n — 1) x (n — 1) submatrix of 7T,
its inverse is then given by the corresponding (n — 1) x (n — 1) submatrix of I—}(I'~1)7":

M =min{j(1— %) k(1-2)}. (2.324)

Thus, the relevant probability distribution moments can be calculated using the gener-
ating function:

n(n,YQ)nfl

¢ (27)n—1

n~? 1 -
/ e KM g = et M (2.325)

For j < 4/, it holds for these moments that:

1 1 J’

9 0 Lyt
kik.,)=— 22
i) = 32, 96,¢
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Now, from the expression for S, (t),

n nv?)nfl T n
Ezﬂ)nl/e k" Mk (1_[1 Fj<k‘1j71 — k])> dkl “'dknfh (2327)
J:

it is possible to obtain a coupled set of stochastic differential equations (SDE). If I define
l; = vk, it follows that:

S. (1) :1/(2:;11/6—3”1\41 (f[lF] (i(lj_l —zj))) dly dl, |, (2.328)

and by substituting for F}, the starting expression can be written as:

S, (1) :m/e—glfﬁ\/{y
2

it t
. H (I] + %A +ty(Al)B — W(n’yz — nQ'yQ(Alj)Q)BQ) dly---dl,_,, (2.329)

n
J=1

where

Al,=1—1._,. (2.330)

J J J

As shown above, it is possible to identify this variable with a discretization of the stan-
dard Brownian bridge.

If T define
T it t? 2 _ 2.2 2\ 32
w=1l (14 544 0@L)B — 57?2 a7)5?). (2.331)
it holds that:
X = (1+ 2+ et = AIB) Xy (233

which makes the difference between X, ; — X, equal the following:

2

2n2

it t
AX, =X, — X, = (;A + ty(Al,)B — (ny? — n2'y2(Alk)2)B2) X, (2.333)

Note that, in this distribution, it holds that:

(A2 =+-2L (2.334)

n n?’

where the second term is negligible in the limit. By defining
t
dzg_jn = Alkg, Xopm = AXy, (2.335)

the increment AX, can be more compactly written as an infinitesimal component in the
limit of n — oo, which builds a system of stochastic differential equations:

dX, =itAX ds +tyBX, dz,,

2.336
dzsz—lzs ds +dW,. ( )

— S
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This allows me to take the continuum limit:
1 "1
S(t) = / Teh Kdsirtf Baz g, (2.337)

where T is the time-ordering operation,

,YQtQ

K =itA— B, (2.338)

and the increment dz obeys the stochastic differential equation:
dz = —% ds + dW. (2.339)
—s

It is important to note that (2.337) is an equality — this formula is not an approximation.
In this way we have obtained a representation of the operator S via the operator SDE:

dS =itASds +~ytBS dz. (2.340)

This representation may be subjected to a variety of solution and approximation tech-
niques, from direct sampling, moment expansions, and the Dyson series. These will all
be the subject of future studies.

By following the derivation described above we can immediately write down the
stochastic integral representation for Hamiltonians H of the form (2.268):

B
where
,YQtQ m
K = itHy — —— > D2 (2.342)
=1
_ j
dz; = 1 ds + dW;, (2.343)

and W, are m independent Brownian motions.

An alternative derivation of this representation can be found using the Lie-Trotter
formula, A8 ~ eef + O(||[A4, B]||?), and an operator Hubbard-Stratonovich transfor-
mation.

2.2.2 Stochastic Dyson Series Expansion

In this subsection I will show the expansion of the derived integral representation in
powers of the disorder parameter v, by utilizing the indispensable Dyson series expan-
sion, the first term of which already explicitly includes the disorder corrections. It also
describes a completely positive evolution with diffusive behavior. The terms of higher
orders stand for the quantum fluctuation corrections around the created diffusion values.
If the propagator were to be approached directly using the Dyson series expansion, its
disorder average would subsequently not exhibit tidy behavior for large values of ¢ —
however, that is not the case for the following procedure.

—>0 == 0<

In the simplified case, where the system is described using the Hamiltonian H =
A+ B, the integral (2.337) can be expanded in powers of the exponentiated stochastic

term, ~t fol Bdz. To use the Dyson series expansion, I define:

B(s) = e*K Be K| (2.344)
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which allows me to write:

e KS(t) = / Terth BOd= g, (,) = (2.345)

1 ’y2t2 1 1
:[E[[I —|—'yt/0 B(s)dz + 2/0 /0 T[B(sy)B(sy)] dzydzy + - (2.346)

From the covariance of the Brownian bridge,

E[z(s)z(t)] = min{s(1 —1t),t(1 —s)} = Cy, (2.347)
it follows that:
Eldz(s)dz(t)] = (6(s —t) — 1)dsd, ¢ (2.348)
which gives:
1 5 242 pl
e KSt)=1- 72752/0 ds, /0 dsy B(s5)B(s1) + 7;/0 B(s)?ds+ 0O (73). (2.349)

This results may now serve as a starting point for the calculation of higher-order terms,
using the classical Wick’s theorem:

[E[Z(81>Z<52)Z(53)Z(84>] = C5132C53s4 + 051530

S254

+C

513405233 :

(2.350)

. 2,2
From the expansion (2.349) it is evident that the O (1) term, S, (¢) = "4~z B° as
already mentioned before, explicitly incorporates the effects of disorder in the form of

2.2
. . . _att 2 . . .
diffusive corrections, e="2 ", In that vein, the disorder-averaged density operator can
be written as:

p(t) = e<[p(0)], (2.351)

where
' 22
L(X) =it[A, X] — =
is a generator of the Lindblad form. This implies that the observed evolution e* is
completely positive — in other words, physical.

All subsequent fluctuation corrections are exponentially suppressed, as the diffusive
solution incorporates an exponential suppression in ¢. In addition, and in contrast with
some field-theoretic approaches [63, 64], the resulting series in O () appears to be con-
vergent.

{B,X}+~**BXB (2.352)

2.2.3 Density of States for the Anderson Model

To show the utility of this form for the disorder-averaged propagator, in this subsection
I will use it to calculate the density of states for the Anderson model.

By employing the derived stochastic integral representation for the Anderson model,
it holds that

X(t) = —E[tr(e1™)] (2.353)

and

X(t) =+ / r (%fol T st T ) D, dzj) du(2), (2.354)
n
the Fourier transform of which directly gives the density of states. As already shown in
this section, this representation of X () can also be written in terms of a Dyson series
in powers of ~:

X(t) = Xo(t) + X, () + Xo(t) + ... (2.355)
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where .
Xo(t) = = tr(ef), (2.356)
N
and -
t
K =itT — %u. (2.357)
It holds that
X,(t) =0, (2.358)

but the term X,(t¢) is already a complicated expression. To make calculation easier, I
can express using two terms:

’)/2t2 1 n 1
_ 1-s)K K
X2<t) —an_zl/o tr (6( 8) Djes )dS—
1 n 1 Sy
2t2nZ/ dsl/ dsy tr (e(l’sl)KDje(SI’%)KD]»eS?K), (2.359)
j=1 0 0
where I choose:
V21 & ! 22
(i) = 2n2/ tr (eI D esK) ds =5 X(®) (2.360)
0
and
(i) = 2t2 / / ell= Sl)KD elsi=s2)K D). eS2K) = (2.361)
1
=t 35 [ sy [ty et S et (2.362)
nS=J 0
so that:

Xy(t) = (i) — (ib). (2.363)

To solve this integral, K should be diagonalized. The eigenvectors of this matrix can be
shown to correspond to the following:

Wy) = Z K, (2.364)
and its eigenvalues equal:
. 2 72752
=7(2—-2 —l) ) t——. 2.
w; z( cos(n )) 5 (2.365)
In this setup, it holds that
. 1 2m
VILOES %6 n K (2.366)
and .
W) = - (2:367)
Then, (2.362) gives:
1 n 1 S
(ii) = y*t*— Z / d31/ dsy eI ms1Hs2)wn pls1—s2)wr, — (2.368)
L e

:72t2e2it—'y2t / dsl/ ds, e2it(1=s1+52) cos(2Tky ) o2it(s)—s5) cos( 2 ky) (2.369)
kl,k2 1
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After the introduction of the variables
= —ky, = —ks,, 2.370
“1 n ot 2 n 2 ( )

where

1 X 27
dzey = dzy = - Z / dzq, (2.371)

k=1
the limit of n — oo gives:
(i) = 7222~
1 EN 1 27 1 27
i / dsl/ d82 / e2it(1751+32)cos(zl) le X / e2it(slfs2)cos(22) d22 )
A b 27 Jy 27 Jy
(2.372)
These integrals correspond to the Bessel functions of the first kind:
‘ 2,2 1 RN
(i) = 2¢2e2it- 5 / ds, / dsy Jo(24(1— s, + s)) (25, — 5)).  (2.373)
0 0
Because J,(z) can be represented as:
Jolx) =" (1) 2 (2.374)
o 2212 7 ‘
1=0
the integration of this double integral finally gives:
1 ER in(2+
/ ds, / sy Jo(24(1 — s, + 5)) o (2t(5; — s3)) = Sm4(t ), (2.375)
0 0
0 (2.362) resolves to:
2, 2it- 22 sin(2t)
(ii) = y°te (2.376)

which gives an analytical solution for X,(¢). In a similar (yet much simpler) fashion, the
calculation of X(t) gives:

]. . 242 L ; s
Xo(t) :76211‘/—7; Z eZztcos(%k) _ (2377>
n —
4242
In conclusion, up to second order in «y, X(¢) can be written as:
2t2 . 2,2 2t . 2,42
X(t) = (1 + 72) e2it="2~ J (2t) — ’YTe 2 sin(2t). (2.379)

The density of states is then derived by a Fourier transform of X(¢):

—~ ) 2 g2 72422 tk—i
(k) = <1+(z> M)”%e P Teta )
1

2 dk?

(§@> Y ot = (6 — 2y 5(k)). (2.380)

As can be inferred from Figure 2.5, which shows the calculated function X (t) set
against a numerical solution, the diffusion correction for this tight-binding Anderson
model gives a simple convolution of the density of states, with a Gaussian of width ~,
and the calculated second-order corrections already include the effects of level repulsion
in this solution.
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Figure 2.5: The quantity X (t) = +E[tr(e’*#)] for the Anderson model on 30 sites (the
x axis is time in units where A = 1). (It turns out that the results for 30 sites are
already indistinguishable from the N — oo limit.) Shown pink is the result of numerical
sampling with 100 samples. Shown purple (dashed) is X (t) = X(t) + X5(t), the second
order result calculated via the stochastic Dyson series Eq. (2.379).

2.2.4 Spectral Form Factors and Out-of-Time-Order Correlation Func-
tion

In this subsection I demonstrate the application of the derived framework to approximate
the & = 1 spectral form factor and OTOCs for the Anderson model.

—>0 == 0<

From the completed derivations, it is clear that the spectral form factor can be
calculated from the expression for S(2>(t), which is the average propagator for two copies
of the Hamiltonian: H,) = H; ® I, —1; ® H,. In this setup, the OTOCs equal:

tr (A® B® C ® DSy (t)SWAP 53, ) , (2.381)

where S 4 (t) is then the average propagator for four copies of the Hamiltonian:
Hyy=H Qlyyy — 1, @ Hy @35 + 11, @ Hy Q@ 1, — 1153 ® Hy, (2.382)
and the corresponding SWAP, 43, is the unitary permutation that cycles through all four

copies. The integral representations can then be used to calculate both S, (t) and Sy (t)

as:
2

) 2,2
S(zk) (t) = ot (Ho) 2k~ 75— Zj-vzl(Dj)(zk>_ (2.383)

If the initial local perturbation equals A = C' = |1)(1], and the observation site corre-
sponds to B = D = |¢)(¢|, the OTOCs give:

(0£0€] S, (1)]£0£0), (2.384)

as can also be seen in Figure 2.6.
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o o
o o]

o
~

Spectral form factor (¢)

0.2

eitH>|2]

Figure 2.6: The spectral form factor wzE[] tr( for the Anderson model on 30
sites (the z axis is time in units where A = 1). Again, the results for 30 sites are
indistinguishable from the N — oo limit. Shown purple is the result of numerical
sampling with 100 samples. Shown pink (dotted) is the zeroth order diffusion-corrected
term from the stochastic Dyson series. Shown for comparison, in blue (dashed), is the
zeroth order result from ordinary time-dependent perturbation theory. Note that the
zeroth-order stochastic Dyson series result already incorporates the dephasing decay
resulting from the disorder average.

2.2.5 Derivation Aided by Visual Representation

Calculating the full expressions for the stochastic integral representation of disordered

quantum many-body systems could be made simpler by using graphic representations,

in the tradition of Feynman diagrams. This section demonstrates the creation and usage

of these nifty tools, but stops short of completing the full derivation and halts at the

setup of the solution, as the full calculation stays beyond the scope of this dissertation.
From looking at S(t), which is equal to the following;:

n it 2 t2 2 p2 1
S(t) ~ / en AT k) B3 By 4 0 () : (2.385)
I 7

I can define

U=M, -M, | -M, o-..- M, (2.386)
where M ; are linear 2 x 2 matrices:
M, = eR A=t (hya k) B0 B?, (2.387)
Then, I can write:
1
tH)=E, (U)+0O| —= 2.38
S0 =, @) +0( ). (2.358)

which can then be illustrated using graphical methods.

Take a simple example, where A = <(1) (1)) and B = ((1) _01>, tis fixed as t = 1,

n € N is an arbitrarily large integer, and v < 1 is fixed. The expression for M, can be

89 Ivana Kurecié



2.2. Stochastic Derivation of Disorder..  Chapter 2. A Perturbative Solution to a ...

expanded for 72 <« 1, up to O (7?):

M, :e%Ae—t’YQ(kj—l—kj)Be—%Vng = (2.389)
it 1 2
A (1=t (kg = k) B+ 5 (1 (hyahy) B) )
t2 2 2 1 t2 2 2 ’

Because of the dependency of k on -, all the relevant summands taken from the first
series will be at most of the n-th order in +, since:

O(kj_y—Fkj)~0O (%) : (2.391)

It follows that:

it 1 2
M; = e A (1= 42 (K, — k;) B+ 5 (17 (kjoy = kj) B) =
1 9 3 P 2 2 4
(092 (b — k) B) — 2 12B2 0 () ) = (2:392)
‘ 2
—en (IL —ty? (k'jfl - kj) B+ % (ty? <"7j71 - kj) 3)2 N ;n72B2 +0 (73>> (2.393)

#- Diagrammatic Representation

The end goal of this procedure is the ability to diagrammatically represent products
of operators. First, I construct a setup in which I use the following instead of I up
to the second order in +:

LT A2
7j=1
where
A;=— 1B, (2.395)
=k, —kj, (2.396)
t2’)/2

The expansion may then be represented diagrammatically as follows, if £; = % -j and
t=1.

— oK (2.398)

Hj% = e(%*tj)xijjeth (2.399)
1 Az

—e— = e(;—tj)xijxietjx (2.400)
j 2
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V:—+zn: (+++) +

j=1 J J

+ Z (—)H%—F%— + —o—o— +—0+>—{—

1<), <jo<n Ji J2 J1 J2 J1 J2 Ji J2
+ Z X——X—> +—%—x—e— f —Xx—o—x— | —x—e—0— |
1<j,<ja<js<n \ J1 J2 J3 Ji J2 I3 J1 J2 Js J1 J2 J3
% T——x—0— f—e—0—x— { —e—0—0— ||
J1 J2 J3 J1 J2 I3 Ji J2 I3 Ji J2 I3
+ > ( T +) to= (2.401)
1<, <ja<jz<js<n J1 J2 J3 Ja
= > {(————} {————} A ——}]=
0=0j,>j, 1>.>j=1 J1 J1 J2 J2 Jo Jo

3

n

- > > (&182 - &5) (2.403)

0=0j,>j5 1> >J1=1¢, e{—%—, —&—}

v v

In the above expression, the curly brackets in (2.402) denote the n-ary Cartesian power

of the set {—x—, —e—}. The lack of a cross or a dot on the line for a particular
v ]’U

Jr>o assumes that it is filled by a

E (sj) =s; for 5, = :L‘ . Then,

, even for 0 = 0. Now consider E (xj) =0 and

E(z2;,) = (2.404)
E (z;5,) =0 (2.405)
E () a;,0;,1;,) =7 (2.406)

To divine the last expression, remember that z; = k; ; — k; and consider the following
calculations.

This diagrammatic rule can be used to see whether there is any ’doubling up’ of the
variables in the product:

l
; I m
m m
IRV NV N m AN
J1 J2 J3 Ja J1 J2 J3 Ja J1 J2 J3 Ja J1 J2 J3 Ja
(2.407)
To achieve
n (n’YQ)nil n9? LT Mk
M/[E(lexhxhxh)e_z dky ...dk,_q, (2.408)
(2m)
with
" (xhxhxﬂ?,xh) =L [(kh*l - kjl) (kJé*l - ka) (k13*1 - kj:a) (kaﬁl B kj4)(]2’409)
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use the generating function and complete the square in the integral.

Z[lys sl y] = W/engszMmz;‘f Ridk, ... dk, ~ (2.410)
el M (2.411)

Then, the following can be calculated.
[E(x xangsmm) ;iii M (2.412)
a‘zaalz;lg (814 T Z ) o anElTM (2.414)
aazlaazzaazﬂ;; Z( B )
_mngalg,zg;z [M—ll]j4 e mmrl M (2.417)
:85;2 (_12 (M, 7;12 (M 17;12 (M z) el M 9.418)
=const. - (2;7% (M, MY e M const, (2.419)

The actual calculation that should be done is the one that corresponds to the Anderson
model:
/duH W Ho—t? (kg kS ) D577t /dul[. (2.420)
With X = itH, — t?~%1, it is:
/d/ﬂ[ /du H X (k1=K ) Da (2.421)

Therefore, to calculate through the orders of v, if d; = j/n, these designations can
be used:

— = X (2.422)
«

—x— = XU (—ty? (k¢ — k3) D,) eX(-) (2.423)
J

(ks —k3)’

Of = Xd; <t274 J‘*12 J Di) X (1-d;) (2.424)

J
Here,
Ay =—tv* (k¢ —kS) D, (2.425)
2
@ _k,q 1
B, t274< s 5 D}, = 5 Az, (2.426)
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SO

— =X (2.427)
«

—x— = Xy K(1-d;) (2.428)
J
«

—e— = Kdip K(-d;) (2.429)
J

Then, up to the fourth order in «, & can be expressed as follows. Note that, in the
following equation, certain summands can be neglected because their expectation value
comes out as zero:

=+ ()

= J J
a « a o« o « a «
+ —X—X— f —%—— | ——— +—o—x—>+
1<ji<jp<n ~ J1 J2 Ji J2 Ji J2 Ji J2
a o o a o « a o « a o o a o «
+ Z XXX b KX &— XN | —XO e — | —&—X—X— |
1<jy<ja<js<n = J1 J2 J3 Ji J2 Js Ji J2 Js Ji1 J2 Js Ji J2 Js
a o o a o o a a o a a o o
+,_,+Hﬂ++49—9—k>+ KX %—x%— | =
Ji J2 I3 Ji J2 Js Ji J2 I3 1<), <ja<js<is<n J1 J2 J3 J4
(2.430)
.« a a o
:[E<+Z++ Z HH%+—Q—Of>+
= J 1<, <josn © J1 T2 1 J2
a o o a o« a o « a o «
1<j,<jp<js<n = J1 J2 J3 Ji J2 Js J1 J2 Js Ji J2 Js
a a « o a o«
Sy, Y ): (2.431)
Ji J2 I3 1<51<G2<j3z<ja<n JiJz2 Js Ja a

! A A
:E<e”/ e () e *222/ doy [ (G ) vencean (G s
1
B B
/ dsl/ ell=s1)k () ell+si—sy)k () eS2h |
0 0 ds, dsg
1 So S3
+ Z / dsl/ d82/ ds3/ ds el =s0x.
0 0 0

QpQptzQy
A e(l+si—s3)k @ el+sa—s3)k Aioé ell+sz—sy)k @ eS1f
ds1 ds, dss ds,

To calculate the full expectation value, ({((k§ ; —k3)?) = (k5 1)*)+((k$)?) —2(k 1 kS)),
as defined in (2.326), certain snippets must be resolved. For example:

+

(2.432)

oy 11 1 I
E <(k§‘_1 — k%) ) ~ s (H = ﬁ> N Fﬂs (2.433)
and
1 1
E((kgoy — k) (ki —ky)) = 0% (—n%Q) = —?5"‘5 (ds)®. (2.434)
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This leads to:

(@) = (%) +tr (X 0 (5= 2 ) ) -

272 \n  n?
1 S
—t2722/ dsl/ tr (e“*SlWCDae(l“l*S?)KDaeS?K) = (2.435)
a Y0 0
#2~2 1 81
—tr (6yc>+ tr (ex)—t%zZ/ dsl/ tr <€<1—sl)KDae(Hsl—sQ)ﬂCDaestC)
a Y0 0

(2.436)

The higher order terms then lead to a more involved computation. However, for each
setup, the expectation values can be calculated given this consideration:

Qp Qg Q3 Oy

2
— t4’}/8 (_12 Z (5a1a25a3a4 4§13 §2s | 504104460420(3) e(lfsl)KD =

aq

v Qaop0gay

(2.437)

—t4’y42////tr (el=s0X D ellts1=520X D e(ts2=5)X D e ) (2.438)
ap

The calculation can then be concluded from the following equality.

(o % 18) = 3" (a0 |w(D) ()| ) (2.439)

l

As the continuation of this line of investigation steers away from the main purpose of
this work, further calculation will not be presented here.

2.2.6 Summary of the Results for Disordered Systems

In this section I demonstrated the derivation of an exact representation for the disorder-
averaged propagator of a quantum system by using stochastic calculus, after reaching
some analytical solutions for local observables in perturbed many-body systems. The
derivation was performed by solving a stochastic integral over a time-ordered operator
expression that included a Lindblad generator and a temporally random external field
— with a Brownian bridge in place of the path measure. By expanding this stochas-
tic expression into a stochastic Dyson series, I obtained a power series in the disorder
parameter, which includes the diffusive disorder effects in term @ (1). The higher-order
terms then explicitly include the fluctuations around the diffusive solution.

By further using the derived representation, I showed the calculation of the density
of states, the spectral form factor, and OTOCs for the tight-binding Anderson model.
Further work may see these results used to investigate higher-order corrections, exploring
moments, and researching many-body localized models — perhaps using the tensor
network framework.
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As was the case in the previous chapter, this one is about methods for the study of
disordered quantum many-body systems. However, in this chapter, the focus is going to
be put on tensor-network approaches. I dedicate tensor-network-based approaches their
own chapter, as they are a huge topic in and on itself. In the following chapter the focus
is toward finding solutions that are analytically exact albeit still sometimes intractable
to evaluate; as a complementary view, in this chapter I will try to find approaches
that are more practical for getting yielding concrete results, even if those results are but
rough approximations. Taken together, the two chapters will hopefully provide a holistic
approach to this problem area.

Perturbation theory has been proven as reliable in the investigation of the robust part
of topological phases, but its application fails to deliver accurate results when approach-
ing a phase transition. Different quantum phases naturally require differing perturbative
approximations, which makes the description of critical properties of such phases quite
difficult to obtain using perturbation theory. However, unlike perturbation theory, the
variational approach can still be used at those critical points. If the perturbative ex-
pansions that represent ground states of certain quantum phases can be described in
the tensor network formalism, the perturbative coefficients could be lifted to variational
parameters, after which tensor network methods can be used to variationally optimize
the mathematical description of the system [65]. Thus, separate quantum phases can be
merged in a unique mathematical description by bridging their corresponding perturba-
tive expansions by using the tensor network formalism.

Conveniently, the formalism of tensor network relies on the sequential application of
ever more operators onto an existing state — allowing for the potential replication of a
perturbative expansion order-by-order. Thus, if a quantum state can be represented as
a tensor network state, this job is already half done. As mentioned, the computational
complexity of a tensor network state is highly reliant on the bond dimension of the
network, which increases linearly in the size of the network, i.e., the number of clusters
of local operators used. Note that this number tends to scale exponentially in the order
of perturbation in perturbative expansions. This approach can be demonstrated on the
ferromagnetic transverse-field Ising model.

It is important to note that the disorder-perturbed model comes with some challenges
in terms of the numerical evaluation of its tensor-network description. With that in
mind, this chapter will include an approach to addressing those challenges as well as
some results that by no means present a comprehensive analysis benchmarked against
other results, but a step toward further investigation.

My results will separately concern the ferromagnetic state and the polarized state,
deriving the relevant exponentiated forms of the wave functions in the first and second
orders of perturbation, but also their corresponding density operators. Through the
success of these derivations, I will have the tools to calculate expressions for a number
of observables important for quantum many-body systems.

— Do

This chapter consists of several sections. In Section 3.1: Exponentiated Wave
Functions, I will show the application of perturbation theory for the ordinary transverse-
field Ising model around either of the two phases, using an exponentiated form of the
perturbation. After that, I will introduce a modified system in Section 3.2: Varying
Perturbative Parameters in Exponentiated Wave Functions, in which the per-
turbation contains disorder, in the form of random-variable parameters. I will show how
this will affect the calculation of the perturbed states and calculate some expectation
values with respect to them. Based on the results of the previous chapters, I will then
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define a tensor network state which allows to build a bridge from one phase to the other.
This is done for the normal model in Section 3.3: Bridging between Variational
Solutions using Tensor Networks, and I will show how it is to be adapted for the
disorder-perturbed model in Section 3.4: Combining Tensor Bridging with the
Derived Perturbative Solution. Finally, in this section I will also attempt to study
properties of the disordered model by evaluating the tensor-network description of its
ground state numerically.

In 2017, Laurens Vanderstraeten et al. published a work showing that perturbative
expansions for quantum many-body systems can be addressed in terms of tensor net-
works [65] and constructing the first steps of a natural framework for the interpolation of
perturbative expansions across separate quantum phase transitions. In their study, ten-
sor networks are parametrized by a small number of parameters, but they still provide
exceptionally accurate variational results.

As the construction of my method is based on the tensor network construction shown
in this paper, I will summarize the relevant content and central definitions here.

3.1 Exponentiated Wave Functions

There exists a quaint method of writing out the wave function of a quantum system in
an exponentiated form, which makes it easier to manage in various calculations — not
only analytical ones, but also when it comes to the numerical analyses of large systems.
Suitable exponentiated expansions of linear perturbative expressions can simplify some
calculations and lead to accurate perturbative results in the lowest orders. Specifically,
here I will show how the exponentiation of wave functions can be used in certain circum-
stances to reach reliable results in the study of disordered quantum many-body systems.
In fact, the obtained results are better than expected for the standard form of pertur-
bative wave functions, already providing strictly positive contributions of higher-order
terms within lower-order expressions derived for a small disorder.

el E——— [

In this section I will investigate the system described by the Hamiltonian:

H=-) 277;—Y X,=H +H, (3.1)
(i0) k

Hy=-> 77, Hy=-Y X, (3.2)
(i.3) k

and examine the two phases in which either the first summand group or the second
summand group contributes to the Hamiltonian only in the form of disorder, i.e., the
|H,|/|Hs|l < 1 and the |Hy|/|H,| < 1 phases. The results presented here will prove
to be immensely useful in the derivation of so-called bridging between the perturbative
solutions for these two phases — ferromagnetic and polarized (paramagnetic, which I
am calling polarized here, since the ground state of H, is polarized in the +X direction).

In this sense, perturbative solutions for these two chief phases can be expressed in the
framework of tensor networks, which allows for the derivation of an interpolation between
these solutions, even separated by a critical point of a quantum phase transition. This
construction is conducive to the creation of tensor network states that are defined by
just a handful of parameters, but that do still provide a reliable setup for the calculation
of the variational energies of the system. Interestingly, the parameters of the tensor
network states constructed using this method are not abstract and unrelated to an
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intuitive understanding of the characteristics of the investigated system — instead, they
correspond (to some measure) to the elements of derived perturbative solutions for this
system, giving an unexpected immediate understanding of their properties, general role,
and behavior.

My results in this section will separately concern the ferromagnetic state and the
polarized state, deriving the relevant exponentiated forms of the wave functions in the
first and second orders of perturbation.

3.1.1 Exponentiation of the Ferromagnetic State

In the ferromagnetic state, H; is the chief Hamiltonian that affects the base state of the
system, whereas H, is treated as perturbation onto it, i.e. |Hs|/|H,| <« 1.

To illustrate the following results better, I will choose

lpo) = 1+2) = ®,|+Z;), (3.3)

1
where ‘+Zj> = ( 0) , as the exemplary ground state of the non-perturbed system with

H, = H,. The projjector to this state is then defined as Py = |¢,) (pol = |+2) (+Z]
and the projection operator (1 — P,) projects onto all states orthogonal to the ground
state of H,. Here I will define the perturbation as H, and present results for both
one-dimensional and two-dimensional systems on an orthogonal and equidistant square
lattice with periodic boundary conditions and a total of N particles.

#- Two-Dimensional System

The calculation of the correction to the wave function in the first order of perturbation
gives:

=R, .
loar) =— ﬁHQ [¢o) =
=3 T (Xiloo) = loo) (ool Xe o) (3.4)

where E, is the relevant ground-state energy for the ferromagnetic phase.

It is clear that |¢y) (po] X; [vo) = 0 because (py| X, |¢y) = 0, so the energy difference
between the states |p,) and X, |¢,) must be calculated. In a two-dimensional system,
this difference is 4 - 2 = 8, as there are four nearest neighbor couplings in the base part
of the Hamiltonian for each of the lattice sites. It follows that:

1) = 3 5 o) (35)

i

In the second order, the calculation grows slightly more complex. What follows is the
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calculation of the correction in the second order:

2
1—-F 1— P, 1— P,
|Apy) (Ho E0> 2PoH |po) + H—E, 2Hy—E, ? l©0) (3.6)
11 P
T 3 H?Z tlpo) = (3.7)
1 —P0 ‘
HO—EOZ st o) (3.8)
1- P, 1—P, X2
=y —2 XX, _ "o '
; Hy — Ey ’900> H,—E, 8 o) = (3.9)
1 X, XJ
= "% 120) — 490} (ol XiX; i) ) = (3.10)
ity 0 0
oy ! X, X] oy -
= 2 Hy— Eo %o .

The energy difference depends on whether the positions ¢ and j are neighboring or not.
If they are not nearest neighbors, the fraction acts on the newly created state with 1—16
(or % if each pair of indices is counted only once), whereas if they are neighboring, it
acts on the state with % (or % if each pair is counted only once), because applying Z,Z;
onto X; X |¢g) gives the result of (—1) - (—1) = 1. Thus, the full correction to the wave
function in the second order equals:

X, X
loa2) = Z 64] lp0) + Z 48 s [Po) » (3.12)

(i5)a (i)

where the indices (ij),; and (ij),, indicate that the respective pairs of sites with distant
(d) and neighboring (n) indices were counted only once in the sums.

To make these results mathematically more convenient, these expressions can be
represented in an exponentiated form. I will use the expression in (3.5) to treat the state
up to the first order of perturbation as part of an exponential expansion by including the
perturbation parameter A as the magnitude ratio of the perturbative summand and the
basic Hamiltonian, so that the wave function up to the first order of correction equals:

1) = (1 +A- ZX> o) - (3.13)

It holds that
e*%Ein-=11+AEZX.+A—2' iZXX. +0O (W) = (3.14)
o= 2 \6d =Y '

_ 1 2 o o 3
=1+ X 8Z:X,-+/\ (128+ ZXX)Jr(?)\) (3.15)

where the index (ij) indicates pairs of spins where i # j and each of the pairs is counted
only once, which shows that, in the first order in A, the exponential function (3.14)
has the same form as the wave function prefactor in (3.13). Thus, it can be used
interchangeably for up to the first order of perturbation.

In the second order of perturbation, the wave function has been calculated as:

lpy) = (]l—i—)\ ZX +A2Z o 22 )y% (3.16)

(19)a
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and the easiest way to construct a sum of up to the k-th order is to use a k-th order
expression in A, marked as v, in an exponential function that creates a product with the
already derived expression (3.14) that is valid up to the first order of perturbation:

2 1 1 A2 1
AV}"gEin’— 2 . _75 X. . 75 X.X. 3) —
(& —( —i—)\l/) ( —i—A 3 i 1+2 ( . i ]>>+0()\)

(3.17)

1 A2
_ 2 3
_1+AV+A-§§ X+ 5 ( § XX>+(?/\) (3.18)

14 N4 AL ZX +)\21—28+)\2 4ZXX + A2 4EXX + 0. (3.19)
(15)a (29)r

From this and (3.13), it follows that:

N
2 A2 — N2 XX— 2. XX 2

N R T ras ; A ; (3.20)

1 N
Ay=X2. — ST XX, A (3.21)

192 £ J 128

(29)r
Thus,
1 N

= X.X.— — .22
192 7 1287 (3.22)

and the wave function that corresponds to the calculated wave function up to the second
order of perturbation can be written as:

l1hy) = ex AiZXX—AQ—N X ZX | (3.23)
2) = €Xp 192(1‘3') i 198 exp ®o) .

However, if the second order wave function is to be normalized, (3.13) contains an
additional summand:

2
1 1-P, 1 1— P,
—P,H. (‘)) H\¢>:—PH< 0) X; o) (3.24)
) 0-+2 HO_EU 2 0 2 0++2 21: 0
(ZX2 +ZXX> o) = (3.25)
i+
N
=195 |0} (3.26)

which allows for the wave function to be used in a cleaner form:

o) = exp (1);2 Z XiXJ) exp ( ZX> |po) - (3.27)

(i5)n

#- Omne-Dimensional System

For the correction in the first order of perturbation, the only difference of the one-
dimensional from the two-dimensional system is that in the energy difference operator,
which gives 2-2 =4, i.e.,

lpa1) = ZX po) - (3.28)

Similarly, the only difference for the second order correction to the wave function
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regards the energy operator; so,

X, X, X, X,
[Pn2) = Z 39 : leo) + Z 16 : o) - (3.29)

(i5)a (id)n,

Thus, in the first order, the system is in the state:

1) = (HA ZX) |00} » (3.30)

and
NEXXi — 1 4 ). 7ZX + 22 ( ZXX)—H? )\3) (3.31)

which clearly corresponds to the wave function calculated up to the first order of per-
turbation.
In the second order of perturbation, the wave function can be written as:

1 XX, XX,
lpg) = (14‘)\'42)(1“"}\2'2 32] ’@0)‘*‘)‘2'2 16 )"Po> (3.32)

(i5)a (i5)n

so to construct a product of exponential functions that corresponds to it, I will calculate
the following:

A2y _ 2 3 _
e >—<(IL+)\V)<IL+)\ ZX+2 (1GZXX>> O(A ))|(p0>—
(3.33)
)\2N 9 3
1+ 2> ZX+ = ZXXJr (%:XX + A2+ 03 | |g,) -
(3.34)
For this expression to be valid, it must hold that
A2N 9 A2
3y A =o ZXZ.XJ-, (3.35)
(3)a
or ) N
- . XX — —. )
V=1 (;) X~ 55 (3.36)
vJ)d

If the wave function calculated up the second order of perturbation is then normalized,
the corresponding exponentiated wave function can be constructed more cleanly.

1 1—P
—P,H. <0> H, |po) 7P X, X, leg) = (3.37)
9 042 HO _EO 2 0 0 Z 0
N
=35 (3.38)

It follows that the normalized wave function up to the second order in A can be written

|¥,) = exp ( > XX, ) exp ( ZX> |po) - (3.39)

(U)d
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3.1.2 Exponentiation of the Polarized State

In the polarized state, H, acts as the chief Hamiltonian to describe the system, while
H, can be treated as perturbation onto it. In a non-perturbed system, a polarized state
is characterized by all of its spins having the same orientation.

The ground state of the non-perturbed system with H = H, can be chosen as
o) = [+X) = ®;|+X;), (3.40)

where ‘+Xj> = % G) = % <|+Zj> + ’—Zj>). The projector onto this state is defined
J

as Py = |¢g) (po] = |[+X) (+X| and the operator (1 — P,) projects onto all states

orthogonal to the ground state of H;,. In the remainder of this subsection I will present

results for both a one-dimensional and a two-dimensional systems on an orthogonal and

equidistant lattice with periodic boundary conditions and a total of N particles.

#- Two-dimensional System

The calculation of the correction in the first order of perturbation can be completed
as follows:

1—-P,
1
=> 75 (ZiZ;le0) = lwo) (ol ZiZ;100)) = (3.42)
() “To— o
1
=D g 5 %% 3.43
%HO_EO ’Lj’<)00>7 ( )

where the second summand equals zero because i # j.

The energy difference encoded in the fraction equals 2 - 2, which gives the correction
in the first order:

7.7
[pa1) = Z Z4 ’

(i)

[0) - (3.44)

In the second order, the correction calculation gives:

1P 7.7,
[on2) :ﬁ 7.4 1 % o) - (3.45)
O 0 (k) (i)

If (k,1) € {(4,7), (j,7)}, the total of that summand is equal to zero, as the product of the
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Figure 3.1: An example of the definition of indices in a two-dimensional square lattice
used in this work. Note that all combinations of indices are addressed to with a unique
label, but only once.

Pauli operators gives 1. Then,

1— P, AV
[paz) = Z H —]E% ZyZ z4 L o) = (3.46)
(kl)#(ij) 70 0
1 1

= Z H —E 4 (ZkZlZiZj [v0) — [#0) (©ol 22,225 ’<Po>> = (3.47)
(kl)#(ij) 70 0

= Z ﬁ ) iZkZlZiZj lpo) = (3.48)
(kl)#(ij) 70 0

1 1

= Z WZkZl 2 lpo) + Z WZ Z Zilpo) = (3.49)
(kD)#(i)) 4 (igk).,

= Z EZkZlZiZj o) + E 1z 21 |e0) (3.50)
(kD#(g)) 4 (ijk),

where the indices ((kl) # (ij)), and (ijk)_  denote the non-overlapping and clustering
combinations of indices, respectively. An example of the thus defined index combinations
can be seen in Figure 3.1. All combinations have been counted only once and the central
index of the clustered index combination is the nearest neighbor of both the other ones.

If A now denotes the magnitude ratio of the perturbative and the main part of the
Hamiltonian, up to the first order of perturbation the wave function of the system equals:

lpp) = <1+)\Z

(i3)

) o) - (3.51)

By mimicking the procedure already completed for the ferromagnetic case in Subsection
3.1.1, I can simplify the following expression:

e%- (i4) ZiZ; _ 14\ % ZZZIZJ + ); (16 %ZZZJ %Zkzl> + 0(}\3) (352)
—1+AZ i +— (Z]H—Q > 72,727, +2 Z ZZZ‘ZkZ,) +0ON) =
(ijk
k). (63) (k) .
=1+ )\Z 22, + = Z 2.7, + Z Z,2,2, 7, + O(\?). (3.54)
(i) (i7k). (k)
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Up to the first order of perturbation, this expression corresponds to the calculated per-
turbative expression.
In the second order, the (non-normalized) wave function:

; 1
[ihy) = (11+/\Z 7 oy EZkZlZiZj—s—V > sz) o) (3.55)

(i) (ROF (i) 4 (ijk),

can be expressed as a product of exponential functions, in a procedure similar to that
in the ferromagnetic case in the second order. The calculation of the ansatz follows.

5 (16 ZZZZ]ZZkZ,>> + O\ =

Z;Z ;
6A2y€AZ(ij>TJ — (]l + )\21/) (

(ig) (k)
(3.56)
Zi
=1+ 4ﬂ (Z]l+2ZZZ2 + 0y ZiZjZkZl>+/\2u+(9()\3):
(i) (i5k) ((i),2(kD)) ,
(3.57)
_]H—/\Z 2iZ; +/\2 Z ZZk—i— Z Z, 7,2, 7, + Nv + O(N°)
(i) (ijk). ), (kD))
(3.58)
Therefore,
N
2 2 2
A-3—2+—Zzzk+AV_A Z sz, (3.59)
(ijk). (ijk),,
and from this,
1 N
= — 2.7, — —. 3.60

Again, similarly to the ferromagnetic case, I can calculate the normalization for the
derived wave function of the system up to the second order of perturbation:

2
1 1— P N
3P0ty (=) Hulew = g looh. (3.61)

Thus, it holds that the following expression can be used to determine the wave function
up to the second order in A:

|1)9) = exp ()\2 Z 116 ) exp (AZ

(igk),

) o) - (3.62)

#- One-dimensional System

The only difference from the two-dimensional system in the case of the first order
correction for the wave function in a one-dimensional system may exist in the energy
difference operator. However, in this case it gives the same result:

Z, 7,
loar) =D =7 leo) - (3.63)
(23)
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In the second order, the calculation is, again, as follows:

1 1
[Pn2) = Z TZICZZ Zjleo) + Z WZZ Zilpo) = (3.64)

(kD)#(i)) 4 (ijk),
= Z EZkZlZiZj p0) + Z Z 21 eo) 5 (3.65)
(kD#(i)) 4 (ijk),,

i.e., the result is equal to the one obtained for the two-dimensional system.

As shown previously, the expression in (3.44) can be used to treat the state up
to its order as part of an exponential expansion. If A denotes the magnitude ratio of
the perturbative summand and the basic Hamiltonian, the wave function of the one-
dimensional system up to the first order of perturbation equals:

o)) = (1+AZ

(i7)

) |0) - (3.66)

The test exponential function that would correspond to this result is the following:

Ay, ZiZi 22
M T =14y 43 Z 2> 27 | +0(N3) = (3.67)

(ig) (U (kl)

ZiZj )\2 )\2 )\2 5

:1+A-Z R RARETE Z ZiZi+ 35 'Z Z,7,2, 7, + O(N®). (3.68)
(i5) (i5K)¢ ((ig), (kL)) ,

Evidently, in the first order of A, the exponentiated form of the perturbation can be used

as a mathematically more convenient form of delivery of (3.66).

In the second order, the non-normalized wave function has been calculated as:

7,7, 1
\¢2>:(1+AZ TR > 16 DT 2+ N > sz) o), (3.69)

(3) (kD)#(ig)) 4 (ijk),

which can also be expressed as a product of exponential functions. I will now calculate
the ansatz.

A2y A % 2 ZiZJ' A? 1 3
et T = | (14 %) ]1+/\-Z oS EZZiZJ‘ZZkZl + 003 | |gy) =
(i5) (i5) (ki)
(3.70)
ZlZJ )‘2 2 2 3
=l1+1 > T3 ZJI+QZZZZ4Z,€+ Y Z,Z,2:Z | + X+ 0N | |ey) =
(i3) (i7k) . ((37),20kl))
(3.71)
- (1+A Z ZINey —+— > Z,Z,+ Z ZiZjZkZl+)\21/+0()\3)) lp0)
(i9) wk ), (k1Y)
(3.72)
Therefore, it must hold that
>\2~E+—ZZZ + A2y =\2. Z ZZ (3.73)
32 (i5k). * (ijk), N ‘
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which means that

1 N
= — 7.7, — —. .
v= D 5% g (3:74)
(ijk),
To normalize the perturbative addition for the second order calculation, I need to con-
sider the summand:

1 1—P
5 FoH, (H—]g’> 1 l6o) = Po Z ZyZy Z iZ;leg) = (3.75)
0 0 )
32P0 > 2273 o) = (3.76)
(i)
N
=25 10) (3.77)

This means that the following expression can be used to determine the wave function
up to the second order in A:

[thy) = exp ()\2 Z EZ Zk) exp (AZ 2i2; > l©0) - (3.78)

(igk)., (i)

3.2 Varying Perturbative Parameters in Exponentiated Wave
Functions

After deriving the exponentiated forms of the wave functions calculated through per-
turbative expansion for both the ferromagnetic and polarized phase of the many-body
Hamiltonian (3.2), I will proceed to calculate the density operator in the relevant or-
ders of magnitude of the disorder parameter. By doing so, I will open up a pathway
to a straightforward calculation of other interesting observables for this system. In this
section I will only present the more interesting two-dimensional case.

3.2.1 Calculation for a Ferromagnetic State

In the following calculations I will use the same setup as in Subsection 3.1.1 and derive
the relevant expressions for a two-dimensional system. However, the perturbation pa-
rameters will not be constant, but will instead vary for each site of the lattice, chosen
from a Gaussian distribution centered around zero. In other words, in this subsection,
the full Hamiltonian will have the form H = H, + V, where H, = — Z<jk> Z;Z), and

V=- Zj v,; X, with parameters v; € R, for which it holds that |v;| < 1.

In the first order of perturbation, the correction to the wave function of the system
equals:

1
[oa1) = ZngXj =) (3.79)
J

and the exponentiated form of the full wave function can be written as:

02 V% J—1+Z 38X + (ZUJ64+ZU Uk64XXk>+0(( )?) . (3.80)

In the second order of perturbation, the correction to the wave function equals:

X X X
(4k)a (GF)n
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where the indices (ij),; and (ij),, indicate that the respective pairs of distant (d) and
neighboring (n) indices were counted only once in the sums.

Then, the exponentiated wave function for the full system can be derived using a
procedure similar to that of Section 3.1, by setting up its structure as follows.

1 1 1
ev T T viv o2 Vs X5 — (1 +vy %w) (ﬂ g%+ 15 vaanan> +0(v}) =
k,l J m,n

(3.82)
1 1
:]l—l—ykavl +ZUJ'§XJ+ mvaanan +0(v}) = (3.83)
k,l J m,n
1 N 9
J Js J
1 1
+ 5 (z): V0 X X + o (Z v X, Xy + 0(v3) (3.85)
JK)n Jk)a

From the equivalence requirement for the perturbatively calculated second order wave
function, it holds that:

v,V VU
”Z””’f+z128 Z 64 64 =2 i XjX“,Z 64
(3k)r (7%)a (3k) s (Gk)a
(3.86)
1
”;”ﬁvk:_@ZU? 192ZvkaXk (3.87)
J, J

If the form of the exponential function to be added in the second order is chosen as

2
€21 Vi3V T2, ViR 2 kg "ikYi% the equality takes the following form:

Z ]JJ—I-ZVkak—I—ZVkvvk 192211% X; X, — 128221], (3.88)

(k)
which gives:
1;8 if j = k;
Vi = 192X X, if j, k are nearest neighbors; (3.89)
0 otherwise.

However, if the wave function in the second order of perturbation is normalized using

2
1 1— P, 1 1— P,
°p 0 - -PV 0 E : X .
9 OV (H[) PQ) 14 |SOO> 9 0 ( ) Uj8 |SDO (3 90)
JFk
1 2
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it holds that:

ez(jk) ViUV ZJUJS — (]]__|_ Z ykv Uk’) .

(3F)n
1
(1+Zv Xt g Zvjvkxjxk> +0(v?) = (3.93)
J.k

1 1 1
=1+ Z“ngj + o5 2o XXt o D uon XX+ o0 D v XX + 0(0f) =
; (7

(7K)q (7F)
(3.94)
1 1
=1+ Zngxj + 15 D v XX+ — o Z v XX+ O(03). (3.95)
J (3K)n (Jk)a
Thus, the correct exponentiated wave function valid up to the second order is:
[ihy) = eZ(jk) 03050 X Xk E vEX; |S0 ). (3.96)

The expectation value for the density operator of this wave function can be calculated
as:

p=E,[le@) (p), (3.97)

where |p(v)) is normalized. The main part of the Hamiltonian alone would support a
wave function of the form |p,) = {|+Z),|—Z)}; for these calculations, as an example, I
will use the form |p,) = % (|+Z) +|—Z)), which is normalized. The density operator
is, then:

oo =Ii0) (0] = (3.98)
= (8,142), (42, 4 ®,142), (~2|, + &;1-2), (+2], + ®;|-2),(~Z],) . (3.99)

1
In the first order of perturbation, the wave function |p,) = 25 Vis X lpg) can be
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normalized using N = [] cosh (fv;)"

(3.100)

(3.101)

(3.102)

cosh(8 ]) ’— > +s1nh( Vs ) ‘+Zj>

1
"P1n> ﬁ "P1> =
50X,
= : - [pg) =
J (cosh (%v]) 2
H cosh(%vj) —|—sinh(%vj) Xj 20)
= T 1%o) =
7 ((cosh (£v,))" + (simh (3v,))°)
1 2 cosh (%vj) ’+Z<> + sinh( vj) ‘—Zj> N
- 5 J 1 J
U (eosh (30))” + (sinb (20,))°)
1 -2
= (QH <cosh <8 ) —i—smh
J

{

1
®,; (cosh (8 ) |+Z + sinh (

o))
)

-2))) +

+®j<cosh< >|— >—|—smh<1 >|+Z>>>

Further, to calculate the corresponding density operator, I will first define ¢, and ¢_.

¢, =L, [cosh2 <év]>]

1

-J

axﬁ

/

ov/2m

-/

oV2rm

(cosh(8 3)24‘ (sinh (g J>>2>

1
dv. o2 Vj
e cosh? (%vj) + sinh <%Uj>
Y cosh® (§u;)
J 271 . 2 /1
cosh (f j) + sinh (5%
d 12 cosh ( ) +1
20 _— =
Ui © 2 cosh (ivj)
1 1
d 2 [ =
i€ "5 (2+2cosh(ivj)>
1
d 0,2
ve / cosh? (l ) + sinh? (éfu]—)

sinh? (8 ])

1
2

dve e 2(—

IThe normalization calculation is included in the Appendix here.

+ -
2 cosh (%v

= -)-i—smh (%v]

i) =1
vj)

2 cosh (Z N

1

3)

1
2

(3.103)

(3.104)

(3.105)

(3.106)

(3.107)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

(3.114)
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Then, the density operator can be calculated as follows:

p =L, [l¢1,) (prnl] = (3.115)
1 1
=h {2 1:1 cosh? (gv;) + sinh? (50,

. (®j <COSh (; ) |+Z > + sinh (;v]) |—Zj>> +®; (cosh (év]) ‘—Zj> + sinh (;v]) |+Zj>>>.
(

. <®j (cosh (;’UJ) <+Zj| + sinh évj> <—Zj|) +®; (cosh (évJ) <—Zj| + sinh (;vj) <+Zj|>>] =

(3.116)

<®j(4+|+Zj> (2| + =2 (= 2Z)]) + ©; (¢ [+25) (=2 + - [=2;) (+Z)) +

N =

®; (G [=25) (+25| + C [+25) (=Z)]) + 8, (¢ |=2)) (=2 + ¢ [+2;) <+Zj|)>’
(3.117)

with the mixed terms that contain both sinh and cosh having been integrated to zero.

In the second order of perturbation the exponentiated wave function is of the form
|(,02> — ez(jk 193 Vv X X, Z vy

N = (ps|ps) = (3.118)
— <+ZO| ez(jk)n 192 ]ka Xk Z UJS ]eZ(lmj 192Ulv X X ezlvlgxl ’+ZO> (3119)

= (+Z,| H eﬁ”f“kaXkHe?Xf H e 10201 0m X1 Xom, He?Xl |+Z,) = (3.120)
| } l

v, 1
= (+2, H(cosh (é) 1 + sinh <§]) Xj> H (cosh (@vjvk> 1 + sinh (192 ]Uk> X Xk>

(7F)n

. H (cosh (1921111) ) 1 + sinh <192vlv ) Xle> H(cosh ( 3 ) 1 + sinh ( 3 > Xl> |+2Z,) =

555 l©g)- It can be normalized using the following:

(3.121)

:<+ZO|1;I<cosh <%> 1 + sinh (%) Xj> H (cosh ( 102 ) 1 + sinh ( 192 ) X Xk>

(GF)n

: l_I) (cosh (Ull;72”> 1 + sinh (Ullg;”) Xle> H(cosh ( 5 ) 1 + sinh < 3 ) Xl> |+Z,) =

(3.122)

=(+Z,| <1;[<Cosh <%J> 1 4+ sinh (%) Xj>> ((Jl;)[n (cosh < 1;2 ) 1 + sinh ( 192 ) X Xk>> |+Z,)
(3.123)

The first product gives:

<H<cosh (F)1+sinn () Xj))2 _
_H(cosh ( 2} 1+ sinh” (8>X2+200sh<§3>3mh<%>Xj> - s

—H<]1+2s1nh( >11+s1nh (ZJ>X> (3.125)
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The second product gives:

(LT (o (53 2 s (53) 30)) =

= H (cosh2 (1192>1+smh (192>]l+2(30$h<192)sinh<ligv2k)XXk> =

()
(3.126)

_(jI;[ (]1+2s1 B2 ( >Il—l—snh( . )Xij) (3.127)

Obviously, the final sum in the first product leads to nothing on its own, so it can be
disregarded except in combination with the second product. The only combination that
works for the final part of the second product on its own is the 'full circle’, which gives:

VU
H sinh( Ik
96

G s >_ sinb (2?) (3.128)

The aforementioned product of the sums within the two products that contain non-
identity operators and results in a non-zero expectation value has to contain an even
number of X; operators for every j. This means that the X; operators from the relevant
part of the first product delimit a ’boundary’ for the possible sequence of X, X factors
from the second product, which refers to a set of {7, k} that may but are not necessarily
neighboring. Where s is a subset of the full set of links between nearest-neighbor lattice
points and S is the set of all s, the boundary ds will define the set of lattice points that
are considered exactly an odd number of times. The complement of s will be marked as
S.

Thus, the sought after result can be written as follows.

N = +Z\H<]l—|—2$1nh<8)]l—l—smh<4>Xj>-

(]1;[ (1+25imn” (192>]1+Smh( ) X,X,) [+2) = (3.120)

“tezi Xy T (et (35)) TT s (55) X%
g(l”mh( ) Hsmh(z])Xj|+z>= (3.130)
5 T (e () T s () T 200 (2) L o ()
(3.131)

In the second order of perturbation, the exponentiated wave function is of the form
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los) = ek, 197050k XX 25 058 X l©g)- It can be normalized using the following:
= (42| i TR T 0 K, o X Sk |y ) = (3.139)
=(+Z,| H e 193 ViV X X, He?Xj H eTo3 V1 Vm X1 X H6§Xl |+Z,) = (3.134)

v, 1
= (+2, H(cosh (é) 1 + sinh (é) Xj> H (cosh <@vj0k> 1 + sinh (192 ﬂ%) X Xk)
(k)

n

. H <cosh (192Ulv ) 1 + sinh <192vlv ) Xle) H(cosh ( 3 ) 1 + sinh < 3 ) Xl> |+Z,) =

. (3.135)
= (+2Zy| H(cosh < 3 > 1 + sinh < 3 ) Xj> H (cosh ( 192 ) 1 + sinh ( 192 ) X Xk>
(Gk)n
. (llr:[n (COSh ( 193 > 1 + sinh ( 193 ) X, X,, ) H(Cosh ( 3 ) 1 + sinh < 3 > Xl) |+Z,) =
(3.136)
= (+2,| <1;[<cosh (F)1+sinn () Xj>>2 ((Jl;[ (cosh (S5 ) 1.+ sink (222 Xij>>2 +Z,)
' (3.137)
The first product gives
(I () () 1)~
—H<cosh ( ) 1 + sinh” < 3 > X? + 2cosh (?) sinh (%) Xj> = (3.138)
—H<]l+2smh< )]1+s1nh<Z’>X> (3.139)
The second product gives
2
(};In (cosh ( 192 )1+ s ( 192 ) X)) =
= H <cosh < 192 ) 1 + sinh® ( 102 ) 1+ 2 cosh ( 102 ) sinh ( 102 ) X Xk> =
. (3.140)
- (]1;[ (1 + 2sinh? ( o ) 1 + sinh ( T ) Xij> (3.141)

Obviously, the final sum in the first product leads to nothing on its own, so it can be
disregarded except in combination with the second product. The only combination that
works for the final part of the second product on its own is the ’full circle’, which gives

<jk1>_n[.ausmh (%) — sinh” (vgg’“) (3.142)

The aforementioned product of the sums within the two products that contain non-
identity operators and results in a non-zero expectation value has to contain an even
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number of X; operators for every j. This means that the X; operators from the relevant
part of the first product delimit a "boundary’ for the possible sequence of X ;X factors
from the second product, which refers to a set of {j, k} that may but are not necessarily
neighboring. Where s is a subset of the full set of links between nearest-neighbor lattice
points and S is the set of all s, the boundary ds will define the set of lattice points that
are considered exactly an odd number of times. The complement of s will be marked as

S.

Thus, the sought after result can be written as follows.

N = —i—Z\H(]l—{—Qsmh( )]l—}—smh(f))%).

(JI;)[ (1 2simh® (S22 ) 1+ sinh (2F) X, X, ) 1+2) = (3.143)

=z TT (2 (553)) TT s () X%
Q(H%mh( ) Hsmh(z’)X +2) = (314
72 AL (e (G I s (o) T (e () T ()
(3.145)

The calculation of the density operator can be performed in the following fashion.

v X X, E v]g J

po = B, | T T 5 ) (| o T

(3.146)
1 ki P B
= dv,dv, ...dv, -
(ov/2r)" / N 102 - Cn
H 61921) ’UkX Xk He%’l/ij ‘_'_Z> <+Z| Heé’ume H eﬁvlvale — (3147>
1 Rk P B
= 7 / dv,dv, ...dv, (3.148)
(U 27T) N
vV vV,
H <cosh ( 192 ) 1 + sinh ( 192 ) Xij> H(cosh ( 3 ) 1 + sinh < ) Xj> |+2)
(7%)n J
(+Z] 1;[<cosh (%) 1 + sinh ( 3 ) Xm) (1;[) (cosh (vll;;”) 1+ smh( 199 ) X, X,, > =
(3.149)
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1 e 2o 52 e 5zt
= - / dv,dv, ... dv,,-
(ov2r) N

T (cosh (225 1+ sinh (S55) x,x,) @, (cosh (2) +sinh () X,) [+2,)

(7k)n
v (U
®m (+2,,] (cosh (%) + sinh (é”) Xm) H (cosh( 195 ) 1 + sinh ( lggl) Xle> =

(3.150)

1 2 1 2 1 2
1 € 202" 2,272, ¢ 2,27n
= o dv,dv, ... dv,,-
(0 27T) N

'(1_)[”<cosh ( 192 ) 1 + sinh ( 102 ) X Xk) ®; (cosh( ) |—|—Z ) + sinh < 3 ) ’—Zj>>-
'®, ((

m . U V0, ) v,
+Z,,| cosh <§) + (—Z,,|sinh (§>> H (cosh ( 1192 > 1 + sinh ( ll 5 ) Xle)

(3.151)

A more detailed evaluation of the form of the density operator can be performed in
conjunction with the calculation of, e.g., the expectation value of a specific local operator
defined in this system, and is not included in this work.

Using the density operator, it is now possible to calculate expectation values for some
interesting observables. As a quick demonstrative example, for the wave function of the
system equal to |[+Z) (and in the zeroth order of perturbation), it is straightforward to
show that:

(Z;) :/dp (v) Tr (Z;p) = (3.152)
1 1,2 1
:n/ / dvy ...dv,e 22" e 202 Tr(Z |g) {pol) = (3.153)
oV2m Vi

(3.154)

Similarly, for |—Z) it is (Z;) = —1. On the other hand, for (X;) in [+Z), it holds that
(X;)=0.
j

cosh(lv,v)|+Zj>+sinh(%vj)| >

(cosh($v,)"+(sinh($v,))°)

In the first order for |[+2), |¢1,) = ®. , so these expectation

J

u- N
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values give the following results.
(Z;) = /dp(v) Tr (Z;p) = (3.155)
_ 1,2 2
1 1,2 252 Y he (¥
] [ e =Yl 2z, ( Ja o ) s
(0 271') Iy, &

oy/2r cosh (¥)
efﬁvz inh? (¥
+ / dv sinh” (5) |z <—le) €)= (3.156)

oV2r cosh(%)
ol / due 5 H 361 2,01 (a[+2) (+2] + 81-2) (-2 &) =

(3.157)
1 5t
—Wl;[/vldvle 20
: Z (&l Z; @ a|+2)) (+Z, | &) + (&l Z; @, B|1=2)) (—Z,1&)) = (3.158)

k

:<127TH/dvle 2t (122,014 2) + (~2]Z;®,B|-Z)) = (3.159)
H/dvle 7% (a— ) = (3.160)
H due” 27 ’H v, (3.161)

" ov/2m cosh (2 )
= 2n H/dvze 507 ’H/ e ¥ m), (3.162)

where

oo (8) / . C) (3.163)
o2 cosh (%)’ B ov/2m cosh(g)’ |

In the first order, it remains that <X j> = 0.

3.2.2 Calculation for a Polarized State

In the ferromagnetic phase, the Hamiltonian of the system is structured as H = Hy,+V,
where Hy = — Zj v;X;and V = — Z(ﬂ«) Z; 7, with the parameter v; € R sampled from
a Gaussian distribution centered around zero and |V|| < |Hyl||. The ground state of the
system is

o) = ®; |sgn (v)X;) (3.164)

as the eigenstate for each site depends on the sign of the corresponding parameter in the
Hamiltonian.

To derive the exponentiated wave function in the first order of perturbation, I first
need to calculate several energy equalities:

Hy o) = (_ZUij) ®y, [sgn(vy,) Xy) = (3.165)

J

= (_ ZSgn(Uj)Uj> l©0) = Eo [0) (3.166)
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and
HyZ;Z, o) = (‘Z%‘X]) ZZy @y, |5g0(0,,) X ) = (3.167)
J
= Z (—v;X;Zu2) ®,, [sgn(v,,) X,,,)) = (3.168)

j
= (— Z sgn(v;)v; + sgn(vg )y, + sgn(vl)vl) AVARCOR (3.169)
J#{k.1}

Thus, the difference in energies needed to complete the perturbative calculation is
2sgn(vy,)vy, + 2sgn(v;)v;. It follows that:

= "0 = 1
fon) == oV 0 (3.170)
_ 7.7, po) = (3.171)
Z;Z
_ Z k l©o) (3.172)
T (2sgn(v;)v; +2sgn(vk)vk)

and I can check if the exponentiated form of the system’s wave function up to the first
order corresponds to the following:

Z< o1 Z;2y, )
J 2§gn(v vj +2qgn Uk>1/l€ _ 1 + ZZ +
) Z 2sgn (v)v; + QSgn(vk)vk) Ik
1
Ty 7.2, 7 7 +0Od) =
EZ QSgn v + 2sgn(v; )v 2sgn(v, v, + 2sgn(v, )v jYk“m“n (U])
(]k Y (mn) k/)Yk m/)Ym n)Un
(3.173)
1
=1+ 7.7+
(zk; 2Sgn ), + 2sgn(vk)vk) ik

£33 : +
9 2
k) 2 (2 sgn(vj)vj + 2sgn(vk)vk)

<
1 2
41 7.7
2 ; (2sgn(v;)v; + 2sgn(vg)vy,) (2sgn(vy,)v, + 2sgn(vy)v,) !
1 2
+ = Z.72, 7. Z, + 0O =
2 Pty (258000, )0, + 258n(0g)0y) (258m(0,0 )0y, + 2580 0 O
(3.174)
1
% 2 (sgn(v;)v; + sgn(vg)vy,) 7
1
+) S+
e 8 (sgn(v;)v; + sgn(vy)vy)
1
+ Z.Z+
(jkzl)c 4 (sgn(v;)v; + sgn(vy,)vy) (sgn(vy,)v, + sgn(v)v,) :
1
+ 2.2, 720 2 + O(V3),
Sy TGRS, + 8 )0) (el + sl 2 )
(3.175)
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where the indices ((jk), (mn)), and (jkl)_ denote the non-overlapping and clustering
combinations of indices, respectively; all combinations have been counted only once.

In the second order of perturbation, the correction to the base wave function of the
system can be calculated as follows:

2
=— | — P 1
#a2) (H_E) VRVl t gV e = (3176)

]l P0 ZZmZnZ Z;Z,

(sgn(v;)v; + sgn(vy,)vy,

) l©o) - (3.177)

If (mn) = (jk), the total of that summand equals zero, as the Pauli operators give 1.
This implies the following.

982 = <jk>;mn> H, iEo 2 (sgn(v;)v; i—sgn(vk)uw L2 ZiZy o) = (3.178)
1 2
) <<jk>;m>>d 2 (sgn(v,, ) v, + sgn(v,,)v,,) 2 (sgn(v,)v; + sgn(vy)vy,) ZZnZi Zy; o) +
" (J%; 2 (Sgn(vj)vjl"‘ sgn(v;)vy) 2 (sgn(vj)v].]i_ sgn(vy)vy) Z;Z; o) + (3.179)
" (j%;c 2 (sgn(v;)v, 1+ sgn(v;)v;) 2 (sgn(vk)vk]l+ sgn(v,)v;) Z;Zy o) = (3.180)
e 1 : L2 leo) +

(<]k>#<mn>>d 2 (sgn(vm)vm + Sgn<vn) ) 2 (Sgn( )U + Sgn(”k)”k)

1- (sgn(v;)v; + 2sgn(vy vy, + sgn(v;)v;)
+ Z 1 Z;Z; o)

(kD). (sgn(v;)v; + sgn(v)v;) (sgn(v;)v; + sgn(vy)vy,) (sgn(vy vy, + sgn(v;)v;)
(3.181)

The expressions in (3.179) and (3.180) cannot be fully unified as they are not symmetric.
If T use the following definition:

1

L; , 3.182
= sgn(oy)u, + 2san(u)o) (3:282)
the full second order wave function is:
|pa) = <1+ N ZZg+ Y. ttanZi 2L Lyt (3.183)
(gk) (7k)#(mn )

+ Z 20 jptpgty - (3g0(v;)v; + 2sgn(vy vy, + sgn(vl)vl)ZjZl) log) (3.184)
(gkl).
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If T calculate the trial exponentiated wave function, I can obtain the following:

ek Vhikthl g2agry ZiZktin (]1 +v E L kLkl) :

(jkl)
(11 + Z Z Zyi + 5 Z > 2,2,2,2 ijbmn) +0(3) = (3.185)
2 G (oo
=1 +v Z ]k:Lkl -+ Z Z Zk:l’]k: + — Z ]k + Z Z ZkZ ZnijLmn+
(3K (7k) #(mn)
+ ) 2,2+ 008, (3.186)
(k0.

For v, this gives:

v Z Liklil = Z 20ty (e - (sgn(v;)v; 4+ 2sgn(vy vy, +sgn(v)v) —1) Z;2,— ZL]k'
(GkD ¢ (JkD .
(3.187)
If the derived wave function |¢,) is normalized using
1 1— P\’ 1
35V (=) Vied =57, PR
Z%, (3.189)
(3k)
it holds that:
v Z Uikl = Z 2t (g - (sgn(v;)v; 4+ 2sgn(vy,)vy +sgn(vy)vy) — 1) Z;Z;. (3.190)

(jkl),, (jkl),
This means that the parameter v must depend on the components of this exponent, i.e.,
Vg, = 2 (L - (sgn(v )v + 2sgn(vy)vy, + sgn(v))vy) — ) Z;2,. (3.191)

The full exponentiated wave function valid up to the second order of perturbation then
has the following form:

eZ(jM)C ijlbjkbklez(jk> ZjZijk —

:6Z(jkl)c (¢j1-(sgn(vy)v;+2sgn(vy, vy +sgn(v; v, )— )ZjZlek’Lk-l€Z<jk> ZjZk"jk‘ (3‘192)

To calculate the density operator for this system in higher orders of perturbation,
I will first approach that for the zeroth order. The wave function in question, |p,) =

®; |sgn(vj)X j>, is normalized, and leads to the density operator:

po = ®; [sgn(v;)X;) @, (sgn(vy,) X;| = (3.193)

=, % (1+ sgn(vj)Xj> ) (3.194)

In the first order, however, the calculation already becomes more complicated. To
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normalize |p,) = e2=in) ik 232 |©0), the first step is to find its norm.

N =(p1|¢1) = (3.195)
= (| etk Lik 2Lk o2k Lik L3 Lk o) = (3.196)
= (ol J] e w57 ) (3.197)
(gk)
— H (®, (sgn(v;) X;|) <11 SR IVAYAR (2%2 Zk) 3 (2%2 Z,) i )
(3k)
(@ [sgn(vy,) X)) = (3.198)
1
=] | cosh (2. cosh 3.199
[Tt ) = [T () (5199

The normalized state can then be calculated. The calculation is laborious and does not
help further elucidate the topic, so it has been omitted from this work.

3.3 Bridging between Variational Solutions using Tensor
Networks

In this section I will show how the calculated exponentiated wave functions can be used
to bridge between two variational solutions for the two robust phases of the system
described in (3.2). Because of the perturbative structure of the system, these equalities
can be used to construct tensors, which allows for an investigation of this system using
the tensor network framework. In addition, I will compare the achieved results with a
standard, perturbative numerical analysis of this system.

—>0 D0

Take the transverse-field Ising model (TFIM) defined on a square lattice:

HTFIM:—AAZX —Xg > Z,Z;, (3.200)
(i)

where X, and Z; are X and Z Pauli operators, respectively, acting on the site i. This
model has a phase transition between a polarized phase and a symmetry-broken phase,
and the ground state of Hg = —A, Y (i) Z;Z; is doubly degenerate. The method I will
describe and build upon in this section is presented by Vanderstraeten et al., in their
article titled Bridging Perturbative Expansions with Tensor Networks [65]. The authors
choose to address the problem of interpolating between the two known ground states at
either ends, [10,) = |+X) at Az = 0 and |¢5) = |+Z) at A\, = 0 by building a tensor
network state based on the perturbative expansion around each of those two points.

The perturbative expansion for each of the constituents of the Hamiltonian can be
described in an exponential form. The one corresponding to the ferromagnetic state,
where A 4 is suppressed, is calculated for the chief Hamiltonian Hy and from the state
|p). In the first order, Ep = (Y| X, |¢p) and the system’s wave function can be
written as:

A
) = (1 + i ZZ:X ) V), (3.201)
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which I have shown in Section 3.1. This equation can then be exponentiated, leading to:

o) = exp (Q{; Z XZ) [vg) = (3.202)

Aa A2
(1 iy 2t g 2NN 0<Ai’z>> U, (3209
3

where Z denotes the sum over all pairs of sites for which ¢ # j. This expression
doesn’t only reproduce the first order of perturbation, but it also contains a summand
from the next higher order. In the second order, the perturbative wave function has the
following form:

/\ 22 A2
|¢> ( +8)‘BZ Z+64)\QB<,§ 7 ]+48)\QB(,JZ) % 3) |¢B>, (3 0 )
7)d J)p

where E(ij)n denotes a sum over all nearest neighbor pairs of sites, whereas Z(md

denotes a sum over all non-neighboring (i.e., distant) ones. The exponentiated version
of this state equals:

_ N Aa
) = exp (192/\23 (z: Xin> €xp (8)\3 ZZ:X1> [vB), (3.205)

n

where the second order of the perturbative wave function is replicated, but the result
also contains summands of higher orders. In a one-dimensional system, the use of this
exponentiation technique results in the following wave function:

@) = exp ( Z X, X, ) exp ( AAB le) [g) . (3.206)

i
In the case where Az = 0 and the chief Hamiltonian is H 4, the first order of pertur-
bation brings forth this ground state wave function:

) = (1 + £ ZZ A ) AR (3.207)

which upon exponentiation becomes:

|p) = exp (Z oo Z) | ,4) ~ (3.208)

(ij) A

)\B
~ 14288522, 7,227,
( +4/\A% ’J+16)\2 2

(igk)

A

632 Z ZiZjZkZl—i—(D()\%)) |9 4),
A (i), (K1),

(3.209)

where ((ij), (kl)), are pairs of nearest-neighbor pairs that do not possess overlapping
indices and (ijk)s represents three-site clusters of indices, where j is the index of the
central site of the cluster. In a similar vein, the second order wave function is:

Mg
V) = (IH‘ KZZi Z 2422 + &2 B Z 275 Zk:) [ a) -
A (ig) ((ig) { A (ijk),
(3.210)
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Its exponentiated form is the following:

Y A
lp) = exp (16)]??4 Z ZiZJZZk) €xp (4;4 ZZiZj> [Va) (3.211)
(ijk) (i5)

which clearly shows the advantages of the exponentiated forms of the wave functions
obtained by perturbation theory calculations. In a one-dimensional system, the resultant
exponentiated wave function maintains the same form.

#- Construction of a Tensor Network Depiction

For the construction of tensor network equivalents for these perturbative calculations,
it is crucial to clearly define the use of tensor network operators in the construction
of physical wave functions. The elementary building block of this system is a tensor
operator with four virtual indices (labeled with a, b, ¢, and d) and two physical ones
to represent action on one of the spins in the system (shown in bold):

b
¢ a. (3.212)

d

The bond dimension of this tensor network operator is the dimension of its virtual legs,
D, and its virtual indices can be contracted with the virtual indices of its neighboring
tensors of the lattice that corresponds to the full system, giving rise to a network that
can describe it.

The ’zeroth’ dimension of the bond dimension of the virtual indices can be assigned

so that it equals the perturbative sum, 1 4+ Q). Then, the tensor network operator
(TNO) can be expanded in the powers of 3:

OT)=1+B) Q;+8>> QQ;+0(8). (3.213)
i i#j

Two-site clusters of (); can be constructed if a new definition is made, such that the
non-zero tensor coefficients are given by

0 1 E’YIQ7 0 0 E’YIQ’

(3.214)

1 0 E’)/lQ, 0 0 Erle
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Then, from a single tensor being assigned the expression 1 + 7,0);Q;, where i and j
denote neighboring tensor sites, it follows that

OT)=1+%Y QQ;+7% Y. QQ,Q4Q +0(7). (3.215)
(i4) ((i5),(k1))

Three-site (and larger) clusters can be defined in a similar manner, and if more levels in
the virtual indices are opened, the clusters of different operators can also be included in
the TNO build. The index (ijk), here denotes all three-site clusters found on a line, and
(ijk:)c those that comprise a corner. One tensor cluster can be assigned an expression
that encompasses the contracting tensor combinations that can create three-site clusters:

14+ 77%1@iQ,;Qk + 117131 Q. Qo Q. (3.216)

where sites 7, j, and k form a grouping in a line, and sites ¢, 8, and x form a grouping
with a corner. Then, the tensor can be expanded as:

OT) =1+, Z Q:Q,;Q) + ivs Z Q,QyQ,, (3.217)

(ijk) (10r).

where three neighboring sites that form a line are denoted by (ijk); and three neighboring
sites that form a corner by (t0k).. A line here is defined as depicted in Figure 3.1 for
the cluster (mno) and a corner cluster corresponds to the depictions of (skl) and (prq)
within the same figure.

For example, the perturbative expansion of the TFIM can be built using TNOs in
the following manner. Let D = 3 and define the single and two-site TNO as above.
Then, around the ferromagnetic state of the model, the TNO is expanded as follows:

O(T) _1+ﬁZX +622XX +92 Y XX+ 0(8%) + 4. (3.218)

(i9),,

If the parameters are chosen so that this result corresponds to the perturbative solution,

Ny A2
= y 1= 2"
8\, 19212

8 (3.219)

Higher orders of the perturbative expansion can be represented by the use of other ~
parameters that create larger clusters of X operators.

Around the polarized state, the 'second’ level in the bond dimension of the virtual
indices is used to assign the J, parameter TNOs. Then, it holds that

=1+67 Y  Z,Z;+ 6} Z Z,2,24 7, + 030, > Z,Zy, + 0305 Y | Z,Zy+

((i5), (k1)) 4 (ijk), (ijk),
+0O(8%) + 0 (6262 + 6303) . (3.220)

The perturbative wave function can thus be recreated if the parameter values are chosen
as:

A
51: 4/\10 52 53

A

3.221
D (3.221)

Note that the mean-field result is obtained by using only « as the parameter, the
first order by keeping {«, 3,0, }, and the second by keeping {«, /3, d;, 71,05 = 05}.
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When the TFIM defined on a square lattice is described by a tensor network in its
orders of perturbation, by using tensors with D = 2, the perturbative wave function can
be reproduced. Because of the extensivity of the network formulation, the TNO also
creates a summand with disconnected pairs of Z;Z; clusters in the second order. The
first and second order tensor networks can both be described for D = 2, but if they are
to be implemented together, D = 3 can be chosen. Then, the ansatz wave function can
be created by using five variational parameters: (3, ;) for the first order, (v,,~;) for
the second order, and « for the |¢,,) reference state.

Then, the energy of the system can be computationally minimized and the optimal
values for the used parameters can be obtained as a function of A\ ,/Ag. In [65], the
authors report that in the first order, a critical transition is found at A, /Ap &~ 3.35,
and in the second order at A, /Ap = 3.1, which is fairly close to the purely perturbative
result (using Monte Carlo simulations), at A4 /Ag = 3.04438(2).

If a particular phase of a quantum many-body system can be accurately analytically
described by a perturbative expansion, the employment of this bridging method would
vastly aid the numerical investigation of the phase transition between the starting phase
and its neighboring one — given that a wave function can be found that can act as a
parametrized problem setter, resulting in one of the phases in one of its extremes, and
the other in the other one. Thus, by considering a system for which I have already found
an analytical solution for two phases born of varying the impact of a parameter, and
creating a tensor network bridge for the wave functions that describe them, I am in the
position to efficiently variationally calculate the exact behavior of the system close to
the transition point — but also efficiently find the transition point by using a virtual
parameter.

To analyze the applicability of the exponentiation to different types of systems, I
examined a system with the following Hamiltonian:

where v are variables of a Gaussian distribution with a mean at 0, starting with a mere
one-dimensional chain of particles.

3.3.1 Perturbation Theory Applied to Single Impurity Models

Using exponentiated perturbation theory, an efficient ansatz for many-body localized
systems can be constructed. Notably, a single impurity model can be solved in an
analytical fashion, producing intuitively solid results.

Let the examined Hamiltonian be of the form H = Hy+H,, where Hy, = — Zjvzl z;X;
and H = =5 i) Z;Zy,. In this system, the variables z; are randomly chosen from a

Gaussian distribution. The wave function associated with this system can be calculated
perturbatively, as:

O =1Q) — ——=
9 = 1) -~

Vi) + .., (3.223)

where |2;) is the wave function of the H; Hamiltonian. Assume that the state of the
system can be described as |Q) = " 225X, |€2,) in the first order of perturbation. Then,
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it follows that:

=, (9) () = (3.224)
1 N :L?Q /@ZN z; X, KZN X
:( > )N He 292 " i1 T Q) (] € 21 Tetkdry deg . dey ~ (3.225)
YV 2 j=1
1 / E

¢ 2 (eHZL%XQ ® (eﬂZiilkak)T 12,)1Q,) dzyda, ... dzy =

(3.226)

1 _l=1? N
S — / e <e“21:1%<xj®m®xj>) 19,) ) dayda, ... dzy, (3.227)

()"

by using the Choi-Jamiotkowski isomorphism. The integral of this type can be resolved
to a simpler form using the operator Hubbard—Stratonovich transformation.

_ﬁ+)\z ! )\2ﬁ
e 22 dx =Se? 2 (3.228)
z? T ’
“2 A =— (\/5’)/ + a) + const. (3.229)
2
Az =—a? — \;;y + const. (3.230)
A

Ie., const. = \%72. In this case, the linear correction in the exponential function to be
integrated is an operator: xu (Xj RI+1I® Xj) = zA. Thus,

22
/eiv2 +zA =V 27T76§“2(Xf®“1®xj)2- (3.232)

Then, the exponential function can be written as:

N N
VI XX, (1 +22> X @ X+ ) . (3.233)
j=1
Thus,
) = 11 o DT e 1)+ 202 [ Pl D I D e (3.234)

The case in which |H,| <« |H;| can be addressed using the same method, albeit
through a more complicated calculation.

3.3.2 Tensor Construction

In this section I will demonstrate how the derived exponentiated wave functions can
be used to build tensors — and then tensor networks — which allow for a speedy and
reliable framework to analyze a many-body system, both analytically and numerically.

The derived wave function that unifies both the variational solutions for a two-phase
quantum many-body system can be represented using tensor networks, as a low-depth
quantum circuit, which then provides reliable means for an effective calculation of the
expectation values for both these phases. From the linked-cluster theorem [66], it can
be deduced that, in the tensor network formalism, the increasing orders of perturbative

Ivana Kurecié 124



Chapter 3. Creating a Tensor Bridge for ... 3.3. Bridging between Variational ...

solutions can be represented using clusters of local operators of increasing size. The
constituent building blocks of these clusters are local operators that act on physical
spins, such that T, , . ; corresponds to the visual representation:

b

c a, (3.235)

d

and the non-named tensor legs stand for the action of tensor onto a physical spin. As
an example, say that I define:

0 0 =1+ aQ, (3.236)

0

where a <« 1, so that there exists a tensor network operator that can be expanded in
powers of a:
MT)=1+0a) Q;+0a®> Q,Qs+0(a?), (3.237)
J J#k
where (); are the clusters of local operators of the tensor representation. The next step
in the cluster construction is the definition of tensors that would allow operations with
products of two Q;-s:

0 =71Q, 0 =1Q

(3.238)

1 EVIQ) 0 E/le

0 0
1 7 ! L 0 7 ! L
0 1
0 1
0 7 ! L 0 7 ! L
0 0
Obviously, these four tensor forms correspond to one another under rotation. It is then

evident that the corresponding tensor network operator expansion has the following
form:

MT)=1+7Y QQr+7 Y  QQQQ,+0(), (3.239)

(7k) ((gk)(ml)) 4

where (jk) stand for nearest-neighbor pairs of sites and ((jk), (Im)), denote such pairs
that do not have common elements. Then, to go to further relevant orders of the tensor
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network operators, it is necessary to construct tensor clusters that connect three sites.
Then, by defining rotationally equivalent:

1 0 =%0Q, 1 1 =730, (3.240)

where these 'middle’ cluster tensors correspond to a different operator, Q, it is possible
to construct the following expansion for the tensor network operator:

M(T) =1+ > Q0@+ Y QQ1Q1+0(¥393) + 0 (v343),  (3.241)

(gk1), (gkl).,

where (jkl), show linear three-site clusters, and (jkl)_ those that are connected with a
bend, or corner. In a similar manner it is possible to create ever-larger clusters that
correspond to higher orders of magnitude for the relevant tensor network operator.

In a system described by the transverse-field Ising model on a square lattice, the
construction of these operators proceeds as follows. The usable wave function associated
to this state is one that interpolates between the wave functions describing the ground
state for each of the relevant phases — [+X) for A\; = 0 and |[+Z) for A\; = 0, as one of
the symmetry-broken ground states,

H (1+aZ)|+X). (3.242)

The wave function that corresponds to the perturbative solutions in this system can
then be represented using a PEPS system with a bond dimension of three:

c a, (3.243)

where each virtual leg of the tensor (indicated by the indices a, b, ¢, and d) can assume
values in {0,1,2}. Then, the tensor clusters have to be constructed such that they
correspond to the tensor network operator of the form:

M(T) = Jl+ﬂZX +2) XX 493 Y XX +0(B)+0(rf),  (3.244)
(k) (4k),,

where (jk) denote a pair of indices for which j # k.
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Thus, I can define the necessary tensors that are equivalent under rotation as follows:

0 =1+ 38X

%@ R

0
i’? 0 =X, 1 1 =X
0
i’?o = 7, X, i’? (3.245)
0
Z{jj%' 0 =61, 2 2 =051

& %

ol

The parameters 3,7, %2, V3, Yas V55 015 09, 03, 04, 05 then define this tensor network oper-
ator.

In the ferromagnetic state, |1;), the two-site operator clusters correspond to the
usage of the tensor that contains the v; parameter, such that the first two tensors in the
above definition already determine:

M(T) = Jl+ﬁZX +82Y XX 497 ) XX +0(B) +0(vf). (3.246)
(3k) (3k),,

This expression, of course, holds if:

Ao AG
N = 27
8\, 192)2

8= (3.247)

and the higher orders can be constructed in a straightforward manner from the tensors
corresponding to higher order variables 7. Around the ferromagnetic state, however, it

127 Ivana Kurecié



3.3. Bridging between Variational ... Chapter 3. Creating a Tensor Bridge for ...

is necessary to also include three-site clusters to obtain the following expression:

M(T)=1+6} Y Z,Z, +6t > Z,2,2,Z,+

(Jk),, ((Gk),(lm)) 4
+ 636, Y 2,2+ 0305 Y Z;Z,+ 0 (8%) + 0 (6303 + 6363 , (3.248)
(Jk1), (jk1),

where (jkl) and (jkl), are corner and line clusters, respectively. This equation can then
be reproduced using the appropriate predefined tensors, with the following parameter
values:

A1 e M
YR ¥
In contrast, the mean-field result for this system can be obtained by only holding onto
the parameter « and setting all others to zero.

So, in the transverse-field Ising model, the constructed wave function that bridges
between the polarized and the symmetry-broken phase, |1, ), already gives the critical
point of i—? = 4 for the used « in the zeroth order, which is close to the numerically
obtained solution For the tensor cluster, I define the following:

0

6, = (3.249)

(3.250)

which allows me to construct clusters which correspond to the first-order and second-
order perturbative expansions of the used wave function. This PEPS network then has
a bond dimension of two. Then, these tensor network clusters can be implemented
in a single tensor network, with a bond dimension of three. This allows for the used
perturbative coefficients to be used as variational parameters, where (3, ;) correspond
to the first-order solution, and (,,7;) show that of the second order:

0 0
Oi’?() =1+ [,X, Qi’?() =pZ
0 0

0 0

(
0
1 0 =X, 2 0 =m1, 2i’?2 =1
0

0 2

3.251)

By using the tensor network constructed here, the authors [65] obtain a critical transition

for i—(l) = 3.35 for the first order solution, and % = 3.1 for the second-order solution.
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3.4 Combining Tensor Bridging with the Derived Pertur-
bative Solution

To now combine the tensor network bridging tactic with the derived perturbative solu-
tions for many-body systems, the procedure shall be as follows:

1. Construct the tensors to be used for the tensor network clusters up to the k-th
order.

2. Simplify the analytical integral forms for the perturbative calculations in each
identifiable phase of the many-body system.

3. Build an appropriately formulated joint wave function.

4. Numerically explore the system using variational tensor network methods and the
built joint wave function.

From the perturbation calculation for the disordered system it can be seen that,
to the lowest order, the tensor coefficients have to change in comparison to the tensor
coefficients described above, as follows. The 3 coeflicient is now dependent on the random
value which corresponds to the site of the tensor:

ViAo
=2 3.252
’B] 8)\1 ) ( )
and the same thing occurs to v;:
VA
I (3.253)

S o,

The evaluation is more complicated for the & coefficient, where the rotational sym-
metry of the tensor described in (3.245) gets broken. The multiplicative factor for
the Z(jk) Z;Z), term of the tensor network operator can be read off from (3.172) as

A
Ao (v, [+Hve])?
parameter can be defined for the part of the tensor at site ¢, making the connection with

the tensor at site j and vice-versa:

/ A
Spoip = 4| —— (3.254)
Bk Ao(lvjl + [vg])

In other words, each of the different rotations of the §;-contributions for each site has a
different coefficient that depends on the sites which surround the tensor.

which doesn’t factorize as a hypothetical vy ;v;,,. Instead, the following &,

3.4.1 Numerical Evaluations via the Tensor Network

With the tensor parameters defined as above, the TNO tensors now depend on random
values. To sample properties of the TNO correctly, tensor network operators (or states)
may be added to one another, giving the resultant tensor network operator (or state)
again. However, building the expectation value of an individual tensor in that way is,
in general, difficult. Even though it is possible to add tensor networks to one another,
this will, without any further assumptions, come at the high cost of increasing the bond
dimension, although it may be feasible for single discrete random variables that come
with a handful of possible values. In general, when dealing with probability distributions
of tensor network states, they could be encoded into a quantum states on some ancillary
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systems. Then, it would be possible to calculate properties of the system by, for example,
obtaining the expectation values of local operators.

Unfortunately, for the system of interest here, this would require an additional
continuous-variable degree of freedom to be added to each site, which again puts this
approach outside of the realm of things that can analyzed numerically. As before, this
may be more feasible with a system that is based on discrete random variables, which
may even be amenable to numerical study.

One simulation approach that can be performed rather easily with this type of system
is to calculate an effective MPS representation of the environment when contracting a
PEPS expectation value (for more details of the method itself see Section 4.3). In
a straightforward approach, the transfer operator would be applied as an MPO to the
MPS environment tensor until a sufficient convergence is reached. However, as mentioned
above, the tensors that describe this system contain random variables, and the same will
be true for the transfer operators. This means that, in general, one cannot hope for the
MPS environment tensor to ever converge.

Instead, the MPO can simply be applied a larger number of times, so the input be-
comes sufficiently independent from the resulting MPS — then the resulting distribution
can be used for sampling.

In contrast to some more accurate methods of sampling, this method comes with the
benefit of a more feasible implementation of the necessary calculations in practice.

By performing the evaluation described above, I obtained the results shown in Fig-
ures 3.2 to 3.5. The results are obtained by implementing the algorithm in MATLAB
and running it on a regular home computer.

This was done at the point i—‘i = 10, i.e., a point far into the polarized phase in the
normal TFIM. More points in the phase space were not considered, since the point of
these numerics was to investigate the viability of the results in the first place. For the
random parameters, the v, were taken to be normally distributed random variables, with
a standard deviation o. By varying the parameter o, multiple scenarios from strong to
weak influences of randomness were studied. For each point, the MPO was applied for
50 iterations, after which the correlation length was sampled over 50 further iterations.
In the figures, each of the shown points is the mean of the correlation length over those
50 iterations, with the standard deviation as error bars.

It can be seen that the correlation length drops off drastically for larger o, which
makes sense intuitively, as a more strongly disordered system will exhibit fewer spatial
correlations.

Since the algorithm I’ve used here is based on uniform MPS, it is only really applicable
to translationally invariant states. To address this, for one of the spatial dimensions I
had sampled an intermediate distribution instead of trying to find a fixed point. For the
other spatial dimension, I looked at blocking groups of sites together, so that the MPS
needs to only be translationally invariant with respect to the translation of a group of
sites. The dependence on the block size can be seen in Figure 3.5.

Again, it can be seen that the correlation length drops off for larger block sizes,
which, the larger the block size, should be closer to the true value. A more detailed
analysis of the scaling behavior has not been performed yet.
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Figure 3.2: Correlation length for the disorder-perturbed TFIM model around the po-

larized state, as obtained by the applied tensor network algorithm. Shown are example
results for different bond dimensions for a block size of a single site (i.e. no blocking).
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(b) over inverse bond dimension
Figure 3.3: Correlation length for the disorder-perturbed TFIM model around the po-

larized state, as obtained by the applied tensor network algorithm. Shown are example
results for different bond dimensions for a block size of two sites.
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Figure 3.4: Correlation length for the disorder-perturbed TFIM model around the po-
larized state, as obtained by the applied tensor network algorithm. Shown are example

results for different bond dimensions for a block size of three sites.
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Figure 3.5: Correlation length for the disorder-perturbed TFIM model around the po-
larized state, as obtained by the tensor network algorithm. Shown are example results
for different bond dimensions for block sizes of 1, 2 and 3 sites, respectively.
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In addition to MBL, another intriguing type of order for quantum many-body systems
is that of topological order. In order to better understand the emergence of topological
order, I will show how this global topological order of a certain class can be constructed
on the basis of local symmetries. For this construction, tensor-network methods will
again play a central role, as they make the calculation of certain system properties
tractable, allowing to verify their topological nature.

—>0 =D 0<

This chapter shows my work on the applications of group theoretic approaches to the
tensor network formalism. I have investigated the properties and behavior of a system
describable by the two-dimensional Kagome lattice created with a local SU(3) symme-
try. I generalized the characteristics of the constituents of this lattice, investigating the
emergent global properties of the system both analytically and numerically. The first
few sections of the chapter provide an introduction into the mathematical foundations
of group theory and the tensor network formalism, after which I present my findings and
conclusions.

The contents of this chapter are as follows. In Section 4.1: Entangled Structures
in Locally-SU(n)-Symmetric Systems on the Kagome Lattice I will provide an
overview of prior work on the emergence of topological order from local symmetries,
to provide the context for my results. I will introduce the setup for the model in Sec-
tion 4.2: Construction of an SU(3)-Symmetric System on the Kagome Lattice,
where I will elaborate on the lattice structure and how the local SU(3) group structure is
represented on it and show how the model maps to a string-net model. In Section 4.3:
Numerical Evaluation of the Tensor Network I will present the results of the nu-
merical study of the system using tensor-network methods and I will give an explanation
of the algorithm used for that. This section will also present the results for the properties
of the system, showing that it exhibits topological order.

Parts of the work I present in this chapter have been published as part of [2].

4.1 Entangled Structures in Locally-SU(n)-Symmetric Sys-
tems on the Kagome Lattice

In this chapter I will present work on the entanglement structures in locally SU(n)-
symmetric systems that has already been accomplished by other authors and expand on
their conclusions with my own work. The study I will focus on is that which expands on
the resonating valence bond state interpretation of the locally SU(2)-symmetric system
on a Kagome lattice, and instead investigates it under the condition of SU(3) symmetry.
Group structures of higher dimensionality will also be briefly considered, in addition to a
string-net interpretation of the derived structures. Further, the correlation length of the
investigated system will be divined, and its ground state wave function will be prepared
to be inspected for topological properties using the (both analytical and numerical)
tensor network methodology.

Particles that exhibit an SU(n) symmetry form specific classes of entangled structures
based on the properties of their representations. I will demonstrate this on the example of
the 2 representation of the SU(2) symmetry group, which corresponds to its fundamental,
two-dimensional representation. For a system that consists of a one-dimensional chain
of spin—% particles, the entangled state with the lowest energy is the one with pair-wise
entanglement. In the case of a one-dimensional chain of particles of the fundamental
representation of the SU(3) group, 3, the entangled state with the lowest energy, is
the one in which the formed entangled structures contain exactly three particles each.
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Figure 4.1: A Kagome lattice section; each intersection contains precisely one particle,
denoted by purple points, and the pattern of straight pink lines defines its symmetry.

However, the particles may form structures with pair-wise entanglement because of the
symmetry properties of the 8 representation of the SU(3) group — the conjugate of this
representation is equivalent to itself, 8 = 8. A step-by-step introduction to the influence
of the particles’ symmetry group to the entangled structures they form, see [67].

In recent years, the Kagome lattice, as depicted in Figure 4.1, had taken center stage
for the discussions of the possible existence of the emergence of topological order [68, 26]
at its ground state. Previous work suggests that a resonating valence bond (RVB) state
of a lattice with a local SU(2) symmetry may present a topologically ordered state [47].
In an RVB state, all neighboring particles, located on the lattice vertices, interact with
one another and form valence bonds. As shown in [69, 70, 47], a bijective function can be
constructed between a single RVB state in a system with a local SU(2) symmetry and a
unique distribution of closed loops on its dual lattice, the honeycomb. According to the
theory of string-net condensation by M. A. Levin and X.-G. Wen [71] (and other works,
e.g., [72]), such a loop structure corresponds to a Z, topologically ordered system.

This work expands on the conclusions reached for the SU(2)-symmetric system [73]
and explores a similar equivalency for a system with a local SU(3) symmetry. However,
instead of to the states of individual particles, the focus is given to the representation
groups that describe the states of various elements in the system. To elucidate the effects
of a local symmetry of a system of interacting particles to its global properties, I use the
formalism of tensor networks. This versatile tool allows for a straightforward approach
to the examination of the characteristics of an interconnected system.

4.2 Construction of an SU(3)-Symmetric System on the
Kagome Lattice

By using the expressions derived in the previous section of this chapter, the locally
SU(3)-symmetric system of particles on a Kagome lattice can be fully analyzed for its
properties. This section describes the exact actions taken to proceed with this analysis
and presents the conclusive results of the full investigation.

The examined system is a Kagome lattice where a point-like particle which exhibits
an SU(3) local fundamental symmetry is set at each of its vertices, as can be seen in
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Figure 4.2: Model constructed from SU(3) trimers around each of the triangles on the
Kagome lattice, forming a singlet state with the representation 1 ® 3 @ 3 shown by blue
lines. The circles (purple) are projectors from the virtual degrees of freedom (blue lines)
to the physical ones, parametrized by «, 3.

Figure 4.1. Details of the phase structure of one-dimensional chains with an SU(3)
structure can be found in [74].

4.2.1 Definition of the Model

An SU(3) spin liquid wave function with Z(3) topological order can be constructed on
the Kagome lattice, as I will show in this subsection. I will construct a PEPS wave
function with the following properties:

1. On each site of the lattice, there is an SU(3) symmetry with the fundamental
representation. Such a function is invariant under translation and rotation of the
lattice, transforming as |¢) — |w> under reflection.

2. The model is a spin liquid with an absence of a conventional long-range order.

3. The function describes a topologically ordered system and its anyons correspond
to the Z(3) quantum double model. This effect stems from the conservation of the
SU(3) color charge.

4. The obtained function will be the ground state of a local Hamiltonian. Both the
Hamiltonian and the function can be smoothly connected to a fixed point model
with Z, topological order.

5. The model will have trivial charge in each unit cell of the lattice, corresponding to
an unbiased mapping to the topological model.

To keep the setup comparable to the one used to explore the properties of the Kagome
lattice with a local SU(2) symmetry, the particles are chosen to exhibit an SU(3) sym-
metry corresponding to the 3 representation — analogously to the 2-dimensional repre-
sentation of spin-% in the SU(2) case. The tensors used to stand in for the particles,
P, are constructed such that each has one physical index — that carrying the 3 repre-
sentation symmetry — and two virtual indices with an SU(3) symmetry. The virtual
index-legs connect them to the two neighboring triangle motifs of the lattice, as seen in
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Figure 4.3: Tensor network model applied to the Kagome lattice, showing the ¢ and P
tensors.

Figure 4.3. Another set of tensors, ¢, is distributed on the vertices of the dual lattice,
in the centers of the triangle motifs. These tensors consist of three virtual indices which
are subsequently contracted with the corresponding virtual indices of the P tensors that
pertain to the triangle.

The constraints put on the virtual indices of the P and ¢ tensors are twofold:

1. Representations that correspond to the symmetry properties of the two virtual
indices of P need to allow for the initially defined 3 representation symmetry to
be achieved.

2. Representations that correspond to the symmetry properties of the three virtual
indices of € need to allow for the tensors to exhibit a trivial symmetry.

The first condition restricts the representations assigned to the virtual indices of P to
the combinations of {(1, 3), (3,3)}, where 1 is the trivial representation, and 3 conjugate
to 3. This is valid because 1®3 = 3 and 3®3 = 3@®6. The second condition imposed on
the network describes the interaction of the particles on the vertices of a triangle motif.
In order for € to exhibit a trivial symmetry, the vector product of the representations
that correspond to the symmetries imposed on its virtual indices must offer the trivial
representation as a result. Therefore, the possible combinations of these representations
are {(1,1,1),(3,3,3),(3,3,3),(1,3,3)},since 19101 =1,33%3 = 10808310,
333=10808910,and 133 =108.

The model is constructed as in Figure 4.2, where trimers |7) that meet in each of the
vertices of the honeycomb lattice and form triangle motifs in the corresponding Kagome
lattice. These trimers are in a singlet state, with the representation # = 1 @ 3 @ 3.
The map P is then applied to the connecting edges of the weight lines of neighboring
triangles, selecting only the physical degrees of freedom from the representations of the
two triangle motifs. The trimers are built of three 'virtual’ SU(3) particles, such that
|T) € H®3, thus, its state space is C' @ C3 @ C3. In line with that, the state space
contains a total of nine singlets, three of them in the 1® 1®1, 3®3®3, and 3®3®3
spaces, and six of them in the spatial permutations of the 1 ® 3 ® 3 state space. The
singlet |7) is defined as the equal-weight superposition of all the singlets. The six states
of 1®3®3 and the 1 ®1 ®1 state are combined with the amplitudes +1 to form a fully
symmetric state, |S). The remaining two states, formed exclusively by the fundamental
and the fundamental conjugate representation, are combined with the amplitude +1,
forming a fully antisymmetric state, |A). Then, |7) = |S) + i|A), and the state has
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chiral symmetry, transforming trivially under translation and rotation, and as |7) — |T)
under reflection.

4.2.2 Mapping the Kagome SU(3) Model to the Z; Honeycomb Lattice
String-Net Model

There exists a way to map a state on the Kagome lattice with a local SU(3) symmetry
in the 3 representation a honeycomb lattice string-net with Z; topological order
Accounting for these constraints on the tensor network, the representations pertain-
ing to the symmetry properties of the virtual indices may be distributed. For each P
that represents a particle on a Kagome vertex, three distinct setups are observed. In
the case where the virtual indices of the tensor respectively exhibit a trivial and a 3
representation, a directed line is drawn through the vertex. The direction of the arrow
is chosen to point toward where the virtual index with the trivial representation extends.
If both virtual indices correspond to the 3 representation, no line is drawn. When the
lines are extended to the midpoints of the triangle motifs and connected there, the con-
structed network becomes a honeycomb lattice string-net model with a Z; topological
order. For each vertex of the honeycomb lattice, let the number of arrows entering the
vertex be denoted as v;,, and the number of arrows exiting the vertex as v,,,,. Then, the
following is valid:
Vi — Voue =0 (mod 3). (4.1)

m

A visualization of what such a string-net configuration may look like can be seen in
Figure 4.4.

Here I show a primer to the topic of string-nets and discusses how the obtained results
for the locally SU(3)-symmetric system can be expanded — and even generalized — for
a system that exhibits a local SU(n) symmetry, by using this mathematical structure
deeply investigated by Michael A. Levin and Xiao—Gang Wen [71].

——>0 =D 0<—

As already explained in Section 1.2.5, topological order is a special phase of matter
appearing in zero-temperature conditions, and quite interesting for quantum information
research and the design of quantum error correction algorithms.

It is characterized by a robust ground state degeneracy and a long-range pattern
of quantum entanglement — states with different patterns cannot be changed into one
another without the system going through a phase transition.

In contrast to the axiomatic definition of topological order presented in the introduc-
tion, the focus here is on a particular class of microscopical models exhibiting topological
order.

It has been shown that a large class of (2 4+ 1)-dimensional topologically ordered
phases is formed through the process of string-net condensation. A string-net liquid is a
type of system proposed by Michael A. Levin and Xiao—Gang Wen [71] — it involves a
graph-like structure of directed or undirected interconnected strings with certain gauge
properties. For example, the toric code, a two-dimensional spin-'4 lattice stretched on
the surface of a torus, can be faithfully described by a string-net model. The ground
state of the standard toric code corresponds to an equal-weight superposition of closed
string states of the Z, gauge group, otherwise known as the Z, spin liquid.

A quantum spin liquid is a state that may exist in a system of interacting quantum
spins; unlike ordered states such as the ferromagnetic spin state, a quantum spin liquid is
disordered, even to low temperatures. For example, when triangular lattices such as the
Kagome lattice are formed by spin-'4 particles, their respective spins become frustrated,
unable to uniquely choose and maintain a lowest-energy state of the whole system, as
can be seen for a simple triangle motif in Figure 4.5. However, if valence bond states
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®
»

Figure 4.4: Example of a string-net. Shown is an example configuration of a string-net
following the rules for the Z; model described in section 4.2.2, where the strings must
obey a Gaussian law (mod 3).

Figure 4.5: Triangular motif with vertices that contain particles with binary spins,
exhibiting a frustrated state, in which the lower spin cannot fall into a unique lowest-
energy ground state with respect to the upper two spins.

are implemented in the system, in which spin pairs interact antiferromagnetically and
form singlets, the systems as a whole maintains a spin of 0. The spin pairs here are
maximally entangled, and if all particles of the lattice belong to a pair, the state of the
quantum system is referred to as a valence bond solid. Unlike a spin liquid, a valence
bond solid does not exhibit a case of unbroken lattice symmetry, and due to the pair-wise
entanglement, its entanglement pattern is not of the long-range type.

The toric code is a topological quantum error correction code defined on a two-
dimensional lattice of spins; its periodic boundary conditions give its lattice the shape
of a torus, as in Figure 4.7. Most commonly, this lattice is of the square type and
one spin-% particle is positioned on each of its edges. On the edges around each of
the vertices and plaquettes of the lattice, vertex and plaquette stabilizer operators are
defined, respectively. A vertex stabilizer operator for the vertex v, A,, and a plaquette
stabilizer operator for the plaquette p, B, are defined as:

A, =]t B, =[] (4.2)

i€V i€p
f are Pauli operators acting on spins ¢ that belong to the corresponding vertex
or plaquette. The space on which all stabilizers act in a trivial manner, such that
A, 1) = [), Yv, B, |¢) = |[¢h), Vp, is named the stabilizer space. In the toric code,
the stabilizer space is four-dimensional and able to store two qubits of information.
Famously, such a code can be used for fault-tolerant quantum computation, as well as
for the creation of quantum memories [75, 76].

Those states which do not belong to the stabilizer space may be mathematically
described as containing quasiparticles. When a Pauli operator acts on a spin located at
an edge of the lattice, depending on the type of operator, the two adjacent vertices or
plaquettes spawn a quasiparticle excitation named anyon, as demonstrated in [77]. If

where o
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X X VA

X

a b

Figure 4.6: Stabilizer operators of the standard toric code. Pauli-X and Pauli-Z opera-
tors acting on spins set on particular edges of the toric code lattice are indicated by red
X and blue Z, respectively. a) Vertex operator; b) plaquette operator.

Figure 4.7: Two-dimensional torus, with genus 2.

the same type of Pauli operator then acts on an edge adjacent to the initially chosen
one, the corresponding vertices or plaquettes adjacent to it either spring an anyon or lose
the originally spawned anyon — it is annihilated. By acting on adjacent edges with the
same type of Pauli operator in such a manner, the pair of created anyons can be moved
further away from one another and the imaginary string between them can be stretched
long. This string corresponds to the connected edges on which Pauli operators acted to
create and move the anyons on the lattice.

Interestingly, if the anyons are moved around on the surface of the torus until they are
adjacent to each other again, and the edge between them is acted on by the corresponding
Pauli operator, they will both be annihilated by it and the created string will be closed. If
these anyons were created on the two-dimensional surface of a sphere and an imaginary
string were pulled from one to the other, this string could then always be uniformly
deformed until it reaches a point — and vanishes. The same is true for a two-dimensional
toroidal surface, but only in some cases. If this string is stretched around the non-trivial
topology of the torus in one of two specific ways, as shown in Figure 4.8, and the string
closed, it would not be possible to uniformly deform it into a point. Instead, the best
that could be done is to stretch it taut around the torus. As the toric code can be acted
on by two independent Pauli operators — one creating anyons on the vertices and the
other on the plaquettes — these strings can be created by 2 -2 = 4 types of strings, two
Pauli-X and two Pauli-Z types.

This property is specific to topologically nontrivial surfaces and is intimately related
to the genus of the surface on which the toric code is defined.

The Hamiltonian of a system with a Z, gauge can be expressed as:

Hy =-U> ot +ty [] o (4.3)
7 p p—edge

and its Hilbert space is defined by states |®) that satisfy:

I1 or1e) = @) (4.4)

I—edge
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Figure 4.8: Nontrivial string operators of the standard toric code, shown on a square
lattice set on a two-dimensional torus with genus 2. The operators created by the
repeated use of the Pauli-X and Pauli-Z site operators are shown in pink and blue,
respectively.

for all sites I of the lattice. To avoid the very dual thinking related to the created strings,
they can be thought of as belonging to a string network or a string-net.

A particular string-net is commonly defined by three types of information: the types
of strings in the network, the branching rules of the strings, and the orientation of the
strings. Different string types can be simply labeled by a numeral index, i. The rules
of branching define the types of strings that can all meet in one point. This in turn
depends on the orientation the strings have: two separate directions or lacking one.

The RVB state on the Kagome lattice has been shown to have a bijective relation
with the Z, topologically ordered honeycomb system [69] — all full dimer coverings
correspond to a particular set of strings in the honeycomb string-net in which all strings
are directionless and branch so that each vertex contains either 0 or 2 connecting strings,
i.e., it is either empty or a string passed through it. Thus, the full RVB state corresponds
to the sum of all such string-net coverings on the honeycomb lattice. As has already been
shown, such a construction is equivalent to the ground state of the toric code, confirming
the Z, topological order of the constructed system. In a Kagome lattice which contains
SU(3) particles in each of its vertices, the resultant string-net is different.

Because the only representations used are the trivial, the fundamental, and the fun-
damental conjugate, each vertex of the resultant honeycomb string-net has either zero
or three strings reaching it, and all the strings adopt an orientation — necessary to
distinguish between the fundamental and the fundamental conjugate. However, unlike
the complicated bijection developed for the RVB model, the SU(3) string-net can be
reached in a straightforward manner.

String-nets can be naturally defined in the context of gauge theories and all decon-
fined gauge theories can be described as string-net condensates — with electric flux lines
acting as strings. For example, the Hamiltonian of the Z, lattice gauge theory defined
on the honeycomb lattice can be written as:

Hy, :—UZaf—l—tZ H oz, (4.5)
% p edges of p

where the links, plaquettes, and sites of the lattice are marked by ¢, p, and I, respectively.
The Hilbert space of this system is formed by quantum states that satisfy:

II otle)=12) (4.6)

legs of I

for every site I. It has been proven that the Z, lattice gauge theory is dual to the
Ising model in (2 + 1) dimensions, which can be seen by the following setup. If links

143 Ivana Kurecié



4.2. Construction of an SU(3)-Symmetric..  Chapter 4. Z5 Topologically Ordered ...

with ¢ = —1 are thought of as being occupied by a string and those with ¢* = +1 as
being unoccupied. Then, only closed strings are allowed in this Hilbert space — the Z,
gauge theory can be described as a closed string theory. In this dual picture the electric
part of the Hamiltonian, —U ZZ oy, acts as string tension, whereas the magnetic part,
tzp II edges of p o7, acts as the string kinetic energy. The confining phase corresponds to
a large electric energy, i.e., U > t, and the deconfined phase to a large magnetic energy.
The ground state of the system is a superposition of numerous large string configurations

— the deconfined phase is a quantum liquid with large strings, a string condensate.

4.2.3 Interpolation between the Kagome SU(3) Model and the Model
with Locally Orthogonal States

The described tensor network model for a state with a local SU(3) symmetry does not
uniquely describe it. It is not immediately clear if this ambiguity affects the result of
the mapping — is it bijective and reversible? This issue can be examined by means of
a numerical interpolation between its description pertaining to the representation and
that pertaining to the exact state of the system.

The precise issue with the mapping pertains to its bijectivity — is the mapping
reversible if the only information that is kept is the one on the representations, and not
on the exact states of the Kagome system? For this purpose, the problem is investigated
numerically, by interpolation between the mapping that contains the full information
on the exact state that may be constructed from the representations assigned to the
virtual indices of the tensors in the network, and the mapping that only considers the
representations.

If the virtual indices of P have the 3 representation symmetry, a possible combination
of specific states from these representations could be expressed as |[u) |u), which is a state
in the 6 representation, but it has no projection in the 3 representation of the SU(3)
group. Another example is a combination of states of the type [@)|d), which may be
thought of as a linear combination of both a state in the 6 representation (the state
%(W) i) + @) |d))) and a state in the 3 representation (the state %(\E} [u) — |u) |d))).
In both cases, a loss of information is evident in the representation-based mapping
scheme.

To combat this loss, two parameters are introduced to be used as the amplitudes of
projectors that map the state of full information into that with a possible partial infor-
mation loss. The first of these, «, varies the proportion of inclusion for the information
on the exact states described by the 3®3 representations of the virtual indices of P. The
full information is carried through by a = 1, and a = 0 loses it completely, keeping only
the information on the representations themselves. Analogously, the parameter 8 varies
the kept amount of information on the states that overlap with the 6 representation, as
exemplified above.

The setup used to describe this interpolation requires the state of each of the virtual
indices to be defined. The virtual indices used in the model may exhibit the trivial
symmetry (1), the symmetry properties of the fundamental group (3) or of its conjugate
(3). The vector sum of these spaces gives a seven-dimensional basis: {1,u,d, s,%,d, s},
where u, d, and s are the shorthand for the up, down, and strange state, commonly
used to describe the eponymous quarks, describable by the SU(3) symmetry group. The
listed constraints are applied to these conditions and each P is fitted with a projector
parametrized by the variables a and (3, as described above.

The projectors P, 4 are used with the parameters (o, 3) € [0,1] described earlier,

to allow for an investigation of the interpolation properties of the two relevant models.
. ®2
The map P, = Py ) projects the two adjacent triangle sites, H®2 = (1e3a 3)® ,
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onto the union of the following three types of spaces: H, =1® 3, H5; =3 ®1, and
H, = 3®3. In this setup, the order of the representations in the tensor product implies
the directionality of the strings to be constructed.

The interpolation in « is obtained by adiabatically projecting out the 6 component
of #(,, as follows:

Pla1) P (4.7)

Ilj-[w ¥ 1_7{6@ (Oéﬂg{l + (1 - Oé) H)

ST

In this expression, H3 and H ? correspond to the spaces of the 3 and 6 representations,
respectively.

When a = 0, then Pgg3 = P 1), 50 Hggz = H D H ;@ H} ~= 3®C>. The first of
the tensor components transforms as 3, whereas the second one labels the representation
under consideration, transforming trivially under SU(3). Now, C? can be projected out
adiabatically:

Pos=[13® (Bles + (1 —5)le) (6103)] P0,1)- (4.8)
Then, the label is projected onto the equal weight superposition of the three components,
le). For (a,3) = (0,0), the superposition can be factored out. Then, each site is
associated with an SU(3)-invariant wave function with the fundamental representation.

4.3 Numerical Evaluation of the Tensor Network

In this section I show the details of the tensor network algorithms used in the numerical
investigations presented in this chapter.

4.3.1 Locally SU(3)-Symmetric Kagome Lattice

In this section I am using iMPS to approximate properties of a PEPS, namely by rewrit-
ing the PEPS transfer operator in terms of an MPO, and then performing an approxima-
tion for its fixed point. This method enables access to properties such as the correlation
length of the investigated state.

Building upon the short elaboration of this method, which has already been presented
in Section 3.4, here I will explain the reasoning behind this approach in greater detail.
The algorithm which I am using here is described in [78], and the details of the MPO
fixed point calculation can be found in [79], under the designation of imaginary-time
evolution.

#- Effective Environments for the PEPS Expectation Value Calculation

The standard procedure used to calculate the expectation value of some observable
that is localized to a single site (or, equivalently, a number of sites) is to sandwich
this operator between two copies of the PEPS and connecting the free legs of each
corresponding site of both of the PEPS copies with the physical legs of the observable
— one with the ingoing and one with the outgoing legs. Because of the locality of
the operator, the free leg of the PEPS is connected directly to the corresponding one
of its copy at almost all sites. These direct physical index connections can now be
contracted, resulting in a two-dimensional tensor network lattice that on each site
other than the one(s) of the observable has a single tensor connected to its neighbors
with indices that are the doubled virtual indices of the original PEPS. The network
for this lattice can then be contracted, so that only the site with the observable and its
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direct neighbors remain, and the remainder of the network can be referred to as the
environment. Given the environment tensor, the calculation of the expectation value
of the observable is a relatively simple task, as there remains only a small number of
tensors to be contracted.

However, the calculation of the environment tensor based on the PEPS tensors
should be performed in a computationally feasible way. The naive approach of con-
tracting the tensor network over the two-dimensional lattice would lead to the bond
dimension growing exponentially. Instead, the techniques use for one-dimensional
tensor networks (MPS) can be repurposed for use in two dimensions.

Assuming the reduced tensors make a square lattice (a flat two-dimensional lattice
can always be turned into a square lattice by grouping its tensors), we can split it
into two halves. For each of the halves, starting from the two outside edges away
from the seam, each row of reduced tensors can be contracted one at a time. This
operation is mathematically identical to repeatedly acting on an MPS with an MPO
that consists of the transfer operators of the original PEPS.

In the MPS picture, applying lots of MPOs to a state is computationally feasible as
long as the growth in bond dimension is suppressed by truncating the resultant state.
This can be done by transforming the state tensors into their canonical form using
singular value decompositions and then discarding all but the D (bond dimension)
largest singular values.

Following this procedure to the lattice seam leads to environment tensors that are
not exact, but which constitute an effective environment.

On top of being able to calculate expectation values of local observables using this
effective environment, by the virtue of how expectation values are calculated using the
two environment MPS, some properties like the correlation length directly correspond
to their counterparts for the MPS and can be obtained directly using this procedure.

This approach also works in the infinite case, where uniform MPS can be used to
calculate effective environments for iPEPS. In that case it would be necessary to calculate
the fixed point of the (also uniform) MPO to find the effective environment, as that is
the only component that survives an infinite number of repeated applications of the
operator.

It is then straightforward to numerically approximate the fixed point of an MPO,
using the algorithm described at the end of Section 1.2.6.

#- Application to the SU(3)-Symmetric Kagome Lattice

In order to perform these calculations for the tensors representing an RVB state of
SU(3)-symmetrical particles on the Kagome lattice, the first step is to block together
neighboring tensors in pairs. By performing this grouping, we look at the unit cell
of the honeycomb lattice (see Figure 4.9). With this, the resulting PEPS has the
structure of a square lattice. This is necessary to obtain transfer operators for the
PEPS, which can be written as an uniform MPO. It would be possible to write
a transfer operator as an MPO even without grouping the tensors, but this MPO
would not be uniform, which is necessary for the simple version of the algorithm used
here, which considers uniform MPS and stores only a single tensor to describe the
state.

Now the correlation length of the model can be studied at different points of the
parameter space spanned by the two parameters o and 8. In addition, the bond dimen-
sion can be chosen freely, which means that the change in the correlation length of the
resulting MPS can be investigated with respect to an increasing bond dimension.
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Figure 4.9: Structure of the tensor network, with the unit cell of the honeycomb lattice
demarcated by a purple dashed line.

As described before, the parameters a and § are not varied freely, but only along a
path where first « is varied between 0 and 1 while § = 0, and then S is varied between
0 and 1, while a = 1.

The algorithm described above can now be applied for each point on this path,
starting with a random MPS of a certain bond dimension D to act as a starting state.
This can then be repeated for different bond dimensions. Higher bond dimensions will
give more accurate results, but will require more resources and be slower to calculate.
Therefore, the scaling of the correlation length with increasing bond dimension will
be used to aid in the extrapolation of the results. These calculations are shown in
Figure 4.10.

The correlation length £ is not shown directly in this figure; instead, it shows the
ratio in magnitude A between the largest and the subleading eigenvalue of the transfer
operator. lLe., A = |§—;| where ), are the eigenvalues of the transfer operator sorted by

descending magnitude. These can be directly converted into one another, since A =

exp(—%).

The results for different bond dimensions are obtained by implementing the algorithm
in MATLAB and running it on a regular home computer. Because of the computational
capabilities available, the simulated bond dimensions are small, to keep the runtime
manageable. However, from the spread of the results it can already be seen that useful
results for this parameter region can already be obtained with low bond dimensions. For
more detailed results calculated with much higher bond dimensions, see Section 4.3.2
and Figure 4.13.

The results of the simulations for the whole parameter range of the interpolation can
be seen in Figure 4.11 and Figure 4.12.

There was a range of parameters for which the algorithm did not converge to a result
with a sufficiently low cut-off error e. (Sufficiently low in this case means essentially
indistinguishable from zero within the numerical precision of the simulation, which in
this situation roughly corresponds to € ~ 1 x 10715.) For clarity, these points have
been marked in subfigures 4.11a and 4.12a. The most likely explanation of this behavior
is that the low bond dimension used for the calculation is insufficient to represent the
fixed point of the transfer operator. This conclusion is bolstered by the results from
Figure 4.13, which were obtained for a system with a much higher bond dimension.
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Figure 4.10: Ratio A of the magnitude of the subleading eigenvalues of the transfer
operator along the path of the interpolation for «, comparing results for different bond
dimensions. As can be seen from the spread of the results, in this region, relatively good
results can already be achieved with small bond dimensions.
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Figure 4.11: Difference A of the magnitude of the subleading eigenvalues of the transfer
operator along the path of the interpolation. The interpolations for a and 8 can be
continuously connected, and therefore the plots are intentionally placed side-by-side.
The individual points marked in orange in (a) are points where the cut-off error did
not converge to zero, i.e. the bond dimension was insufficient to represent the state

accurately.
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Figure 4.12: Correlation length along the path of the interpolation. The interpolations
for a and 8 can be continuously connected, and therefore the plots are intentionally
placed side-by-side. The individual points marked in orange in (a) are points where
the cut-off error did not converge to zero, i.e. the bond dimension was insufficient to
represent the state accurately.

When only the well-converging points (marked in blue) are considered, the results in
Figure 4.11 do reproduce the lowest non-zero values from Figure 4.13.

4.3.2 Numerical Analysis including Virtual Symmetries

This section summarizes the work I have accomplished in collaboration with Laurens
Vanderstraeten and Norbert Schuch [2], and includes the succinct results on the spectrum
and wave function of a locally SU(3)-symmetric system of particles on the Kagome
lattice, derived numerically by the use of tensor network algorithms. In addition, it
shows an interpretation and elaboration of these results, finishing off with a conclusion
on the topological properties of this system.

Like in the previous section, the behavior of the wave function along the interpolation
was studied numerically, by use of iMPS with a tunable bond dimension, x, which helped
approximate the fixed point of the PEPS transfer operator. By exploiting the virtual
symmetry of the state, it is possible to introduce dressed [80] iMPS transfer operators,
Ag.n- This method then provides the correlation lengths for general anyonic correlations,
&gy Dy using the subleading eigenvalues of each dressed iMPS transfer operator, A/, .
The anyon fluxes are labeled by their group elements, g, and the anyon charges by
their corresponding irreps, 7. Flux-type excitations are different from charges; they are
modeled by strings of symmetry actions, whereas the charges are modeled by strings
of irrep actions on the virtual level. The former are also named visons, whereas the
latter are named spinons. Their composites have parafermionic e*27/3 gtatistics. As
Figure 4.13 shows, during the first half of the interpolation, (1,1) — (0, 1), only vison
excitations acquire a finite correlation length. This follows from the fact that the effective
amplitude of singlets with 3 representations is reduced when 6 is projected out (because
3®3 = 3®6). For the most part, these correlations can be suppressed by considering a
modified model (named the 3-enhanced model), in which 2, ;) contains an additional
factor in front of its (1 — a) term, ensuring the total weight of the 7 subspace is fixed.

Throughout the second part of the interpolation, i.e. 5 =1, 0 < a < 1, the vison
length does not grow, but ultimately decreases, while the length scale toward the SU(3)
point is dominated by one of the parafermions. At that point, the extrapolation of
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Figure 4.13: Plot from [2]. Further results on the correlation length (§) and A, extending
the results from figure 4.11 by differentiating them by excitation type and to higher bond
dimension. The calculations here were done with much larger bond dimensions, up to
500. However it can be seen, that the well-converged values from 4.11 reproduce the
smallest non-zero values from this plot to a large degree. The inset shows the scaling of
Eata=p8=0.

0.4

K/

1/x shows that £ ~ 1.77. This extrapolation also shows that the correlation length for
x — oo is finite. Because no divergence can be found in any correlation, the system
proves to be gapped and in the same phase as the Z; quantum double model, with no
condensed anyons. The convergence analysis in Figure 4.13 confirms this conclusion.

The presented PEPS model is a topological spin liquid that exhibits a Z5 topological
order.
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Chapter 5

Summary of the Results

In this work I have used a medley of analytical and numerical methods to analyze prop-
erties of many-body quantum systems with certain symmetries and those with disorder.
Here I will concisely review the central results from each of the previous chapters, put
them into context and consider potential future approaches.

——>0 =D 0<

In the scope of my dissertation, I had announced to complete the following goals.

# Derivation of a stochastic integral representation for interacting quan-
tum many-body systems with disordered terms

I have developed a novel way to express the disorder-averaged propagator of a
quantum many-body system with disorder by use of stochastic integral calculus
methods.

# Calculation of a general analytical solution to the time evolution of a
local observable in a perturbed many-body system.

I have calculated the expectation values of certain local observables for a partic-
ular quantum many-body systems using perturbation theory with a disordered
perturbation term up to the second order.

# Construction of a general system of efficient bridging between different
variational solutions for a many-body system with disorder, using tensor
network formalism and the already obtained perturbative solution.

I have applied the mechanism of tensor bridging to a system perturbed by means
of random local interactions, and then demonstrated the evaluation of properties
of the resulting state numerically.

#* Construction of a tensor network state with local SU(3) symmetry with
topological order.

I have constructed a tensor network state built to be invariant under local SU(3)
symmetry, which I have shown to exhibit Z; topological order and the properties
of whose phase I have studied.

In Chapter 2, I looked at methods for studying interacting quantum many-body sys-
tems with disorder, using multiple approaches based on perturbation theory. The most
successful of these approaches was the stochastic integral representation of the disorder-
averaged propagator, a method that allows for the study the dynamical properties of
systems with disorder by employing the mechanism of stochastic integral calculus. I
have shown how this method can predict dynamical properties for the one-dimensional
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Anderson model. Further, I also presented a diagrammatic approach for calculating
the disorder-averaged propagator for a specified system. The methods presented in this
chapter might prove useful in studying many-body localized systems, an exotic type of
order for quantum many-body systems.

With Chapter 3, I continued the theme of quantum many-body systems with dis-
order and perturbation theory from the first chapter by focusing on a particular two-
dimensional system. In this chapter I was able to generalize the tensor-bridging approach
from Vanderstraeten et. al. to a system with disorder. By giving a tensor network de-
scription of the system using PEPS, I was able to numerically calculate some interesting
properties. The work presented in this chapter could be helpful in giving an approach
for studying other quantum many-body systems which are disordered.

Chapter 4 connects the themes of exotic order and tensor network methods. Herein
I show the use SU(3) symmetries in the construction of a spin liquid wave function
with Z, topological order via tensor networks, corresponding to the Z; quantum double
model. I also show how properties of the model can be obtained numerically along an
interpolation between the spin liquid and the topologically ordered fixed point. These
results are yet another step towards potentially understanding the behavior of quantum
many-body systems with local SU(n) symmetry in general.

All in all, I have presented an analysis for the study of symmetries and unusual
types of order in interacting quantum many-body systems using an array of analytical
and numerical tools, and shown how characteristics of topologically ordered phases can
be connected to fundamental symmetries.

—>0 = 0<

In conclusion, in the scope of this work I have presented new methods for the study of
quantum many-body systems, especially those exhibiting exotic phases of matter, and
thus complemented and advanced upon the previously acknowledged state-of-the-art
approach to the analytical investigation of quantum many-body systems. The methods
and solutions I have constructed can be applied to a large variety of problems that
involve many-particle systems in realistic environments, with perturbation. Thus, my
completed dissertation presents an advancement in the scientific research of quantum
many-body systems.
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Appendix A

Additional Calculations

This appendix chapter includes additional calculations that elaborate on the crucial
steps and conclusions presented in the main part of the dissertation. Each calculation is
connected to its relevant mention via hyperlink.

Perturbative Solution to a Many-body Localization Hamiltonian

#- Integrating H,(s;)
As described in (2.73), the calculation for A follows.
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This result is used here.

#- First orders for the time-evolved expectations for M (t) and F(t):
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This result is used here.

#- Second order for the time-evolved expectation of M (t):
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. 5 k) 5(7,k) z 8(7,k)(_1\6 k) ~z 2z z z z -z
L (—1)8k) 251 ()T (1) R o 2 (—1)0 R ()T jO'J0']+1€280'k710'ke230'k0'k+1)‘

ety %%nds,ds | = (A.46)
—it s

=t, 52/ /eitza"§"3+12hjZhkaiafo'j(%(j,k:)eitzb"i”iﬂdslds (A.47)
o o k

The expression can be further simplified, using the defined functions ©.

—it s
— 2 —ity oLoh. .
Qo= | ¢ /0 /O e aar12h,;

(hjfla]{la‘faj@(k =j—1)+h;05050%0(k = j) + hj 07 ,050:0(k =j+ 1))

eit 2 0505 dSldS = (A48)

—it
=E, | /0 /O e 120200120, h ot 0T 07O (k = j)e' 0 7% nds, ds | = (A.49)
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—it s
— 2 =ity 0L0E 1912( 522 52,
=L, (5 /0 /0 e 2h5(0f) 0

(67230]{1016 2s0Z0% 28,05 405 62310' o3 Te —2s,0% 1036 2sy0507% 2s0%_ 2s0Z0

i“itle jtle Je J ]+1>.

eitzb 0§0§+1d51d8> —_ (A.50)

—it s
. z -z
_252’)”%/ / e thagaoa+l (O—‘?)QO—;
0 0

(6725(05’1U§+U§U§“)6251(U;’IU§+U;‘U§H> + 625((7;710'JZ.+0'JZ-0']2-+1)6*281(0';710;4»0;0;“)) X

et X759 ds, ds = (A.51)

—it
_28 / /He—ztaaaa+1 0_ ZUj_

(6_25<0j*10j+djo.j+1)€251( jﬁlaj—&-ajajﬂ) + 625(05710']2-+0'JZ-O'JZ-+1)6—281(057105+a§a§+1)) .

et 20757 ds, ds = (A.52)

—it s
_9.2,2( x\2 =z —2s(0%_ laZJrO'JO'JH) 2sy(05_105+050%,,)
=2e°n;.(0%) Uj/o /0 <e +

+ 628(UJ 1075 +o‘J0J+1)6—231(0?105-5—0';0']241))dslds — (A53)

—it S
:25277%057/ / 2 cosh (2(s — s1)(0% 405 + 0% g+1>> ds,ds (A.54)
0 0
This result is used here.

#- Example calculation of (2, );:

—it  ps
Ly = E, ( [ e [Hu<s>,[Hy<s1>,Mne“Hodslds) - (4.5
o Jo
—it ps [ i
=E,, (3/ / > kot tho—g,a;” dslds> = (A.56)
o Jo |7
—it ps [
=, 52/ / Zhlaf, thaiaj—a';thlai)] dslds) = (A.57)
o Jo |7
—it s [
=k, 52/ / Zhlaf, Z(—l)‘s(’“’j)hkajai—J]?thla}f)] dslds> = (A.58)
o Jo |77

(
(11|
¢, ( [ >t} (207, >] dslds> _ (A59)
(
(
(

=E, | & /0_“" /OS (_2Zhl‘71 oth;of +20%h;07 - thllafl) dslds> = (A.60)
—it s 1
=k, 52/0 /0 (—22(—1)6(3',!)}”05—0[ ~hjof +20%h;of - thllafl) dslds> = (A.61)
—it s 1
—2e2h;0%0% /0 /0 (Z(—l)‘;(j’”hlo—f—ghllai ) dslds> = (A.62)

—it s
=, (—262hjaj-af/ / (—2h,0? )dslds> = (A.63)
o o
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—it s

=L, (452h§aj/ / d51d5> = (A.64)
o o
—it

=k, (452h?0]2-/ sds> = (A.65)
0

9 it
=E, (452h§a;. [82} ) = (A.66)
0

42
=E;, (—2e*hiost?) = (A.68)
=—2t’n0% (A.69)

This result is used here.

#- Fourth order for the time-evolved expectation of M (t):
—it s
. =E, ( [ [ et . P Hdd) - (A70)
0 0
—it s ‘
= (52 / / e, 0iThn [Hy(s), (hjflafflafe%laﬂz‘*?";*l - (—2sinh(2s,03 ,0%)) +
0 0

+ hj(g;c)Q (-2 sinh(2s, (054075 + U§U§+1)>> +

+ hjﬂafﬂafe%l"?“”;ﬁ . (—2 sinh(QSla]Z.a]Z,H)))] .eitho§0§+1dslds> = (A.71)

—it s
:[Eh 52 / / e_it Za O'ZU§+1 C_S Zl o’fo’ﬁrl E hkgies Zm Gino'irwrl’
0 0 k

(hj,laf,lafezslgi—zgi—l - (—2sinh(2s,0% 10%)) + h;(0%)? - (=2sinh(2s, (07 07 + 0i07,,))) +

J

—it s
=, (52/ / e 2, 9595:1 . E [hkgg(g?sailoi@?saiﬁﬂ,
0 0 k

(hj,laf,lafezslai—z”?l - (—2isin(2s,0% 10%)) + h(0%)? - (=2sinh(2s, (07 0% + 0i07,,))) +

+ hj+10’§’+10’%251"5+1”5+2 . (—2 sinh(ZSIUjo-jH)))] ety U§‘7§+1d81ds> = (A.72)

+1% 3

—it s
=k, (52 / / e " a0 Z (Zl + 3, + E3> ety 7575 dslds> (A.74)
o o k

The commutator for the first summand gives:

—+ hj_~_10';J 0'3?62810'5+1UJZ'+2 . (—2 sinh(2510j05+1)>>] 6itzb U§U§+1d81d5> = (A?B)

— T ,280%_,0% 280707 x x 25105 505 4 (_ i 3 Z)) —
Zl = hkake k-1%k e k k+1hj710-j710-je j=275-1 ( 251nh<2810j710j))

z z . z z z oz
—h. ;0% 0%e?1972%1 . (—2sinh(2s,0% ,07)) - h,o%e257h-17% 25010541 = A.75
J—1¥5—1%5 1¥5-1%5 k¥ k
o T (—=1)0k. =145k 59552 g% (—1)00k:0-2)+8(k, 119552 5% x 28105 507 1 (o P 2\
=hyh; 10505 1€ k1% e ROk gFes17527) ( 2smh(2510j_10j))
. T T ,2810% 505 1 x (o9 _1\0(k,j—1)+0(k,j z z 250} 10} ,280707 .1 —
hyhj_q0f 05e™ 1727107 - ( 2sinh((—1) (k, (k, )23101-710]-)) - e9%-1%% 5%k Th+1 = (A.76)

—1)8(k,3-1)+28(k,j)+8(k,j+1) z z  (—1)9(k,j—2)+28(k,j—1)+5(k,j) Z 52 z 0% .
:hkhj_laiaf_lafd b 2505 10% (= 1) 25070k 1125195251 . (—281nh(251o']2f 107)) —
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_1)6(k,j—2)+6(k,j—1) z z . . : z z z 2
—_ hkhj—lo-f]?—lo-fjno-ge( 1) 25103—2‘7]—1 . (-2 Slnh((_]_)é(kv] 1>+6<k»])2810'§_10"7z,>) . erak—10k6250k0k+l =
(A.77)

—1)0(k,5—1)+6(k,j+1) z z (_1)0(k,j—2)+6(k,5) zZg% z z .
1) 2507107, o(—1) 2507,0%.1 0251952951 . (_2 Sll’lh<2810';7_10'§>> o

125,05 505 1 . (—2 sinh((—1)5<k’jfl)+5(k7j)2510;’;10;)) =

— T T x ,(
=hyh;_ojoj j07e
8(k,j—2)+6(k,j-1

_ hkhjflo-io-;'c—lo-;'c . 2505 10} 025070041 . e(fl)

(A.78)
=hyh; 1005 107 <€(1)5(k,j1)+5(;k,j+1‘)280'i10'ze(1)6(k,j2)+5(k,j‘)250—20-z+162810';_20']2-_1 ) (_2 Sinh(2810§;10§-)> _
(1) Ok 8(k) g250F 107, 25070y . (DTN 281 05 05y <_2sinh(28103z'—103z')>> ) (A.79)
and it holds that Xy (s o ;1 ; 41y = 0. For the second summand, it holds that:
Yy = hyote? k128955 hj(o';?)2 . (—2 sinh(2s, (07,075 + UJZ.JJZ»H))) —
—h;(a})?- (—2 sinh(2s, (0%_,07% + Ujajﬂ))) - hyo LRk 25900 = (A.80)
=hyh;ofe? 717k e5kTh - (=2 sinh(2s, (0% ;07 + ajajz-+1))) —
— hyhy - (=2sinh(2s, (07 07 + 070%,1))) - 0?5717k 257k kn (A.81)
The commutators of the trigonometric functions of of can be further simplified as:
sinh(¢020f) - oF = of - sinh((—1)2k@ kb ¢rza2) = (A.82)
=(—1)0ka) kb 52 . sinh(E0Z07) cosh(éo2af) - oF = oF - cosh((—1)2k@) kb ¢az52) = (A.83)
=07}, - cosh(éoZof) sinh(§(oZ0f + 0207)) - 0F = (A.84)
= (sinh(&(0Zof)) cosh(§(oZ0s)) £ cosh(é(oZof)) sinh(é(ofo7))) - of = (A.85)

— sinh(¢(0207))07 cosh((—1)ker+0kdig (525%)) &
+ cosh(€(0707))of sinh((—1)2ke0kdg(g2g%)) = (A.86)
=of (sinh( (1) EDE (0707) cosh((—1) 700D (g0

1 cosh((— 1)) BDIE (5 07)) sinh (1) 0D (507)) ) = (A.87)
=0} ((—1)5(’“’“)+5(k’b) sinh(§(oZ07)) cosh(§(oZo?))+

= (—1)%00) 0 cosh (¢ (0707)) sinh(€(0705)) ) = (A.88)
(1) k130D gt (sinh(&(0507) cosh(€(oz03))+

- (1) 01300 80d) cosh (€ (o207)) sinh(€(0203)) ) = (A.89)
=(=1)ha Do sinh(¢(oFoj+

o (1)) 0 0k 0(6d) 20 2)) cosh (€ (0207 + 0203)) - o = (A.90)
— (cosh(§(0%07)) cosh(¢(070%)) £ sinh(¢(0707)) sinh(E(020%))) - of = (A.91)
=t (cosh(¢(0707)) cosh(&(ozos) +

& (—1)0ka 0140k 80d) inh (¢ (0707 sinh(€(0705)) ) = (A.92)

—o% - cosh(¢(o%07 + (_1)6(k,a)+6(k,b)+5(k,c)+5(k,d)O.ggs)) (A.93)
Then, >, gives:

Yy = hyh;ofe**7k1%ke?5 k% . (=2sinh(2s, (0} 0% + 0507,,))) —
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— hyhy - (—2sinh(2s, (07 07 + 050%,,))) - 0?5717k e257kka = (A.94)
=hyh o7 ekt e?37k%k - (~2sinh(2s, (0 0% 105+ 07 crﬁl)))

. hkhjai . (_2 . (_1>5(k,j71)+5(k,j) Sinh(gsl(gjz_lgj + (=1) (k,371)+26(k,j)+5(k,j+1)U;U§+1))) .

6250240’% eraiaiﬂ — (A95)
:hkhjage%"ifl”i625‘73"2“ (-2 sinh(2s, (03_,07% + U§U;+1))) —

— hyhjoy - €250%-19%, 25070541
(—2 . <f1)6(k,j71)+5(1€,j) Sinh(281<0;_105 + (71)6(k,j71)+6(k,j+1)O_J;UJ;+1))) _ (A.96)
:hkhjo.ielsazflo'i6250z0i+1 . (_2) .
(sinh(231(a§,1aj + a;fajﬂ)) — (_1)5(k,j—1)+6(k,j> Sinh(281(0j~,10§ + (_1)5(k,] 1)+6( ,]+1)J] Ug+1))> (A.97)
and it holds that
Zoskt{(i-1.5+41) = 0- (A.98)

Finally, the commutator with the third summand can be simplified to:

I hkgiezsa@lo;ezso;aiﬂ Ry 08,0 €25197:1%52 (_2 Sinh(Qslo' Ug+1)>
— thaﬁla;”eQSl”;H"jﬂ (= 2sinh(2s,07% UJH)) hy oL e?5 i1k 251k = (A.99)
:hkhj_HUgaﬁ_lag?6(71)é(k’j)%(mmusa’“*lUk6(71)6“” DRI 250707 11 L 0291051105 1a | (72 Sinh(2810505+1)) _
— hyhj 0% 0017 %5 L g (—(—1)0RD ORI sinh (25, 007, ) - €297R-17k 2R TRn = (A.100)
:hkhj_Hgﬁg}c_‘rlO—;‘F6(*1)6(k’jHé(k’jﬁ)ngifl‘726(*1)6%"7.71”5(16"7“)23”?"24& . 25107410512,
(—2sinh(2s,0%0%,,)) — (A.101)
hkh]+10-kaj+1o-] o 1)0(kd+ 140k, 542) 25, 0% 0% (_(_1>6(k7y)+6( ,J+1) 281nh<2810' 0]+1))
6280k710k6280k0k+1 — (A102)

_1)8k.g)o(k,5+2) Blesg=1)+8(k, 5+ 1) 952

2 gz (_ 2 z oz .
=hyh; 10507105 (e( 2507195 ¢(—1) Thi1 . 2519541 %542 . (—2 smh(2slajaj-+1)) —

_ (_1)5(k,j)+5(k,j+1)62502_1o‘i€250iaz+1e( 1)8(k.d+1)+6(k,j+2) 95 52 11952 . (—2 Sinh(2810';70';+1)>>, (A103)
with
X3kt {j—13,5+1+2) = O (A.104)
The derivation of 2  is then finalized by considering that £ (h,hy.,) =0

—it s
Qy.rp =L, 62/ / e 2 7% Z Y+ + 8, | et oi%hads,ds | = (A.105)
0 0 k
it DI Yo D3 . .
_nhg / / e*ltz Ua0a+1 Z 172—1_1 + 272—] + 37};—]+1 eltzbabab+ldslds (A106)
0 0 hjfl hj hj+1

€2/ / e—itzao'gagﬂ O.z 10. 10.

—2s0% 0% z g2 z _o* .
e 2505-207-1¢2893-19] 251952051 . (—2 smh(2slajz;laj»)) +

z z z z _ z z .
+ 2595291259719 . g7 281972051 . (—2 51nh(2510j_1aj)) +

+ofe 2507195250505 . (=2) - (sinh(2sl(aj_10;f +0%0%,1)) +sinh(2s,(0%_,0% + 0 ]H))) +

T T z( 2s0%0% —2s0%, 0% 2s,0% 0%
+07,107.10j <e 1%5re 27N L @217 e L (— 2sinh(2s,050 +1)) +
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2s0i0%, | ,250%,10%, 5 ,—258,0%,,0% : zZ 2 ity ofof —
4 28050541 2505,1105,00728105,10515 | (—251nh(2510j0j+1)>>>e b 7%1ds,ds = (A.107)

—it s
22 —it ool x 2505 107  (_9ai z z\\ .
=nle / / 2a +1 (a e ( 231nh(2310j710j))
0 0

(6280520516231052051 + 6230]2'*2(7;*1 6231052051) +
+ 207575175 2575511+ (—2 - sinh(2s (07 05 +0 )+
Fi 1051 0541
+ O-;U 28950511 . (72 Sinh(2810'505+1)> (6*23‘7;#1‘7]242 . 25195410512 + 625‘7]2'+1‘7JZ‘+26231UJZ'+1‘7§+2>) .

et X959 ds, ds = (A.108)

—it s
—77%52/ /Hf”%%u (ame%” 175 (= 2sinh(2s,0% ,0%)) -
0 0 a

(62(881>U;2U§1 _|_62(ssl)aj2a§1>+

+20%e 2503 10% p250507,1 (_2 . Sinh(gsl(gjilgf; + aja§+1))) +

+ Ufegsoa‘fﬁl - (—2sinh(2s,0%0%,,)) (e*Q(s’sl)"?H”?ﬂ + 62<331)‘7:Z'+1"JZ'+2)> He”‘7§”§+1dslds = (A.109)
b

—1it s
:77,2182/ / He itogoa (Ufe%" 1% (=2 sinh(2510]2-_1057)) (—2sinh(2(s — $1)05 0% D)+
0 0 a
+ 2072595195 259551 . (—2 - sinh(2s, (0% o+ 050 +
J 1051 j+1

+ofe 297575 . (=2 sinh(2slajajf+1)) (—2sinh(2(s — sl)ajz-ﬂa]ﬁz))) H etot%:1ds,ds = (A.110)
b

—it s
_nhgzafezzt( 2 ok tor UJ+1)/ <62502._10'Jz' / (—2 sinh(2310]2~710]2~)) (—2sinh(2(s — 31)057203{1)) +
0
+ 22505105 280505, / —2-sinh(2s, (03 0% + 0%07,,))) +
0

S
+ 2595050 . / (-2 sinh(2310505+1)) (—2sinh(2(s — 81)0]2-+1Uj+2)>> ds,ds (A.111)
0
This result is used here.

As an example for the calculation of a higher order perturbative term, I will present the full calculation for

A —it S So S3
’ 0 o Jo Jo

‘e_itHO [HV(81)7 [Hl/<52>7 [Hy(83)7 [HI/(S4)7 M]”] eitH()) d81d82d83d54> = (A112)

—it S So
(e [
0 0 0
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[Hy(sl), [Hu(sg), [Hy(sg), [/0 H,,(s4),M”” eitHodsldszds3ds4) =

—it S So
0 0 0

|:H1/(51)’ [HV(SQ), [Hy(s?,),/oss H,,(s4)M—M/OSS Hy(s4)m eitHodsld52d53d54) —

=k, (54 /Oit /Osl /082 e—itHo [Hy(sl), [HV(32)7 (HV(S3),
(/083 H,(sq)M — M/OSS Hy(s4)) - (/053 H,(sy)M — M/053 HV(S4)> HV(53)>] ] :

eitH0d31d32d33ds4> =

=, <54 / /0 le,itHo [Hy(sl), [HV(SQ),
/O 2 /0 3 (H,(s3) (H,(sy)M — MH,(s,)) — (H,(s,) M — MH,(s,)) H,,(s?,))” .

eitH0d51d32d33ds4) =

—it S
:[Eh 64 / / e—thO_
0 0

[Hy(sl), {HU(SQ), /0 N /0 K [Hl,(s3),[HV(34),M]]ds3ds4” eitHodsldSQ) -

—it EN
=F 4 —itHo [ [ 7H1/ , , itHOd d ,
h(e / / eitHo [H, (3,), [H, (33, Cy (55, 53)]) ¢*Mods, )
where . .
) - HV 7Hl/ ’M d d
Co(53, 53) / / [H, (s5), [H, (s4), M]] dsyds,

From (2.112) it can be seen that
Q, = £, (e2e7Ho(,(—it, 5)e't o)

SO
—it S
+ 10702070 (k = j) + hj, 107, 07070 (k = j + 1)>dslds.

Back to the calculation.

—it EN So S3
Q= [ [ e o, 6o, [ [ ony
0 0 0 0

T T ~2 L ~T 2 T T +Z
(hj—10j—10'j 05O —j_1(53,84) + h;o7 07050, _;(53,84) + hj 107105705051 (ss, 34>>d54d53] ] ‘
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itH
e"Hods;ds,

(A.122)

—1it R
_ 4 —itH, —s ofo? § s oz, 0%,
_lEh e / / e 222X} HV(81)7 e QZZ 19141 hkgge 2Zm +17
0 0 k
S2 53
T Tz T Tz T Tz
/ / 2h; (hj,lajflaj 050y j_1(83,84) + h;0505050,_(85,84) + hjp105,,050%0, (53, 34))-
0 0

ds,dsy | | eitflods,ds, | = (A.123)

—it N
. S(k,l)+8(k,l Z 2 z -z
=E, 64/ / e—itHy Hl,<81), E hko—i Hei(il) (o8, L) g 12 g2 Heszomomﬂ,
0 0 k l m
S22 83

X X ~Z X ~T ~Z X X ~Z

/ / 2h; (hj_laj_laj 050,_;_1(83,84) + h;0505050,_(83,84) + hj107107050,_; (53, 84>>'

0 0

ds,dss | |eHods,ds, | = (A.124)

—it Sq
:[Eh 64/ / e itHo Hy(sl)v E hk0i62320k*10k62320k0k+1,
0 k

0
So S3
x T +Z T ~T ~2Z x T ~Z
/ / 2h’j<hjflaj710j Jje)k:jfl(si%? S4) + hjoio; Uj®k:j<337 S4) + hj1105,107] Uj®kzj+1<337 54))'
o Jo

ds,ds; | | efods dsy | = (A.125)

—1it S
:IEh 54/ / | | e—itagaz+l § thf€2510§*1026251050i+1, E hk01€628262*1026282620i+1,
0 0 a c

k

S2 53
X X ~Z X ~T ~2Z X X ~Z
/ / 2hj<hj—10j_10'jUj®k:j—1<53»54)+hj0j0'j0j@k:j<53754>+hj+10j+10j0j@k:j+1<53754))'
o o

ds,dss H et9%1ds,ds, | = (A.126)
b

—it N
:[Eh 54 / / H e*itUZUZH E hco'gezslai—lo'i e2slg§0§+1’ E hkgi€2s20z—1gz 62520’@@1,
0 0 a c k

Sy 83

X X ~Z X ~T ~Z X X ~Z
/ / 2hj<hjflajfloj 050,_;_1(83,84) + h;0507050,_;(83,84) + hjy107107050,_; (53, 34)>-
o Jo

ds,dss H e7i%nds ds, | = (A.127)
b

The first summand in the first commutator in detail:

_ T 28507 0% 28,0707 . T Tz _
I, = E hyoge®*27k1ke2527k% - 2hh; 0% 105050, 1 (83,5,)
k

— g hi2hh;_ 107 105050, 1(s3,54) - oL e?521171 25291911 = (A.128)
i

o T ,285,0% 0% 28,070% = T 42 —
=2h;h; 4 g hyoye*92%k-1%% =927k Tk+1 Uj_10j0j9k=j—1(53754>
k

- E hlaﬁlaf%z‘@l:jﬂ(s&szl) 'Uf€28207*107€2820707“ = (A.129)
1
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— E x LT —1)0k)Hok =125, 0% oF (—1)8Rd- D6k I-2)25, 5% 5%
_2h]h]—1 hko-kro-j—le( ) 2Y k-1 ke( ) 2%k k+1o’]o’ @k —j 1(33’54)

- E h10§710§056l1j71(83, 34) * Uf€252alz’10—lze2szo—lzo—lz+l — (A130)
l

8(k,j+1)+258(k,j)+8(k,j—1) _1)8(k,5)+28(k,j—1)+8(k,j—2
1)8(k,+1)+25(k, 5)+8(k, 5 )232‘7i71‘7i6< 1)80k,0)+ J=1)+6(k,j— )2820k0k+1®k i 1(83,54)—

=2h.h. L 5T T 57 (=
=2h;h; 4 g hyopoj_jo5ose
k
- E th'Jl;lo'jz-O']Z-@l:jfl(S:,),SéL) 'Ufe2s2dlz’10—lze2520—lzo—lz+l = (A131)
l

o 1)8(Li+D)+6(L,5-1)9g 52 gz (—1)0.0)+6(1,5-2)05 524
=2h . h] 1 E hlo-l i 10— O' e( ) 2071 le( ) 207 Hl@k 1(83,54)—

— o5 105050 (83, 54) - oF €**27117T 2020170 | = (A.132)
i _1)6(L,+1)+8(1,5-1) z z 8(L,5)+68(1,5-2)
=207 j0%0%h;h; IE h | (—1 5(173)0—1%6( 1) 28307 407 o(—1) 2820’0”1@k i 1(83,84)—
z z Z 2
_ Gl:jfl (337 34) . 0-1956252‘7171‘71 28207011 (A133)

The second summand in (A.133) depends on the relation between [ and j. For the cases where | # {j —1,75,j +
1,7+ 2} the following is true.

_ T 1 k,j+1)+8(k,j— 1)2S g% L o% (_1 6(k,j)+6(k,j72)2s gio?
Hysgion,g, 41,5420 =2h5h E hyogoi 10505 zel 2%k 1%k 27k010 s 1 (83,84)—

- Z hZO'lmO';c U] U] . 62820127101262820120111@l:j—l(53, 34> (A.134)
1#{5—1,5,5+1,5+2}
Furthermore,
Hygsgiooi-15+1,542y = 05 (A.135)
and the summands for the other values of [ are non-zero, i.e.
Wy gj2,j-1,j+1,5+2) 7 0- (A.136)

The commutator for the third summand in (A.127) is as follows.
— T 250,07 107 52800707, . T T 2 _
I, = E hkake 20k 10k 252050 k11 hj+10j+10j0j@k=j+1<53’84)
k
z z Z 2
- E hlhj+10f+10'f0'j@l:]+1 (83, S4) * Ulrezszgl*lo’l 62SQUZ Jl+1 (A.137)

It might make sense to examine the commutation relations between ©, and of’. Beginning with ©,_; ; =6,

©; - of = *7i2%1¢*17i% 1 . (=2sinh (2(s — 5,)0%_10%)) - 0F = (A.138)
=(—1)20=DH0(Ld) 25752751 €251959541 . ¥ (—2sinh (2(s — sl)ajilaj)) = (A.139)
=(—1)0bdDH0) g (T 20 0 (1T 2s 0T (9 sinh (2(s — 51)07 407)) = (A.140)

lac( 1)6(l,j71)+5(l,j)e(71)5< I N2507 yo2 1= 1)+t os, g%z, 0. - 2805 205 1 p=251050%,, _ (A.141)
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=070, (- 1)3d=1)+3(L.5) (= )02 —1) 2507 Ho% 4 ((-1)°0 0 LIT_1)25, 0% 0% (A.142)
[9];1,Uf#j,g,j,l,j,jﬂ}] =0 (A.143)
Oy 07 = 25195197 259541542 . (—2sinh (2(s —81)050 g+1)) cof = (A.144)
=(—1)3La)+al ’JH)J%( DI, 05 0F o (-1)0 T 2505 0y | (—2 sinh (2( — 81)07% O']_H)) = (A.145)
:o‘lw(—1>6<l’j>+6(l’j+1)6(71) (1,5—1)+8(L,4) 25,07 0% e( 1)5(1,j+1)+5(z,j+2)2sa]?+la§+2 . ®j+1 . 67281612'*1012'672507“01” — (A.146)
o - O, (L) DI 1) 207 0% () 20 (A.147)
[@jﬂ»Uﬁé{j—l,jﬁl,m}] =0 (A.148)
©,;-0f =2cosh (2 (s,( 0% 05 +050%,,) —s(0f 10} toio ]H))) of = (A.149)
=o¥ -2 cosh( (sl( 0% 0% +0%0%, ) — (_1)5(1,]—1)+6(l,]+1)3(Ujilg]% + Ujg§+1)>) (A.150)
[0+ otug150m] =0 (A-151)
Back to the first summand, II,.
I, =207 y0j0sh;h; 4
Z h ( 7])0 6( 1oEIH I sy 07 of ( 1oIEehi=22s, 0707, @k (83, 84)
— 01 1(s3,54) - Ufe2820’2’10’z€2820’20’2“> = (A.152)
:20_30 J 03 2], hg ) Z hl( 6(10)01 p(- 1P HMI 2,6 | oF [ (—1)5LI 00T D2s, 0 0F, @k:jfl (53,84)—
_ O'f . C--)j_1 . (_1)5(lvj*1)+5(l»j)6((_1)6u’j72)+8u H-1). 28307 505 1€(<_1)5(l’j>+5(l’j+1)_1>254‘7§af+162320'12710'126252‘7120111) =

(A.153)

:2U§—1U§U§hjhj71 Z(_Dé(l’j)hlgf (e(_l)é(l7j+1)+6(l7j71)2520-l2710.lze(_l)é(l,j)+6(l,j—2)2520_lzo_lz+l _

— (_1>5(laj*1>e((*l)é(l’j72)+5(j71)*1) 25305 505 18(( 1)oLDEoLI )25, 05 0%, 4 62320[2*107623207[77*1) . @j71(337 54>
(A.154)

Because II; contains h;h; ; as a prefactor, the only cases in which it will give a result different than zero when
looking at the full expectation value is when [ = {j — 1, j}, given j # j — 1. I call this value P;.

Pl _ 20_Jz U % hjh] N (hjflo—]w'fl <€72520'JZ~720'§71 628205’105 + 674830’;’205*1 625205’205’1628205*1(7;)—
x [ 28905 105 ,—2550507 —4s,0%07% 28905 407 ;2850507
_hj0j< 205-1% ¢ 205%511 ¢ 4050519520510 04527 ]+1)> '@j71(83734) (A155)
I'll try calculating the outer commutator of P;.
_ r 2s,0% 0% 2810207, 1 . x Tz

p1 = g (hcace 1e1k =191 - 207 oo hih; -

c
<hj710';'071 <€_2SQJ§’2J§*1€2SZU§*IJ§ + 6_45305*20-;’1 628205*205*1628205’1()?)—

x( 28,07 0% —2s,0%0% —4s,0%0% 2550% 0% 2850%0%
_h]0]< 20 g 1% e 2%5%i+1 — e 4% j%j+1e 20 g 1% e“°2%; ]+1>) '@j_1<83784)_
—20% 0F0%hh; 4 (hj_la;”_l (e_252"yz'—2‘7§—1 25205195 4 ¢~ 483952071252052951 62520]2'*10§>—

o hjo_;r (62320;10;67252050]?“ . 67454050]?“62320571056232050;1)) . @j—l (33’ S4> . hCO'gGQSloi*lGZ 623105‘75“) —

(A.156)
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E 25 oZ_ 0% ,28,0202,, . ~T X 2
_2h h] 1 h < 1%c-1"ke“°1%c% c+1 0'] 10‘]0’]
(h L% 1(6723205720;162320;,10; +674330;20;1eszU;.,Qa;,lesza;,la;)_
=193

— h.o% (628205*10 —2s50%0%, __ 434%0#1 62320]{10 282%0]“)) . @j—1<33? S4>—

—o%
0710505

o hja_jm (62520’;’105672520505“ —e

(hj ot <672320572a;,162520;1a; 145307 207, 62320;,2057162520;10;) _
j -

- 2% 2% z ¢ zg2
4S4O'JO'J+1€2820'J 105 6282010J+1>> . @j71<83,84) . 0—262510c—10ke251‘7c‘7c+1>
(A.157)

Er(py) = 2m, - | O(c,j) - ofe?17e1Tkena0e0t.

T —2550% 0% | 28,07 (0% —4830% 507 4 28507 507 | 25907 107
Uj 1030]03 1(6 2¢5-2 jle 2Y%45-1 ]+e 3Y5-2%;4 le 2¢5-2 ]16 29 45-1 J)‘®j71(53’84)_
o (5(6 ] o 1) 2510'C 1ak62510' oiil.

T Tz, 25,05 0% —2s,0%0% 4540' 0Z%.4 28,07 107 25,0%07% . o
O'jflUij O'j <€ i-17ie 37+ itle i-17ie A 6];1(83,84)

- 5<j> C) : U‘;fla‘;ajo—?—l <6—2sch§-,2o§,1628205,105 + 6_48305’20;162520?20;16252032'*10;)-

z c z z
®j—1(53, ENE 0562310c—10k6281060c+1 +

( , . 1) ;; 10_31; ;; ;C<€28201 1076 2850507, _€—4S4O'JZ~O'JZ-+162820'] 105 6282072'0-]2'*1)'

z C z z
©;_1(853,84) - oLe?17e1Tke?n 7% | = (A.158)

z z z z
28,105 405 6251‘73' i1,

—9,4 . T
=2, - | oje
x T -z T —28,0% 0%, _28,0% 0% —45,0% 0%, 25,0% 0% , 25,0% ;0%
0—100—0-]1<6 2029512529519 4 ¢ 305-205-1045205.2%5 10 2]13).@],71(83784)_
_ 0?7162510-3 207 162810'57107-
ot . 28505 405 72320?0? _ —4s,0%0% 2850% 107 2550707 . _
0! ( 51 95 — e 7951125205195 282050511 @j_1(53,s4)
1(6728203 205 162320] 105 te —4s30% 5075 1623203 2075 162820'J 105 )
X @J L 53,84> 2510'] 10]62810]UJ+1+

2 5% — 2 5% Zg%
z<62520] 1036 2830505, _ e 4s4ajaj+1€2sza] 105 eQSQJJJJH)_

(A.159)

z z
©;_1(83,54) - Uf—lekl% 201217507 | =

- z gz
:2,'7% . e 2510’]’10‘76 2810' JJH _o_j,;
(6_28205*20.;*1 62520?105 + 6_45305*205*162520]2'*20;*1628205*105) . C—)j—1<537 S4>—

+ 6725105720571672510]2-710'; X 0_]; . (62520]{10;67282050;1 o 674340';0'5-“62520]{1056232050';“) . @j—1(537 54)_

— otg% (6723203’7720571 62320]{10; + 6743305720571623205’7720]{162320;710;)O_gp'
777 J
- Zg2 z g% Zg2
@] 1(53,84) . (—6 43403"1“)6231‘7]7103 62310303“—}—
;‘6710—;7 (628203 105 e —2s50%0%,, _ —4540 O’7+162820';710'562820'§U§+1)0_‘:]?71_
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@j—1(53754) . (—67433072'*20 ) 28105 5075 162810?10; — (A.160)

=2ntoz . | e 2leiaoitoioga) <e*252(‘75—2‘7§—1*‘7§—1‘7§) + e 48395295 1e252("572‘75—1+”§—1"5>)+
J
+ 6—281(0'5720';71-‘1-0'5710';) . <6282(0'Jz-710'§-—0'§-0]z-+1) o 6—454JJZ-UJZ-+16252(05-710;—&-0';0';“))_
J

g <€_252(U§*2U§*1_U§*105) +e —4s30% 507 16252( % 505 1t0% 07 ))O';E . 6_454‘7]2"7]2'+16251(‘757105""7;‘7311)4_

+ O-m—l (GQSZ(GJ 105—050%,1) _ e —4s,07% 0J+1€252( 0% 0% +030J+1)>

x 748 0% ,0% 4 ,.28,(0% y0% | +0% 10%) _
0-]71 ° 355255~ 16 1 i—2%5-1 =173 .6]71(83’54) — (A.161)

=m0 (—2sink (2(s5 — 8,)07107)) - 2175175 H 75,

_ z z -z z z z _ z z z z z z z  z
(6 2s5(0% 507 4 ajfloj)€253crj72oj71 +e 23301’*203*16282(0’F20J‘4+0j40j)>62840101+1—|—
_ z z z z z zZ_ -z .z zZ 2z _ zZ 2z z z z z z z
+e 2s1(05 505 1+0%_103) | (6282(07’10j Jj0j+1)62840'j0'j+1 —e 284Jjaj+16232(0j710y‘+‘7j‘7j+1))e2s3ajf2ajfl
z

—o¥ (67232(UJZ'*Qsz‘*l7Uj*10;)62830§*20§*1 + 67233057*20']2'*1 6232<U§f2012'71+012‘71012'>) o¥ . 67284‘7]2’0]241 6231(‘7;71‘7?+U§U]Z’+1>_‘_
J J

+ o7 1<€282(O'JZ-_IUszfUJZ-JJZ-+1)e2S4UJZ-U]Z-+1 o 67254050;_1 6252(0';_10'Jz-+0'50'§+1)>0_1‘: e —2830% 40%_ 16251(012-_20;_1+JJZ-_1J]Z-) _
J— J—
(A.162)
B, P 3 G, e _ z z\) . —2sy(0%_j0i+0%0%,),
=2np 0% (—2sinh (2(s3 — s4)07 107)) - | e i 195+
(6*232(‘7]2'720'571*‘7]2'7105)6253‘7;‘720571 + 6725305*205*1 6282(0’;*2032'*1+0’§*10§)>62540;05“4-
+ 67281(05*205*1+0JZ'*10§) X (62$2<U§710§70‘§70‘§7+1)6284U§U§+1 o 6*234‘75‘7%16232(‘75‘—1‘7yz'+‘7§‘7§+1)) 28307 50% 4 _

o (67282(0]{203’771+0§710§7)62330]2-7205471O_;c + 6723305*2032'*16282(05’205*1705*105)0?)O’x . 672840?(7;*16281(05*1072'+U§a§+1)+

) z  gEiygig? 2 —2s40%0%,, 2 i
+ (6 82(0']710'34’0']0']+1) S4O'JO'J+1O_;(: L —e 84950510 sp(—0% 107 +UJU]+1)O_;C71)O_;¢71'
.e 253% 2‘7] 16251( - 2‘7] 1+U] 1‘7 ) (A163)
_ z z
=2nito ( 2sinh (2(s3 — s4) 0% 107 )| e 2s1(05 10740700,

z z z z z z z z 4 z z z z z
(6*232(01720171*%’71%)625303'72‘7]'71 4 e 28395 205 6252(%7203’71+%’710j)>62540j‘7j+1_|_
z z ¥4 z z ¥4 z z z z z z z z ¥4 ¥4
+ 67231(Uj*20j’1+0j*10j) X <€252(a’j—1(7j70j0j+1)62540j0j+1 o 672540j0j+16252(0j710'j+a'j0j+1)) 25305 505 1

¥4 z z z z z z z z z z z z z z z z z
o (6_252(Uj*20j*1+a-j*10j)€2S3Uj*20j*1 + 6—283017720']-716282(03-720']-71—0'];10']-)) . 6—2840']-0'j+1 €2sl(aj710'j+(rjoj+1)+

z z Z Lz z z z z
+ (6 2s5(0% 107 +0'J0'J+1) 28405051 _ e 2540'J0'J+1€252(—0'j710'j+0']-O'jJrl)) . 6_28303 207 16251(0}72‘7]‘714‘0}71‘73‘) —

(A.164)
=207 (—2sinh (2(s3 — s4)07_107)) -
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z z z z z z z z z z z z z z z z
. (6281(0j10j+0j07+1> . <€7232(0j*2aj*170j*10—7)62830j*207*1 + 6282(0j720j71+0j710j)672830j720]~71) 234030']“_'_

+ 67251(0']2-720;,1+JJZ-710]Z~) . (6252(05’1657072'0;*1)62840 0%y e —2840% OJ+16252( s q05+t0% UJ+1>>62SSUJ 205 1

z z Z sz z z z z z z z z z z z z
o 6281(0’1‘*107'4_03'0‘7*1)(6_252(05"2017"14_0’]"1(5)€2S3a-j’2gj’1 + 6252<Jj’2a-j’1_0-j’10-j>6_2830j’201*1> e —2840% 0']+1+

¥4 Z__ gZ a2 ¥4 z ¥4 z
+ (6 2s5(0% 107 +0']0']+1) 2840505, _ e 2S4UJJ]+1€ 2s5(0% 107 Uj"'j+1)> e —2830% 507 16251(0'j20'j1+0j10'j)> —

(A.165)
:277;1LO';(—2 sinh(2(s3 — s4)0%_10%)):
( 2sinh (2 ( 7’—1‘7;* + U;‘TJZ‘H) + 32(05—2‘7;’—1 - ng‘—lagz) 33‘7] 2‘7] 1 54(% U]+1))) -
— 2sinh (2 (51 ;o105 +ojo j+1>_82< 2 907  + 07 10%) + 8307 507 1—34(U§UJZ‘+1))>—
— 2sinh (2 (s, (o JZ 007 1+ 05 10%) —sy(0F 10F — U]JJH) §30% 907 1 —s54(0%0%,1))) +
+ 2sinh (2 (Sl ]Z 205 1 07 lajz-) — 82<O';7_10';7 + sz-ajﬂ) — 8305 905 4 + 84(U§U§+1))>) = (A.166)

=207 (—2sinh(2(s3 — 54)07 107))-

: (—4sinh (2(s1(07 107 +070%,)) — 8907 107 — 5407075, )) cosh (2 (5,07 405 | — 5307 507 1))+

+4cosh (2 (s,(07 507 | 407 107) — 5507 105 — 8307 507 1)) sinh (2 (—sy0507,, +s4a§aj+1))> = (A.167)
=2np 07 (—2sinh(2(s3 — s4)07_,0%))-

. (—4 sinh (2 ((51 — 52)0]’?_10’; + (87 — 54)01’?0;-“)) cosh (2 (59— s3) 05_205_1) —

—4cosh (2 ((s; — 83)0% 907 1+ (81 — 32)054710;)) sinh (2 (s, — s4) o; aﬁl)) (A.168)

Ep(py) = 20k03(—2sinh(2(s; — s4)07_,07)) - (—4<sinh(2(81 — 53)05_1075) cosh(2(s, — s4)0505, )+
+ cosh(2(s; — s5)0%_;07) sinh(2(sy — s4)07 Ug+1)> cosh (2 (s, — 53) 05 505 1) —
—4 (cosh(2(31 — 83)0% 507 1) cosh(2(sy — sy)0% 10%)
+ sinh(2(s; — s3)0% 507 ;) sinh(2(s; — 32)05_1a§)> sinh (2 (s, — s4) O'JO']_H)) = (A.169)
:16n,4la§(sinh(2(83 — 34)05;10;))-
(sinh(2(81 — 89)07 105) cosh(2(sy — s4)0507%, 1) cosh (2(sy — s3) 07 907 1) +

+ cosh(2(s; — sy)0%_;07%)sinh(2(sy — s4)0f0%, ) cosh (2 (89 —s3) 07 20]-_1) —

J
— cosh(2(s; — s3)0% 507 1) cosh(2(s; — s5)07_107) sinh (2 (2(sy — s4) ajzajJrl) +
+sinh(2(s) — s3)07 507 1) sinh(2(s; — s5)07_ 07)sinh (2 (s, — s4) UjO’JZ»Jrl)) = (A.170)
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:16niajz»(sinh(2(s3 — 84)05_10%)) - (

cosh (2 (s, — ) JZ 2075 1) sinh(2(s; — 89)0% 10%) cosh(2(sy — sy)050%, 1)+
+ cosh (2 (sy — ]2-720]-71) cosh(2(sy — s)0%_1075)sinh(2(sy — s4)070%, 1 )—

—cosh(2(s; — 33)05-72(7;71) cosh(2(sy — sy)0%_;07%) sinh (2(sy — s4) aja§+1) +

+ sinh(2(s; — s3)07 507 ;) sinh(2(s; — s5)07 107) sinh (2(sy —s4) O'JZ-O';+1>>

_ T 28505 0% 28,0707 . x Tz o
II; = E hyoge™ 20k Tke 27k %ke - hy g 071070501 (53,8,)

T x .z T 28507 (07 2850707, __
- E Ml 105105030, ;.1(83,8,) - 0f 2527191292719 =
l

k

. . _1)\0(k,j=1)+5(k,3) _1). z z

_ T 28507 0% 28,0707 . _
—E hy, (Uke 2TR1Tk €228k - By 07070501 (83, 84)

5(k,j+1)+8(k,5+2
e((,l) (k,j+1)+68(k,j+ j1)-23037’+1‘7]Z'+2€2320i1026232‘7i‘7i+1) = .

Using simple logic with symmetry conditions and (A.167), E,(p3) should be easy to write out.

Ey(ps) = 2”;110?(—2 sinh(2(s3 — 54)07,1075))-

(—2 sinh (2 <S ( ]+1U + U] — 1) + 82(0';4_20';4.1 - O']Z-+1O'§> - 830-;+20-§+1 ] ] 1 ))
— 2sinh (2 (31(U§+1U]Z‘ + UJZ‘UJZ;Q - 32(UJZ‘+2J§+1 + ng‘+1%2‘) + 33sz‘+2%z‘+1 sq(0%o% ))
—2sinh (2 (51(07,50% 1 4+ 07,107) — 55(07,,07 — 0707 |) — 5305,50%, | — 8,050 ) +
+ 2sinh (2 (s, (07,507, + 0%.107) — 85(0%,10% + 0507 1) — 8307,507, 1 + 84,0507 21))

I'm left with E;,(p,) to calculate. I start with finding P,.

k

P2 = Z [h 0162520k lake2520kgk+1 / / 2}7,]17/30']r ]ek:j(33, 34)d84d33] -

Sa 83
= E (hka,ﬁe%?"kl”ke%?“k"kﬂ / / 2h;h;05050%0, (83, 84)ds,ds5—
% o Jo

2 53
T T 2 T 28507 0% ,285,0707 _
—/ 2hjhj0j0j0j®k=j(53,54)ds4ds3'hkake 2%5-1%% 252k k+1> =
0

T 28507 0% 28,0507 z z T 25505 10% ,28,0707% _
(Uke 27k-10 €527k ki1 - 02O (83, 84) — 050, _;(83,84) - o e 72710202k k+1>ds4d53 =

—2020* / / ((_1>6<k,a’>ggezswz1o—zezswzoz+1.
0

2 cosh <2 . (54(0]2-_10]- + UJZ-JJZ.H) — 53(05_10]2- + UJZ.U]Z»H))) —
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— o7 - 2cosh (2 (sy(0% 407 + 0%0%,,) — (—1)° LTIt s, (07 6% + 0207, 1)) -

e2520%_10%, 6232‘7i‘7i+1> d34d53 = (A178)

:2h§a;./ / > by
0 0 k

<(—1>5(’“’j)0i6252"i1"26232"@’2*1 +2cosh (2 (8407107 + 0507,1) = 83(07.107 + 0507,1))) =

— o7 - 2cosh (2 (sy(0% 407 +0%0%,,) — (—1)5<l’j_1)+5(l’7+1>s3(Ujilaj+U§JJZ»+1)))-

e2529k-1%k 6232”i"i+1) ds,dss (A.179)

S2 53
_ 2
Py kt{j-1,5,5+1} —2’%"5‘/0 /0 >

k

(U&ngailoz €2%29%%%+1 . 2 cosh (2 . (34(0]?_10]? 4 UJZ,J;H) — 33(0]2-_10]? + U§J;+1))> —

— o} -2cosh (2 (sy(07 107 + 050%,,) — s3(07 0% +0707,1))) 6252"210262820202+1) dsyds; =  (A.180)
—0 (A.181)
Py =Por—tjrj+1) = (A.182)

—2h2 z/ / ( 623203 205 16282(7]{10377'

2cosh( . (54(05_10- +0%0%,.1) —s3(07_107 + 07 U]+1)>)
—h; 40 2cosh( ( 4(o 07107 +0507,,4 + s5(0 054107 +O’§U§+1)))625201 205 1628205 105 _
. hjo_ 62820] IU] 62520]0'J+1 2COSh< (84( O' + g’ U]+1> 83<U§—1U§ + z JZ+1>>> +

)
z
95—
+ hjo? - 2cosh (2- (sy(07 107 +050%,,) —s ( JZ 105 + 0% ﬁl)))e%?"?l" 232%%+1+

+ hﬂlafﬂe%?‘“ﬂ 75129295112 . 2 cosh (2 - o’

. 1‘7 +‘7‘73+1) s3(o ]Z 1‘7 +‘7 g+1)>>_

—hj10%, 2cosh( (54(05 105 + 0% aﬁl)—l—ss( 0% 0% +oio J+1))) 2520J03+1623203+1U]+2>ds4ds3:

S22 83
:2h?(7';/ / (2h]10_§: 62520'J 2075 1625205’105'
0 0

<cosh (2 . (34(03‘?,10;* +050%.1) —s3(07 107 + UJZ'U;H))) -
cosh (2 : (54(05_105 +0%0%,) +s3(0% 0% +oj0 ]+1)>)>_
_ 4h O-iU 28905 105 28205054

-cosh( -(34( 0% 105 +050%,,) —s3(07 105 + 07 g+1))>+

28507 aﬁlerQaﬁlaﬁQ

(A.183)

+2h

T
j+1954+1€

(cosh (2+ (407,07 + 0307,,) = 53(0710% + 050%,,))) —
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—cosh (2- (54(05_10]2- +0%0%.1) +s3(07 107 + O'JZ'O'JZ»_,’_I)))) ds,dsg = (A.184)

_2h2 Z/ / j 10'314;16252< 5205 1405 103) +h]+10 +1e252(‘7§‘7§+1+‘7§+1‘7§+2)>

-4sinh (2s4(0% 0% + 0505, ,)) sinh (—2s3(07 05 +0507,,)) —

—4hja;”e2s2"az'*1"je2520j"j+1 . (cosh(2s4( 7105 +0%07,,))cosh(2s5(0%_ 07 +0%0% )

] 1
; z ; z z Z 47 —
—sinh(2s,(0% 0% + 0507 ) sinh(2s3(0% 1075 + O'jO'j+1)>> ds,ds; = (A.185)
—2h2 z/ / j 103;*716252(0'5720'32-71—&-0;710;) + th';C€2520«7z"1U§6282[;5(7‘?*1 + hj+10_;:+1e252(a o‘f+1+03+107+2))

-4sinh (2s4(0% 0% + 0505, ,)) sinh (=2s3(07 05 +0507,,)) —

—h O';EGQSZUJ 19729295951 . 4 cosh(2s, (o 0% 0% +050%,)) cosh(2s3(0% 0% + 0507, 1)) |dsydsy = (A.186)
_2I'L2 z/ / 0_ 16282< ¥ 907 +0% ,0%) +h O_$€2520'J 10]62820703+1 _|_thrlO_jJrl6252(U§U§+1+U§+IU§+2)>
2 (cosh(2(sy — s3) (05105 + 0507,1)) — cosh(2(sy + s3) (05105 + 0505,1))) —

— hjafe%ﬂ;*l"?e%?”?”?ﬂ -2 (cosh(2(sy — s3)(05 107 + 0%07,1)) + cosh(2(sy + s3) (07 107 +0703,1))) | dsydss =

(A.187)
:2h?05 /52 /83 (hj_1 z 16232( % p0% 1+0% q07%) + h]+10'J+162$2(UJZ'UJZ'“JFG;“‘;;*Q))
0o Jo
- 2cosh(2(s3 — s4) (07 107 +0507,4))—
— (hj_lgf_16252(‘7§—2‘7§—1+‘7?1‘7 + 2h; 0”6232( Faojtoioia) 4 hj0 ;?+16232<‘7:z"7]z'+1+‘7§+1‘7§+2))
-2cosh(2(s3 + s4) (05105 +0507,,)) |dsydsy (A.188)

—it N
— 4 —itol ol 25 oZ 0%, ,28,0%0% 2 _z,
£, (py) =, 5/0 /0 He +1 E h ofe*17e19ke 1971 2hios
a
So S3
) x 25,05 40% | 28505 0% | . z z Z 2 _ z z Z 2 _
/ /0 2h; yof 1€**27-2%1e2%27%5 - (cosh (2 - (s4(05_10% + 0507, ,) — s3(07 107 +0503,1)))

— cosh (2 . (54(05710;* + O’§U§+1) + s5(0 0% 407+ 0; 0'J+1))>)—
_ 4hjo.;l_ie2820'§-,10'§62820'§U'Jz'+1 . COSh (2 . (84( ; 10— —+ 0— j+1) 83( ]Z 10— + O' j+1)>> +

T 25890%0%, 1 ,2550%, 10%, 5 | . z z Z 42 _ z _
+ 2Ry 0%, 77275751 e727551%5+2 - { cosh (2 (s4(05 105 +0%07,,) — s3(0% 107 + 0 o]+1)))

—cosh (2- (s4(07 107 +070%,) + s3(07 105 +0507,,))) |ds,dss Heitg§0§+lds2d81 = (A.189)

b
—it EN So S3
:[Eh 54 / / / / H eiltaaga+1
0 0 0 0 a
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x ,2s8,0%_10%, ,25,0%0% 2z x 25505 0% 1 25,05 0%,
E hooge=*17e19ke=19e%en D2hiot | 2h; 07 4€7275-275-1e77205-17

(QSinh (2s4(07 107 + 030%,,))sinh (2s3(07 07 + 07 ]H)))—
— 4hjg;?6252"5—1‘7§625205‘75’“ - cosh (2 . (54(05_105 + U]”fajﬂ) — 83<O';7_10';7 + U]?JJZ.H))) +

+ 2hj+1a';5+1e2320§%z‘+1 025205110512,

(2 sinh (234(05-710]2- + aj-a]z»ﬂ)) sinh (233(0JZ-,IUJZ- + ajz-ajﬂ)) ds,dss H e9%1ds,ds, | = (A.190)
b

—it N Sq S3
:[Eh 84/ / / / H —itogon .,
0 0 0 0 a

E hCJ§€2510§7102€2810zU;1 . 2h§0'52h] O' 1628201 2075 162520;10’;

-2sinh (2s,(0% 0% 4 0507, ) sinh (2s3(0% 0% + 0 y+1)
—2h?a§2hj710§713252% 2751292951 . 2inh (2s,(0% 05 +0%0%,))sinh (2s3(07 05 +0%07,,))

] 1 ]+1 ] 1
. E h 0-336231‘7;1‘7262310?7;1_
_ E h 2510'L 1O'k€2810' oz, . 2h§0’j4hj0§€2526;’105628207;0;*1

- cosh (2 . (54(05._10;- + Ujajz-+1) — 53(05._10? + UZUJZ-H))) +
+ 2h§a§4hj0f€252”§-1”§eZSZUJZ'UJZ'H -cosh (2 (sy(05 107 + 0%07,)) — s3(07 107 +070%,,)))

. E h 0.562510;110262310'?:0';1_’_

+ E h T 28107 10 02510007 '2h?0§2hj+10?+162320505+182820§+1U§+2

-2sinh (2s,(0% 0% 4 0%07,,)) sinh (2s3(0% 0% + 0%07,,)) —

—2h3052h;, 10 JHer?”J”J+16252"J+1‘71+2 2sinh (2s,(0% 0% 4 0707, ) sinh (2s3(0% 0% 4+ 0707,,))

T 25,02 _40% ,25,0Z07% itopop —
. E h ole?*19c1%ke2%19%c1ds, dsg He b%1dsyds, | = (A.191)
c

b
—it N So S3
:[Eh 54/ / / / Hefztoaa(ﬁl
0 0 0 0 a

ot e ©25105 2051525105105 | 91,2 529,2 T 028205205 1028205 105
G—

-2sinh (2s,(0% 0% 4 0%07,,)) sinh (2s3(03 0% + 0%07,,)) —

—2h3072h3 a?c_ler?"J 275-1€2%275197 . 2sinh (2s,(0 0% 105 + 0% ]ZH)) sinh (253( F105+0i0%))

. 0311625103 2075 16281072"10;
_0_?62510571056281050%1 . h2 z4h2 QSZO'J 105 252050]11

z _ z
- cosh (2- (34(0]-710- + ajajﬂ) s3(07 10% + o507, )+
2 2412 2320 105 2820'%0'77+1 . . z Z 2 _ z z Z 42
+ 2hjo%4hio - 1751 - cosh (2 (sy(o 0% 0% +0%o%,) 83(O'j710'j—|—0'j0'j+1)>>
X Jj 62510-‘7"1 Jz-e2sla'§(rj-+l+
+ O_;p+162310]?a]z-+1 62$1a§+1a§+2 . h2 Z2h2+10'J+162820-§UJZ'+162520;“0;*2

-2sinh (2s,(c 0; 4105+ 0% O']_H)) sinh (2s5(c 0; 40; +0; UJH))
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2s O’ oZ 2s8,0%, 0% z z : z z Z 2
—2h3052h3, 0¥, e*%271 7 e 22 . 2sinh (25, (07 07 + 0507, ) sinh (2s3(0% 07 + 050%,))

T 2s,0%0% 2s,0% 10 itofog —
C0f e 7% et % J+2ds4d53> He b b+1d52d51> = (A.192)

b
—it EN ED S3
:77?; . / / / / H eilto'ao—a+1
0 0 0 0 a

. 2 ,=2(81—85)(0% 407 1 +07_10%) | o; z z z 2 : z z zZ -z _
(80je i-293-1775-195) . sinh (234(01-,1% + a]-aj+1)) sinh (233(0]-710]- + ajoj+1))

_ Quze2(s1—82)(05 505 1 +05_105) | o z z
8ae 2751795195 sinh (2s,(0% 0% — 0F07,

— 8056_2(51_52)(0?105_“50%1) -cosh (2(s, — s3)(0 ]Z 0% +0%0%,,))+

)smh(253 P05 —0i0%)) —

)
4 80_;{62(81*52)<UJZ'—1UJZ'+UJZ'UJZ'+1) . COSh (2(84 _ 33)( jz 10— + O— j+1 )
+ 80’?672<$1732)(0'§0'§+1+U]z'+10'§+2) . Sinh (284( j 10’ + ]+1 ) SIDh (283 j 10— + ]+1)) —

_ 80-»262(51—52)(0 051 105,1050)

- sinh (254(05-710] o’ UJH)) sinh (253(032-7103 ok J+1>> ds4ds3> H €% 1ds,ds, = (A.193)

—it N ED S3
—nd . 857 —itoiol .,
0 0 0 0 a

. ((62(5152)(‘7;‘2051+‘7§1‘7§) + 6*2(51*32)(U§U§+1+U§+1U§+2))

. sinh (234(0';? 1g?+g?g§+l))sinh (283( j 10' +UJ ]+1)>

_ (62(31*32)( 5 005 1t05 07F) + 62(31*32)(U]Z'UJZ'+1+U]+1U]+2))
- sinh (234(05-710 — 07 0]+1>) sinh (233(054710 — 07 UJH)) +

+ 2sinh (2(s; — sy)(07 107 +0503,1))

J

—it N So ER
B =ni-sos [ [ )]
0 0 0 0

(2 sinh (2(s; — $9)(0% 107 + UJZ-U;»H)) -cosh (2(s, — s3)(0% 107 + U]z.ajﬂ)) +

-cosh (2(sy — s3)(07 107 + U]Z»J;Jrl))) H e95951ds,dsydsyds, (A.194)
b

(e 2erms2)(0F 0] 2405 17) g @22 oG+ aia))

-sinh (2s,(07 0% + 0307, ,)) sinh (2s3(07 ;07 + JZUJZ.H)) —
o (62(51—82>(U§72J‘?71+0’§710’§) + e2<81—82)<0' 0']+1+0'7+10']+2>)
- sinh (234(0]”?_10 — 0%0%,,)) sinh (2s4(0 0% 407 —0; U]+1)))d54d83d82d81 (A.195)

7o+l

Then, I'll combine the three parts to get the final result for the fourth order.

—it RN Sq S3
o=/ [ [ ] (2nia;<—2sinh<2<sg—s4>o;v_1o;>>-
0 0 0 0

. (—2 sinh (2 (s1(07 107 4+ 0505, 1) 4 59(07 907 | — 07 107) — 5305 507 | — 54(050%,,))) —
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— 2sinh (2 (s, (07 07 + J?U§+1) — 59(07 905 | +07,07) + 5307 507 | —s4(0507,1))) —
— 2sinh (2 (sl(ajz 005 1 +05.107) —85(05 105 —050%,1) — 8305 505 4 54(O'§U]Z»+1)))—|—

+ 2sinh (2 (s,(07 507 | 407 107) — 55(07 107 + 050%,,) — 5307 507 1 + s4(07 U]+1)>)) +
+ 277%0]2?(—2 sinh(2(s3 — s4)0%,107%))-
: (—2 sinh (2 (s1(0%,,07 4+ 0705 1) 4 59(07,907 ) — 07,107) — 5305,505,1 — 54(0507 1)) —

— 2sinh (2 (s1(07,107 + 0707 1) — 55(07,505,1 +05,,05) + 5307507, — s4(0507 1)) —

—2sinh (2 (s,(07,507 1 4 07,107) — 59(07,107 — 0507 1) — $30%,50%,1 — 840505 1)) +

+ 2sinh (2 (5,(07,507, ) +07,107) — 59(07,,05 + 0507 1) — 83075071 + 5,407 ']Zl))) +

+ ), - 807 (2 sinh (2(s; — s9)(05 405 + 0o ]H)) -cosh (2(s, — s3)(0% 0% +0%0%,,)) +

(el el o 2ol oehateiatial)sinh (25, (77,07 + 0507, sinh (2530705 + 05071) -

[ ,2(s1—85) (0% 0% 1407 0%) 2(s;—85)(0%0%, 1407, 10%.5)\ o z . z
(e 1752)005-205-1195195) - 2151752195195 95+2) ) .sinh (234((7% 0% — UJJJH))Slnh (233(%71% UJUJH))

ds,dssdsyds;  (A.196)

This result is used here.
#- Partition function for a simple perturbed system

For a calculation of the Gibbs measure for simple perturbed system, as described by (2.166), it would be prudent
to first obtain the expectation of Z:

E, (Z)=E, (ZO + itr ((—B)ﬂeW) ) = (A.197)

4!
_ZO+Z[Eh< ( Bye BHOH])) - (A.198)

=7, Ey, (tr (e P HY)) (A.199)

Then, the inverse of the denominator can be calculated as:

—1
(ZO Ztr (MHOHJ)) = (A.200)
(1 + Z! Ztr <W> ) = (A.201)

1

gt (10 2t (e o (P (Y V) -
o0 _18 o _,B o k

=Zy"! (1 + Z(—l)k (Zol . (tr (—ﬁe*BHOHV) + tr (B%;IHE) —tr (W) + )) ) = (A.203)
k=0 ! !
o0 _ﬁ o —ﬁ o k

=Zy* (1 + Z(—l)kZak . <tr (—Be PHoH,)) + tr (626;11{3) —tr (W) + ) ) = (A.204)
k=0 : .
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—Z;! (1+Z 1)k Z5*k (Ztr( BYe” BHOH]))k) - (A.205)

k
=751 (1+Z(—1)’fzo—'f (Z ﬂ) tr (e BHO}F)) ): (A.206)
k=0

Now, I can calculate the numerator. Here, I choose H, and H, that commute:

sy N (=B H,,
2H2 3H3
—e—BHy (1_[8Hy+ B2' v _ 63' v +) = (A209)
2,~BH, [J2 3,—BH, I3
—e BHo_gefﬁHoH +ﬁ62'0 ”—563‘0 L= (A.210)
o0 ,BH Hl
Z ’ (A.211)
1=
Putting the numerator and denominator together, it follows that:
—B(Hy+H,)
P=L, ( HO+HU))> = (A.212)

tr(e”
_F, (ZZO: (=h)" ) _ (A.213)

. k
=E, (ZO— *ﬁ)le—ﬁﬂoﬂgz(_mkzo—k (Z (j?’)ﬂ tr (e—BHng)) ) (A.214)
k=0 ’

I can also derive a general form for the Gibbs measure, up to the second order:

4 k
/BHOHL . Zal (1 + Z(_lchJk (Z (_B>5 br (eﬁHOHZ))

il
k=0 j=1 J:

N—

_R)! 0
O) esmoprl + 75030 L
=0

2
P=T, (Z01 <eﬁHo Be PHoH,, + 6 —e 5H0H2> +

+251(A<z:0;k:0)+A(zzo;k=1;j:1,2)+A<l:0;k:2;j:1)+

+A(l—1;k—0)+A(l—1;k—1;j—1)+A(l—2;k—0)>> (A.215)

2
=L, (Zol (eﬁHO — Be Aol + ieﬁH0H3> +

2
+ Zyt (e_BHO + e PHo(—1)Z;1 (—B tr (e PHoH,)) + % tr (e_BHOHf)) +
e Moz (<pur (e P H,)) -
2
_ Be*,@HoHD — ﬁefﬁHoHVZO*lB tr <€7BH0HV) + ieﬁH0H3)> = (A216)

e*ﬂHo 52 ﬂZ
=—— B, 1- BH, + 7}13 +1—24t (—Btr (e PHOH,) + — tr( —5H0H3)> +
0

+ 262 (_Btr (efﬁHoHV»Q — BH, — ﬁHVZalﬁtr (e*BHoH» + B;HE) = (A.217)
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e BHo ﬁ2
=——E,(2- 2BH, + B2H2 + Zy1Btr (e PHoH,)) — Z(;l? tr (e PHoHZ) +

0
+ 2520 (tx (e P H,)) - BH, Z5 Bt <€‘5H°H”>) )

o~ BHo

%y

+ £, (2528 (tr (70 H,))" ) — B, (BH, 25 Bt (e‘ﬁHOH»)) =

o~ BHo

%y

(z 288, (1) + 526, (H2) + 20, (e (e, )) -

2

7 (e 0 2)) 4+ o (0o, ))) -

" 27, 7. (H, e fe ﬁHOHu))> =

e—BHo

<2+5277h (Z o ;+1> B [Eh (tr (e PHoH,))) —

f;o[ﬁhw ) + 0 (o (eo,))) - 2, (e ﬂﬂoﬂm)

This result is used here.

#- Specific values for Gibbs measure traces

First, here is the simple case.

= tr ((;Maa;v) (;?)OMCJ,%)> -

= tr (Mo Myo) - ... - Myol) + tr (MyoYMyoS - ... - MyoZ) +
+ oo —l—tI' (MSUfMgag *eee ® MBO'Z) ==
+ e —|—tI‘ (M30—TM30—§ St M?)O-fb) =

3
= > MM, .M, tr(cf'o3® ..on") =

3
= > M M, M, (67 @18..81)- (18057 ®18..81)-
Qy,Q,..0, =0

) (2 — B (8, + B (P2 + £, (281 (e Pon,) -, (25 (o)) +
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3
= Z M, M, ..M, tr(o"fl ® 0y ®...®a${"> = (A.231)
Qg ey, =0
3
= Z M, M, ..M, tr(oy")tr(oy?)...tr(on") (A.232)

tr (e PHoH) = tr (f[ e h; En: (hkggagﬂ)j) = (A.233)

Jj=1 k=1
=t (H (Mol + Mz0%) - > I (Uzgiﬂ)]) = (A.234)
j=1 k=1
=tr (H (Mol + Mso%) - " hi, (07 ® aﬁﬂ)j) = (A.235)
j=1 k=1
3 n_ ' .
:tr( > M, 07' M, 05° ...Manaf{"> : (Z hl ((og)h@ (a,ﬂgH)J))) = (A.236)
Qe 7an:O k=1
3 n ) ' .
=tr ( Z ZMala?lMagagQ Manag" - h, ((Ui)f ® <0£+1>J>> = (A.237)
aq,..,, =0 k=1
3 n ]
:tr( > M, M, .M, -h (67" ®1®..00) (1806°®1®..11)-
Q.0 =0 k=1
(1®...01Q0,") - ((a@ﬂ@ (a,ﬂgH)j)) = (A.238)
3 n . . j
=tr ( Z Z:M%]Wa2 M, b (07" ®05°® .. Qap") - ((Uﬁ)ﬂ ® (aiﬂ)J)) = (A.239)
Q0 =0 k=1
3 n ) .
=tr ( Z ZM%Z\IQ2 ...Manh?C ( ®0k i ®U (o ) (X)Uk’“+1 (U%H)J ®UZ_’;§2 )) = (A.240)
aq,..,, =0 k=1
3 n ) .
= Y > M, M, ..M, hi-tr ( R0 @a - (0F) @opk - (0f,,) ®opky ) - (A.241)
aq,...,a, =0 k=1
3 n

= Z ZM%M&Z ...Manhi cotr (o) - tr (O';:k . (Ji)j) “tr (akﬂl . (alfﬂ)j) ctr(opry?) .. (A.242)

This result is used here.

#- Gibbs measure and expectation

The Gibbs measure expression calculation proceeds as follows.

e~ PHo 2 ﬁ —BH, 52 —BH, 172
P = 7 2+ B%n;, ZU 0%y + —-Ep (tr (e P H,)) _E[Eh (tr (e o HZ)) +
2 2
§2 B, ((tr (00 m,))" ) — ﬁo Ey (H, tr (e ﬁHon) (A.243)
6*BH0 2
= 7 (2+/8277ILZU ]+1 [E (tr<6_BHOH3)>> = (A244)
0
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_ 0 (ot S oty — 2k, (oo SR ) ) = (A.215)

= 7 + nhj_zlajajH_QZo h cos ZZZI i = .

e~ BHy N 62 N
= 7 (2 + %07 ;Jfafﬂ ~27 (2 cosh(p)) nn}%) = (A.246)
e—BHo n n n
=7 (2 + %07 2 ofot — 27 (2cosh(B)) )) (A.247)
The expectation value for E (Z) is next
oo _B)ie—PHo )
E, (Z) =E, (Z,) + E, (Z tr (W)) = (A.248)
n S —B)ie—BHo IZ
=tr (e 77) + ; E, | tr (W)) = (A.249)
n | x= (=B)Y _ 2j
=tr (e 73 —i—; <(2j;! E, (tr (e BHo )) = (A.250)
—tr (e P75)" +§: <(_2'§;?j E, ((2cosh BN" - Zn:hfﬂ) = (A.251)
=1 ' =1
P o (2eosh (3)" ) = (A.252)
=7, + (2 cosh (5))”.n.i () _ (A.253)
° =~ (2))
—=Z, + (2cosh (B))" - n - f: Brn)™ ) _ (A.254)
° = (2))

=Zy+ (2cosh ()" -n - (cosh (Bn;,) — 1) = (A.255)
= (2cosh(B))" + (2cosh (8))" - n - (cosh (Bn;,) —1). (A.256)

Creating a Tensor Bridge for Perturbative Many-body Localization Solu-
tions

#- Norm of |p,) = e> 055 “E

N =(p1|p1) = (A.257)
:<<P ’6 JUiEX; ezgvas J‘(p> (A258)
L ezjngxj ezj"’yéxa 1 _ —

=5 ((+2]+(-2) = (+2) +1-2) (4.259)
=5 (421 + (=21) 5545 (142) + |-2)) = (A.260)
=5 (21 + (2D [T 4% (142) + -2)) = (A.261)

J
2

:%H<<+Z‘ + (=20 <1+ 10X+ 1 (iv]XJ 11+...) (+2)+1-2)) = (A.262)
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Appendix A. Additional Calculations

:% 1;[ (+2] + (- 2)) (1 + % (ivjxj)z 14 % (iujxj)4 + ) (42) +|-2)) = (A.263)
— [T 21+ 21 (1 v (i) 1+ (i) " ) (+2)+|-2)) = (A-264)
:% H (+Z] + (~Z]) cosh (iuj) (42) + |-2)) = (A.265)
:gcosh (levj) (A.266)

This result is used here.
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