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Abstract

This thesis explores the use of tensor networks in the study of disordered
quantum-many body systems and the connection between disorder in the Hamilto-
nian and tensor network geometry.

Tensor networks provide a powerful and elegant approach to quantum many-
body simulation. The simplest example is the density matrix renormalisation group
(DMRG), which is based on the variational update of a matrix product state (MPS).
It has proved to be the most accurate approach for the numerical study of strongly
correlated one dimensional systems. We use DMRG to study the one dimensional
disordered Bose-Hubbard model at fillings N/L = 1/2, 1 and 2 and show that the
whole phase diagram for each can be successfully obtained by analysing entangle-
ment properties alone. We find that the average entanglement is insufficient to
accurately locate all of the phases, however using the standard error on the mean
we are able to construct a phase diagram that is consistent with previous studies.

It has recently been shown that there is a connection between the geometry
of tensor networks and the entanglement and correlation properties that it can
encode, which is a generalisation of the so called area law for entanglement entropy.
This suggests that whilst gapped quantum systems can be accurately modeled using
an MPS, a tensor network with a holographic geometry is natural to capture the
logarithmic entanglement scaling and power law decaying correlation functions of
critical systems. We create an algorithm for the disordered Heisenberg Hamiltonian
that self assembles a tensor network based on the disorder in the couplings. The
geometry created is that of a disordered tree tensor network (TTN) that when
averaged has the holographic properties characteristic of critical systems.

We continue the analysis of holographic tensor network geometry by consid-
ering the average length of leaf-to-leaf paths in various tree graphs, which is related
to two-point correlation functions in tensor networks. For regular, complete trees
we analytically calculate the average path length and all statistical moments, and
generalise it for any splitting number. We then turn to the Catalan trees, which is
the set of unique binary trees with n vertices, as it has a similar geometry to the
disordered TTNs. We calculate the average depth of a leaf and show that it is equal
to the average path length. We compare these analytic results with the structures
found in the TTN and randomly constructed trees to show that the renormalisation
involved in the TTN algorithm is crucial in the selection of the tree structure.
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Chapter 1

Introduction

At its most basic level a quantum many-body system can be defined by a Hilbert
space and a Hamiltonian which can describe the evolution of the state. The di-
mension of the Hilbert space grows exponentially with the number of particles in
the system. Calculations for systems containing a small handful of particles can be
simple, but the exponential scaling means that exact calculations quickly become
unfeasible. As a simple example take a spin-1/2 system, where each particle can
take one of two states. Because of the tensor product form of the Hilbert space,
the dimension scales as 2" where n is the number of particles [I]. For one mole of
such particles, the dimension and therefore the number of states is ~ 210 " Thus
the number of possible states in just one mole of these simplified particles dwarfs
the total number of particles in the universe [2], which is estimated to be ~ 10%.
This highlights part of the problem in modelling quantum matter; any attempt to
perform a calculation for a reasonably large number of particles fails spectacularly.
The exponential growth of Hilbert space has led to some scholars questioning not
just the impracticiality of such a large space, but even if such a construction is
physical [3], 4].

As exact calculations for quantum many-body systems are not possible, it is
necessary to use methods that reduce computational complexity whilst still achiev-
ing high accuracy. There have been several numerical algorithms that have enabled
the simulation of materials that would have otherwise been impossible. For large
scale electronic sturctures, like those found in condensed matter physics and quan-
tum chemistry, dynamical mean field theory (DMFT) and density functional theory
(DFT) have been very successful, but are limited to systems without significant en-
tanglement. DMFT maps a many body problem onto a single particle, interacting

with a field representing the average of all other particles [5]. DFT asserts that



the properties of physical system can be determined from the electron density of
the ground state, which can be determined from an effective non-interacting sys-
tem [6]. Wilson’s numerical renormalisation group (NRG) [7], as will be discussed
in chapter |2 trucates the Hilbert space using the low energy eigenvectors of the
Hamiltonian. It is used primarily on impurity models, and is not at all successful
as a general approach to quantum many-body problems. Quantum Monte Carlo
(QMC) is perhaps the most well known method, this maps a quantum problem in d
spatial dimensions to that of a d+1 dimensional classical partition function [8]. One
of the major issues with QMC is the sign problem, which prevents the method from
being successful for many frustrated and fermionic systems. In these cases the map-
ping to the classical system introduces negative Boltzmann weights that make the
statistical error quickly become larger than the property being calculated [§]. A new
method created in 1992 by White, called the density matriz renormalisation group,
revolutionised the simulation of one dimensional systems. It truncates the Hilbert
space in accordance with the eigenstates corresponding to the largest x eigenvalues
of the ground state density matrix. Because of the use of the density matrix, rather
than just the eigenvectors of the Hamiltonian as in NRG, DMRG encodes some of
the entanglement of the ground state allowing accurate simulation of many quan-
tum systems. Unlike QMC, DMRG does not suffer from the sign problem and is
considered the most accurate numerical method for one dimensional systems [9].

Disordered quantum many-body systems are of great interest but are partic-
ularly problematic. It is natural to want to study systems with disorder as perfect
clean materials are very rare in nature. Furthermore the introduction of disorder
can completely change the observed phase of the material. The study of disordered
systems became a major part of the study of the electronic properties of condensed
matter with the analysis of localisation by Anderson [I0]. For non-interacting elec-
tronic systems in a three dimensional disordered lattice it was found that a critical
value of the on site disorder marked the transition between extended and localised
states. The interplay between interactions and disorder is much less well understood
and many-body localisation is currently a hot topic of research.

In this thesis we will analyse the theory of tensor networks, and apply them
with a focus on disordered systems. In chapter [2] we introduce the basic concepts of
a tensor network in the context of DMRG. We provide all information necessary to
understand the fundamental operations that make up a tensor network algorithm
and use them to construct the matriz product state (MPS), which is the simplest
example of a tensor network. We show how to perform a variational update to the
MPS, which is the core of all modern DMRG algorithms. Using this knowledge



of MPS DMRG we analyse the disordered Bose-Hubbard model in chapter 3] As
entanglement is at the heart of DMRG and is calculated at every point in the
simulation of the system, we illustrate the efficacy of entanglement as a tool for
deciphering the phase of the ground state wavefunction. The content of this chapter
is based on ref. [11], which is currently under review. In chapter 4| we discuss
more generally the theory of tensor networks, why they work for certain cases and
why they don’t for others and how tensor networks go beyond DMRG to simulate
more complex systems. Chapter [5| creates a tensor network algorithm where the
structure of the network is determined by the disorder in the Hamiltonian. In this
way each disorder realisation has a custom tree tensor network (TTN) and when
disorder averaged we show that the system has holographic properties that govern
the entanglement and correlation scaling. The chapter is based on [12], which was
published in Physical Review B. The final two chapters @ and |7)) analyse how the
geometry of tree tensor networks affects the asymptotic form of the averaged two-
point correlation function. Chapter [6]looks at a complete tree and finds the average
leaf-to-leaf path length when the leaves of the tree are effective lattice points. This
chapter is based on [I3], which is currently under review. Chapter [7| extends the
ideas of the previous chapter to sets of full binary trees that are more similar to
those generated by tSDRG in chapter This work is in [14], which is currently

being prepared for submission.



Chapter 2

Matrix Product States and the
Density Matrix Renormalisation

Group

2.1 White’s Density Matrix Renormalisation Group

The field of tensor networks has its roots in Wilson’s NRG [7] and the DMRG
method devised by White [I5]. As mentioned in chapter 1} for an interacting one
dimensional system of L sites, the Hilbert space of the system is the product of the

Hilbert spaces of the sites
HE=H®...0H. (2.1.1)

If each site can take one of n states, the Hilbert space of the system scales as n’.

This exponential increase means that any computation quickly becomes intractable.
NRG and DMRG are numerical methods that reduce the size of this Hilbert space
to a point that computations are possible, but still retains the necessary information
regarding the low energy eigenstates. As a motivation to the theory and application

of tensor networks we will briefly sketch out these two algorithms.

2.1.1 Numerical Renormalisation Group

The NRG algorithm famously worked well for the Kondo impurity model, which
maps a spherically symmetric Kondo model onto a lattice Hamiltonian with the
impurity as the first site and the conduction electrons as the rest of the lattice [16].
NRG is a purely numerical method and works by tracing out the higher energy

scales of the system but keeping the low energy states. The procedure is as follows



[16]:
1. Take L sites at the left hand side of the system to form a block, where L is

small enough so that the Hamiltonian H; can be exactly diagonalised.

2. Diagonalise Hy, and keep only the m eigenvectors corresponding to the lowest
eigenvalues as the higher eigenvectors do not contribute significantly to the

ground state of the system.

3. Form a matrix O of the m eigenvectors
O=|V Vo ... Vp (2.1.2)

where V) is the ground state eigenvector and so on.

4. Use O to change the basis and truncate the size of the Hamiltonian
Hp =O'HO (2.1.3)

and all other operators
AL =0TA;0 (2.1.4)

These will now be matrices of dimension m x m.

5. Add a site onto the block to form Hy 1 and repeat the procedure from step 2
until the full length of the chain is reached.

This procedure works well because each successive site is less well coupled to the
impurity and thus the energy scale is lower. Most lattice problems (for example the
Heisenberg model) do not have these properties, and so NRG is not appropriate. It
turns out that the solution to getting a successful procedure for a one dimensional
lattice system lies in the density matrix projection. Instead of using the lowest m
eigenstates to truncate the Hamiltonian matrix at each step, DMRG uses the lowest
m eigenstates of the ground state density matriz to perform the truncation. Using
the density matrix does not necessarily choose the lowest energy eigenstates locally,

but rather the states that are most highly coupled to the ground state [17].

2.1.2 Infinite System DMRG Procedure

The DMRG procedure is usually split into the infinite and finite algorithms. The

infinite algorithm is used to grow a superblock up to a certain size, whereas the



finite algorithm acts upon the superblock to accurately find the ground state of the

system. The infinite algorithm is [16), [1§]:

1.

10.

Start with a superblock of size L = 4 that is made up of a left (system) block
of size | = 1; Hy, two single sites and a right (environment) block of size | = 1;
HE.

. Form H;,; and Hﬁrl within the superblock.
. Form the superblock from H;,; and Hﬁ_l.
. Diagonalise the superblock and find the ground state eigenvector |¢).

. Create the density matrix

piir = Y _ Vit (2.1.5)
j

. Diagonalise the density matrix and keep the eigenvectors V' corresponding to

the lowest m eigenvalues.

Create matrix O that will be used to truncate the operators:

o=\ V% ... V, (2.1.6)

. Use O to change the basis and truncate the size of the Hamiltonian:

Hl+1 — OTHI+]_O (217)

and all of the operators:
A1 =0"A1,0 (2.1.8)

These will now be matrices of dimension m x m.

. Create a new superblock of size L + 2 from H;, 1, two sites and flﬁl.

Repeat from step 3 to grow the size of the superblock by two sites each itera-

tion. The procedure is shown graphically in figure
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Construct 77T Repeat
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Superblock,,.,
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%ncate Land R
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Figure 2.1: Pictorial representation of the infinite DMRG process. Starting
with the left (system) and right (environment) blocks, each representing [
sites, two sites are added to create a superblock. This is diagonalised and
the ground state eigenvector used to make a density matrix, the eigenvectors
corresponding to the lowest m eigenvalues of which are used to truncate the
Hamiltonians for the new L and R blocks representing [+ 1 sites. The whole
process is then repeated.

2.1.3 Finite System DMRG Procedure

The finite system DMRG algorithm uses the same basic principles that are used in
the infinite algorithm, however the system is kept at a set size L and the aim is to
calculate the energy of the desired state to a greater accuracy. The finite system
algorithm is usually used after the length of the chain has grown to a desired size
using the infinite algorithm. In the finite case the superblock is again constructed
from a left (system) block, length [, two states and a right (environment) block, size
I'. Now the system and environment blocks are no longer kept the same size so that
the location on the chain that the two sites are inserted moves along the chain. The

algorithm is performed as follows:

1. Perform the infinite algorithm until the chain length is the desired size L
storing the H;, H f,% and all of the operators A; that are required to construct
the superblock at each step.

2. Now the system size is set to L = [ + 2 + I’, begin growing the left block at
the expense of the right block. Start with [ = % and I = % - 2.

3. Perform steps 3-8 of the infinite algorithm.



4. Form a superblock from ﬁl+1, two sites and Hy_q.

5. Proceed by performing steps 3 and 4 until the right hand edge of the system

is reached, where I’ = 1. This is the right sweep.

6. Now grow the right block at the expense of the left block. Perform steps 3
and 4 with the roles of [ and I’ reversed until the left hand edge of the system
is reached, where [ = 1. This is the left sweep.

7. Again, reverse the roles of [ and I’ and perform another left sweep.

8. Repeat, sweeping back and forth across the system until convergence is hit or

a specified number of sweeps is reached.

DMRG proved to be a highly accurate and versatile numerical method with
applications too numerous to list here, but comprehensive review articles provide
many references [9, 19]. It was discovered by Ostland and Rommer [20] that DMRG
can be interpreted as an MPS. The MPS allows a greater understanding of the
structure of information in the DMRG algorithm, giving reason for its successes
and failures (see chapter [4). This has lead to further developments such as time
evolution [21), 22] 23], systems in the thermodynamic limit [24] and efficient periodic
boundary conditions (PBCs) [25, 26, 27]. The theory that has been developed in
the context of MPS DMRG opens the door to more complex algorithms acting on
networks of tensors with structures designed to suit the problem at hand. All of
these tensor network algorithms have a lot in common with MPS DMRG, so the

rest of this chapter will be devoted to a pedagogical overview of MPS.

2.2 Introduction to Matrix Product States

Consider a quantum system with basis states [1) and ||). Simple states can be

formed as a product of these [28], for example

) =[N @I1). (2.2.1)

In general these states can be written as a product of the two sites

(W) = (a|t) +b[1) @ (c|t) +d)). (2.2.2)



Using summation notation this can be an outer product of two element vectors

@) = Z Vo lo1) @ Vo, [02)

01,02

= Z 00’1,02 ’01> & ‘U2>7 (2.2.3)

01,02

where o; can be 1T or | and Cy, 4, is a two component tensor with elements

ac ad
Coi,00 = . 2.2.4
(e a2

Product states such as these have the bases independent of each other and the

expectation values factorise. On the other hand, entangled states such as

1
V2

do not have factorising expectation values. The maximally entangled state (2.2.5))

would require a tensor of the form

W) (Mol - el (2.2.5)

‘ o2 =l o2 =17
0 —1/v/2
1/v/2 0

which cannot be described by eq. (2.2.4). If instead of being described by vectors,

let V,, and V,, be matrices [29], for example

1 {1 0 1 (0 —1
M, ;= —— . My, = — 2.2.6
b yi<o 1) 72 {‘@(1 0) ( )

These matrices are then combined using a standard matrix product over the ¢ index,

o1 =]

o1 =T

which gives the entangled state

1 (/0 —1
ZMglviMing = ﬁ (1 0 ) , (227)

as desired. The ¢ index introduces entanglement between the two states and can be

thought of as a form of bond.



Equation (2.2.2)) can be generalised to a lattice of L states with open bound-
ary conditions (OBCs). Here, a product state is given by

L
(@) = [T las() 1)+ asd) 114 (2.2.8)
i=1
where there are two coefficients, a;(1) and a;(] ), for each site [28]. Equation (2.2.3)

is generalised to include an L index tensor Cy,  ,, and the wavefunction becomes

B)= > Copoylor) @@ ow). (2.2.9)

01,--50L

As with the two particle case, the L index tensor can be split into a series of local
tensors with connections to their neighbours that allow the inclusion of entangle-
ment. When away from the boundaries each site has two neighbours thus the tensors
at each site have three indices; one for the site basis and one for each neighbour. In

full the wavefunction takes the form

‘qj) = Z Z MU1,a1M02,ala2 s MUL—lvaL—2aL—1M0'L’aL—1 ‘01, ey UL> y

O14eeey 0L G yeeey@L—1

(2.2.10)
where |07 ...0p) is a short hand for |01) ®---®|or). For the remainder of the thesis
the ® will be omitted for simplicity but is implied in the product of basis vectors.
The o; indices label the spins of the basis and are known as the physical indices,
whereas the a; are the bond, virtual or auxiliary indices. To draw a distinction
between the two index types it is convention to have the physical o; as upper indices,

thus giving the standard form of an MPS

)= > > MM, ... MJF . M |oy,...,o0).  (2211)

01,0 Q1,..,QL—1

Taking the hermitian conjugate gives the bra state

(@ = > > MM, M td, M oy, o] (2:212)

01,--,0L G1,--,GL—1

The MPS is a valuable tool in the computation of quantum many body states as, by
controlling the size of the matrices one can introduce enough entanglement to model
a local Hamiltonian but keep the Hilbert space small enough such that calculations
are tractable. This is know as setting the bond dimension, x, and within a DMRG

algorithm is equivalent to m, the number of eigenvectors to keep when diagonalising

10



(a)

Figure 2.2: Diagrammatic representations of (a) a vector, (b) a matrix, and
(c) a general tensor. The shape represents the object and the lines or legs
the indices.

the density matrix (see [2.1.2]).

2.3 Diagrammatic Notation

One of the most elegant features of the tensor network formalism is the diagrammatic
representation of the mathematics, which makes visualising the algorithms very easy.
A tensor is drawn as a shape (here circles) where each index is represented by a line
or leg. In this manner a vector, which is a one index tensor, is a circle with one line
coming from it. Similarly a matrix is a circle with two legs and a general tensor
with & indices is a circle with k legs. Examples of these are given in fig. [2.2]
Multiplication of tensors is generalised by the notion of tensor contraction.
The simplest example is a vector inner product that takes two vectors to give a

scalar

S=> ViV (2.3.1)

In the tensor network diagrammatic convention the contraction is drawn by joining
the lines that represent the summed over index, resulting in a object with no legs
as shown in fig. [2.3|(a). Multiplication of a vector with a matrix is

V) =) ViMy,, (2.3.2)

drawn in fig. 2.3|(b). General contraction is the summation over the repeated index

of any two tensors, for example

Cijo.vjt... = Z Aij. k. Birj k.. (2.3.3)
k

the diagram of which is fig. (c) The standard form of the MPS ([2.2.11)) is there-

fore a set of L tensors where each is contracted by the bond indices to its neighbours.

11



®
@
j p T
(c) J N

Figure 2.3: Diagrammatic representations of contractions. (a) Inner prod-
uct of a vector with another vector (eq. [2.3.1)). (b) Vector multiplying a
matrix (eq.[2.3.2). (c¢) General tensor contraction (eq. [2.3.3)).

The standard diagram for an MPS is a chain of circles connected horizontally by the
bond indices with the physical indices drawn vertically. The MPS of eq. is
given in fig. [2.4(a). The bra state MPS will be drawn in a similar way to
the ket but with the physical indices pointing in the opposite direction as shown in
fig. 2.4(b).

There is no set convention as to whether the physical indices for the wave-
function should point up or down and the literature contains examples of both
(up: [29] B0, B1, B2 B3], down: [2, [34, 35 36, 37, B8, B9, 40, [41]). Throughout
this document a ket state will have physical indices that point down to be con-
sistent with the conventions of the literature on holographic tensor network states
(12, [34) [42], 43, [44) [45] that will become important in latter parts of the thesis.

2.4 Fundamental Details

Tensor networks require operations that manipulation the tensors, the most funda-
mental of which are reshaping and contraction. It is using these actions that all of
the more complicated tensor network algorithms are built.

2.4.1 Tensor Reshaping

The reshaping of the tensors involves permutation, fusing and splitting of indices.

Permutation is the reordering of the indices of a tensor, generalising the notion of a

12



ar—o2 ar—1

*0p—-2 0L—-1 OL

*0L-2 O0L—-1 O

Figure 2.4: Diagrammatic representation of an MPS (a) ket given by eq.

(2.2.11) and (b) bra given by eq. (2.2.12). The circles represent the M

tensors and the lines are the tensor indices. The horizontal lines represent
the bond indices, the vertical lines the physical indices.

transpose operation on a matrix. For example A%1%2% can be permuted to A®2%193
as shown by fig. [2.5(a). Permutation and limited reshaping functions for tensors are
common and exist in packages such as MATLAB and NumPy, but general fusion
and splitting functions are not.

Fusion involves combining two or more indices to create a composite index
that spans all combinations of the original indices, the following is a description of
how to create such a function and is shown diagrammatically in fig. [2.5(b). Begin
by labelling the indices of the tensor by the desired final order with the legs that are
to be fused given a positive number, the indices to be left given a negative number.
The indices are then permuted to be in the order of the labels, with the convention
that the diagrams are labelled from 9 o’clock anticlockwise as in [37]. Note that now
the two indices that are to be fused are next to each other. To fuse these indices
it is necessary to calculate the dimension of the resulting composite index, which is
product of the component indices. The next step is to reshape the tensor into the
desired form. This is performed by flattening the tensor into a vector then splitting
it up into indices of the desired dimension (in MATLAB, for example, this is done
by the reshape function) where the final index is now the composite index. The
final step is to permute the reshaped tensor such that the indices are in the desired
order. Here we note that the distinction between indices to be fused and not is no
longer needed so the negative indices are made positive to allow the permutation to
be made in the correct order.

The split function is in essence the inverse of the fusion function; it splits an

index into smaller component indices. Begin this function by defining the index that

13
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Figure 2.5: Example of (a) permutation of indices, (b) the tensor fusion
function and (c) the tensor split function as described in the text.

will be split and the sizes of the desired component indices after splitting. Create a
list of the index dimensions for the tensor and insert the split dimensions in place
of the dimension of the index to be split then reshape the tensor according to this
list of index sizes. This is diagrammatically shown in fig. [2.5(c). It is important
that the fuse and split have the same indexing convention such that splitting after a
fusion recovers the same tensor. Note that MATLAB like Fortran is column-major,

whereas NumPy like C and Mathematica is row-major.

2.4.2 Tensor Contraction

The most commonly performed action in a tensor network algorithm is the tensor
contraction, so it is vital that it is done fast. As mentioned in section[2.3] the concept
of a tensor contraction is a generalisation of a matrix multiplication to objects of
arbitrary dimension. Matrix multiplication algorithms are very common and there
exist very highly optimised functions in linear algebra packages such as BLAS and
LAPACK, which form the basis of the tensor contraction function. To use the matrix
multiplication functions, the tensors must first be reshaped into matrices, multiplied
and then converted back into tensors.

This description of a tensor contraction follows the example in [37]. The

fact that there can be more than two indices to the tensor means that there are

14
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Figure 2.6: Diagrammatic form of the tensor contraction function as de-
scribed in the text. Note that the minus signs are dropped after the multi-
plication.

often many different ways that two tensors can be contracted depending on which
index is being summed over. Therefore in a similar manner to the fusion function,
the contraction function requires instruction as to which indices to contract and the
desired order of the indices of the resulting tensor, where the indices to be contracted
are positive and those to be left are negative. Using the numbering, permute the
tensors such that the indices to be contracted are the final indices on the left hand
tensor, A, and the first indices on the right hand tensor, B. Fuse the indices that
are not contracted on each tensor leaving two matrices, each with one index to be
contracted. These matrices can then be efficiently multiplied resulting in a matrix,
C, with one index being a composite of the un-contracted indices of A and the other
the un-contracted indices of B. These two legs are then split and permuted into
the desired form. Similar to the fusion example, after multiplication there are no
indices to be contracted over therefore the negativity of the remaining indices can
be dropped so that the permutation achieves the desired result. Figure shows a

diagrammatic example of the mechanics of the tensor contraction.

2.4.3 Time Estimates

The order in which a tensor network is contracted can have a great effect on the
execution time of an algorithm, therefore it is useful to have a means of estimating
this cost so that the optimal order of contraction can be found. The diagrammatic
notation provides a simple method for this. Using big O notation, the order of an

operation is given by the product of the dimensions of the indices involved. For

15
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Figure 2.7: Contraction of (a) two tensors with computational costing
O(D®%) and (b) Contraction of three tensors, showing that the order of
contraction effects the cost of an operation.

example contraction of a rank four and a rank three tensor as shown in fig. [2.7)(a)
where each index has D elements is of order D® or O(D?).

An simple example of where the order of contraction effects the overall cost
of an operation is shown in fig. 2.7(b). This is the contraction of two MPS tensors
with a left block, which is part of calculating an expectation value, the details of
which are in section The top order is O(x>d), whereas the bottom is O(x*d).
With an MPS the bond dimension x can be ~ 100 - 1000 so the second order takes
about a thousand times longer, clearly showing the advantage of choosing an optimal

order of contraction.

2.4.4 Singular Value Decomposition

Another commonly used tool in the manipulation of tensor network states is the
singular value decomposition (SVD) [30], which states that a rectangular matrix A

of dimension N4 x Np can always be written in the form

A=USVT. (2.4.1)

16



U is an N4 x min(N4, Ng) matrix with orthonormal columns (UTU = 1), which is
unitary if Ny = Np (UUt = UtU = 1). S is diagonal with non-negative entries,
which are the singular values and are usually given in order of decreasing size. V1
is a min(N4, Ng) x Ng matrix with orthogonal rows ((V1)(V1) = 1), which is also
unitary if Ny = Np.

For a system of more than two sites, with the bases split into two blocks A
and B with dimensions N4 and Np respectively, a state of the system |¥) can be

written as [30]
@) => Wi loi) 4 log) (2.4.2)
i,

where |o;) 4 and |oj) 5 are orthonormal bases of A and B respectively, and the
coeflicients are elements of matrix W;;. Performing an SVD of ¥;; in eq. (2.4.2)

gives
W) = " Wijloi) 4 |os) g
i

= Z UiaSaaVJj |0i>A ‘Uj>B 5 (2.4.3)
i7j7a
This is also known as a Schmidt decomposition.
The amount of entanglement between blocks A and B is encoded within the

singular values, which is quantified by the von Neumann or entanglement entropy
SaB=— Z s21ogys2, (2.4.4)
a=1

where s, are the singular values from diagonal matrix S. When the wavefunction is
normalised the set of singular values square and sum to 1. If only one of the s, is
non-zero, then the system is in a product state with S, p = 0. The other extreme
is having all of the singular values equal, i.e. s, =1/ V/N where N is the dimension

of matrix S. This mazimally entangled state therefore has entropy Sy p = logyN.

2.5 Matrix Product States

2.5.1 The Canonical Form

It is possible to take any state with tensor C7'+?ZL and convert it into an MPS [30].

The tensor is first reshaped into a matrix ¢ where the second index is a

o1,(02...01)’
composite of the spin indices for sites 2 - L. The matrix C'!) can then be split into

17



two by performing an SVD

CUL”UL — Cl[l} Z U[H S[H V[l}

o1,(o2...01) o1,a1~a1,a1 " ay,(o3...01)

_ ZAUICUQ o
o 2
_ ZA 10/2102 (o) (2.5.1)

(1]

where Uy, o, has been reshaped into AJ!. S [ has been contracted with VUt and
been reshaped to obtain a tensor that now represents all physical indices apart from

o1. This can then be reshaped into a matrix C(m and split by SVD

a102),(03...0L)

1.0 __ o [2] [2] (2]t
Corot = ZA : ZU(a1<72),a2Sa%a?Vazv(GsmoL)

- Z ATVAZ2, CT80L (2.5.2)

al1az )
ai,a2

: 2]
where again U, (a102),a2

from the contraction and reshaping of S (2] and UP. This process can be repeated

has been reshaped into A7?, and C73-“L has been made

for all L sites of the chain giving

Coro, = >, ATAZ, . AT, JATE (2.5.3)

aipa2 ar—1
ai,..,dL—1

Inserting into eq. (2.2.9) gives

S AGAL,, AT e ATE o, oL (2.5.4)

01,-+,0L Q1,...,QL —1

which is the explicit left-canonical form of an MPS. The diagrammatic derivation
is given by fig. [2.8] The fact that the A matrices were obtained from the U of an

SVD means that it is left-normalised, i.e. it satisfies

T _
Z U((lz 10’1) a U(az 104),ai — 551;7041"

(ai—1,0%)

* JR—
Z Uaé,(az‘AUi)U(‘liflUi)v@i - 5612,(11‘7

(a;—1,04)

Z Z AZjila;Angai = 5a§,aia (2.5.5)

0 Qj—1
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Figure 2.8: Diagrammatic representation of the derivation of the left canonical form

of an MPS. The first line shows eq. (2.2.9); the initial general state of L sites. This is

reshaped into a matrix to which an SVD is performed as in eq. (2.5.1]). The diamond

tensor is the matrix of singular values D. U is reshaped to A and D is contracted

with V1 and reshaped to give the general tensor of L — 1 states. This is repeated to
give the left normalised MPS as desired.



Figure 2.9: Diagrammatic representation of (a) left-normalisation given by

eq. (2.5.5) and (b) right-normalisation given by eq. (2.5.9).

or diagrammatically in fig. [2.9(a).
Equation (2.5.4)) is obtained by starting at site 1 and working towards site L.
The start point of the derivation does not alter the state, thus an equivalent MPS

can be derived starting from L and working towards 1,

_ L] _ (L] L L
Corear = C(U1~~~UL71)70L - Z U(O'l..~0'L71),aL71SC[LL]—lvaL—IVa[L}—TI:O'L
ar—1
_ /[L—1] o
- Z C(Ul---UL—2)7(0'L—1GIL—1)BQIL:*1
ar_1
o /[L—Q] o7 _
B Z (0'1~--U'L—S)7(UL—2aL—2)BaLL*21aL*1Bgf—l
ar_2,ar-1
= > BIBR, .. .Bil, Bl (256)
a1,..-,01,—1
giving
‘\Il> = Z Z BgllBgf,az T BgLL:;aLlegLL,l ‘017 s UL> : (2-5'7)

O1,--,0L G1,--,GL—1

This is the right-canonical form of an MPS. The B matrices are reshaped VT matrices

which satisfy

Viv =1
= (VHvhf =1, (2.5.8)

hence the B matrices are right-normalised

ZZBgz‘i—laiBZ;_ilai = 5(1;71,%71' (259)

o Qg
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Figure 2.10: Diagrammatic representation of an MPS with mized normali-
sation.

The diagrammatic form is given by fig. [2.9(b).

By starting the normalisation process as both ends it is possible to have a
mized canonical state, where the left side is left normalised and the right side is right
normalised. At the point where the two normalisations meet there will be a leftover
matrix of singular values as shown in fig. This matrix can be contracted with
either neighbouring tensor to make a tensor that does not have either right or left
normalisation. These states will prove useful in calculating expectation values in the
next section. These normalisations do not have any effect on expectation values; as

such they are different gauges.

2.5.2 Overlaps

Orthonormality of the basis vectors and normalisation of the wavefunctions implies
that we expect (V|W) = 1, which is easy to show using the right normalisation of
the A tensors [30]

(e = 3 ARTLAT AL
ap 4109 ar_1
O1,...,0 Q15,00 —1
o1 A02 or,
X Agt ARz, AGE (o1, 0o, 0n)
— *01 A01 *02 *or 02 oL
= Y Y | AnAn| A, AT AT, AT
02,...,0], a/ly"'ya/L—l o1
a7 yesQy
N *02 *0[,  AO02 or
= Y Y Gwa AL AT AT, ATE (2.5.10)
02,...,0], ley---agfl—l
10—
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Figure 2.11: Diagrammatic derivation of the normalisation of a bra-ket as

in eq. .

where we have used the conditions on A in eq. (2.5.5). Repeating until the end of
the chain yields the result

> Y [T,

03,...,0, a/27~-~7alL—1 o2 ai

(W|w)

AXTS, ATTE AT AT
L—-1

!
asag aza3 ar—1

g5y,

*03 *0p, g3 gy,
= g E Ot an A A A A
ala PO e ’ .
292" "ajay aj _,""a2a3 ar—1
03,...,0, a/?a--walLfl
Agse-5ap,_q

ceey

=D A AT

oL ar—1

=1. (2.5.11)
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Figure 2.12: Construction of the left block L in derivation (2.5.12]) tensor
by tensor.

This derivation can be performed very neatly pictorially as in fig. A similar
derivation gives the same result for right-normalised B matrices. The overlap of
two wavefunctions ((®|W¥)) cannot make use of this convenient normalisation, so it
is necessary to contract all of the terms. If each wavefunction is represented by an
MPS with a bond dimension y this can still be done efficiently

<¢‘\Ij> - 0'17-2--7:0—L aly-za:lzl M:;o'l M;ZZZ . M(;Z/O;Ll

/ !
15501, _q

X Mg Mg? MY (oq,...,00]01,-..,0L)

aiag ar—1
1 1% Ix0o
= > > Ll MuT MM, M
alal a a2 aL aiaz * ar—1
02,.. ,O'Lalz 7¢1L 1
a5y
L—-1 1%0; Ixo
=S X U oMM EME g, MY
a;—1a; ¢ a; 1a; L i—1 L—-1

Ojyeens0p, i—15-,0L—1
/ /
Aj_1-aL 1

_— (2.5.12)

where the M are the MPS tensors for |¥) and M’ are the tensors for (®|. The
calculation is performed one tensor at a time form left to right, grouping the con-
tracted tensors into a block L. Figure shows the contraction of one site into the
block, which is performed in O(x3d) where d is the basis dimension, or the number

of elements in o;. Hence the whole overlap is calculated in O(Lx3d).
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Figure 2.13: (a) MPS density operator p of eq. (2.5.14) and (b) reduced
density operator p4 of eq. (2.5.16)), where sites [ + 1 to L have been traced
over.

2.5.3 The Density Operator

The density operator for a wavefunction |¥) is defined as

p =) (. (2.5.13)

For an MPS this takes the form [30]

or diagrammatically as in fig. [2.13(a).
density operator contains the entanglement information of the state. Reduced density

p= > > Mg;...MgLL_lM:,jl...Ma,"Ll lo,... o) (o), ..., 00|, (2.5.14)

L—
O1,-,0L A1,---,aL
! ! / /
(o N S NS

operators are calculated by tracing over the degrees of freedom of the system. Most
relevant here are where spatial regions of the system are traced over, for example

let the left [ sites of the chain be region A and the remaining sites be region B. The
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reduced density matrices are then
pa=Trp|U)(¥| , pp="Tra|¥)(¥|. (2.5.15)
pa can be expressed in MPS form as

pa = Z Z Mgl .. M(Zl_lalM(Zlg“lil SoMFE (2.5.16)

O01,.-,0[ Q1,...,47],
/ / / /
Osees0) QY seenQl)

<« MU M

PR
ay

*O'/ *
a{flagMa{;lﬁl .. M:'Z: lo1, ... o) (o, ... 0|,
which is shown in fig. 2.13[b). The contracted tensors of the B block form the
reduced density matriz pa
— 0141 *0141 *O
pa= > > MG, ME Moo o M7 (2.5.17)
Ol+15-0L Al 415--,AL—1

The reduced density matrix for region B (pp) can be made using the same argument
but it is the left hand sites that are contracted.

Like the SVD in eq. (2.4.4]), the reduced density matrices can be used to

calculate the von Neumann entropy

Sap = —Trpalogypa = —Trpplogypp. (2.5.18)

The entanglement entropy is the same whether calculated using p4 or pp as it is a
measure of how entangled block A is to B. It is worth noting that to take the log
of a matrix it is necessary to diagonalise it and can therefore be computationally
expensive. When the MPS is in a mixed state with the left region left normalised

and the right region right normalised the calculation of entanglement entropy is
greatly simplified, p4 of eq. (2.5.17)) becomes

_ O1+1 or, *0]41 *0],
PA = E § Saya; Bazal+1 v BaL_ISaga;Ba;a;H cee Ba'L,l
Ol+15+0L Al 415--,GL—1

= SuaSy, =S5S". (2.5.19)
aj

Similarly pp = STS. As S is real and diagonal, ps = pp = S?. Thus eq. (2.5.18)
becomes equal to (2.4.4)) with the eigenvalues of the reduced density matrix equal

to the squares of the singular values (\, = s2).
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Figure 2.14: Expectation value for a single site operator.

2.5.4 Expectation Values

The expectation value of a local operator Ol can be calculated in a highly efficient

manner due to the normalisation of the MPS, where the operator is defined as

ol = Z 0% o) (o] , (2.5.20)

0;,0

and implicitly acts with an identity on the rest of the sites. An example of such an
operator is s7, giving the expectation value for the z-component of the spin for site
i. If the MPS bra and ket are gauged such that all sites to the left of the operator
are left normalised and all to the right are right normalised, the calculation of the
expectation value is almost trivial, i.e.
m _ *0'1 *0'7;,1 *0'; *Oj41 *0,
<\IJ|O |\Ij> N Z Z A ' “2 2“§71Ma§71a§Baz“z+1 T Baqu
01,...,0, @15--,QL—1
X O%TAT AT Y M Baidl, . BJE
X {o1...0i_1|o1...0i1) (oh|ol) (oi]03) (o441 ... oL|oigr ... oL)

=D > M7 W 0" M., (2.5.21)

00} i-1a;

where the normalisation of the MPS was used to set the sites to the left and right of
the operator equal to the identity. The diagrammatic representation is given in fig.
In a similar way to fig. it can be shown that can be performed
in O(x2d).

The expectation value of operators is not limited to one site. Local operators

can be contracted onto as many sites as desired to create such expectations as two-
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Figure 2.15: Expectation value for (a) a single site operator acting on all
sites and (b) a general operator acting on all sites.

point correlation functions or the total s* taking the form

(ot .oMwy = %" )" M*"1 *"L 07191 . O°LoL MO . ML,
L—-1
0'17 G'L 0417 7aL 1

150, Ay

(2.5.22)
or diagrammatically as shown by fig.[2.15(a). Gauging the MPS to a mixed canonical
form will provide a simplification to the contraction if there are not operators acting
on the edge sites. In eq. there is no such simplification as all sites are acted
on by operators, so is calculated in O(Lx3d). The most general form of expectation

value is where the operator is not local and represented by a 2L index tensor,

(wol-Hwy = %" 3y M*"l M OTIAILTLM ML, (2.5.23)
01,01 a1,0L
00y dhdl
given by fig. 2.15(b). An example of an operator that takes this form is the Hamil-
tonian. Unlike the local operators, contracting full tensor operators means having
the operator for all sites stored in memory, thus the memory and time requirement

grows exponentially in system size as O(d").
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2.6 Matrix Product Operators

The computational cost of storage and manipulation of general tensor operators
scales exponentially with system size as discussed in the previous section. The
idea of a matriz product operator (MPO) [30} 46| [47] is to use the ideas of MPSs
to transform the tensor operators into a form that can potentially be contracted

efficiently. A general operator can be written as

> 07T oy o) o] ... o7 (2.6.1)

This can be decomposed using SVDs in the same way as the MPS derivation for
(2.5.4). Proceeding as before with O’ being the matrix resulting from a reshaping

of tensor O, we have

o100, _ W Gl
0 00‘10'1,(0'20‘2 O‘LO'L) Ualcrl,bl bl,b1vl-;1,(0202 .oLoy)
by
!
_ 0'10'1 /
- E :Wbl O(Uzaé,bﬁ,(agaé...o'LU’L)
by
! !
i 010} 15,0205 ~/
- bzb: Wb1 Wblbg O(ago’é,bg),(m;@’l.,.aLa’L)
1,92

/! ’
010 020 oL—-10p,_ oo
E ”7 1”fb1b22 W L 1”7 L

br_2br 1 br 1
b1,..,b—1

(2.6.2)

The standard form for an MPO is therefore

= Y WO LW W oy Loy (oo
O15-0L by,...br_1
(2.6.3)
As usual this derivation can be performed pictorially as in fig.
The expectation value (U|O|¥) is found by contracting the MPO with an
MPS bra and ket

*0'1 0'10'1 0-1 *0'2 0'20'2 o2
o = > > > M MM W M,
O1300L Q150L by b,

OO @5l

M W M e, M WM (2.6.4)

ay o0y br-2br br—1 “ar—1°

*G’L 1

Equation (2.6.4) is a clear example of the power of diagrammatic MPS. With all of
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Figure 2.16: Diagrammatic derivation of the standard form of the MPO of eq.
(12.6.3]).
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Figure 2.17: Diagrammatic form of the expectation value as given by eq.
(2.6.4). As usual the circles are MPS tensors and the squares MPO tensors.

the indices explicitly written the expression is rather opaque yet the diagram in fig.
is easy to understand. Many operators have an MPO representation that has
a constant MPO bond dimension Dyy, that is the indices b; have a constant num-
ber of elements. Most noticeably many common Hamiltonians have this property,
for example the Heisenberg and Hubbard models, meaning that calculating energy

expectation values becomes efficient taking O(Lx®Dyd).

2.6.1 Explicit form of Matrix Product Operators

Many of the most common lattice Hamiltonians can be written as an MPO with
a constant bond dimension Dy, so it is useful to understand how these explicit
MPOs are created and manipulated. For more complicated MPOs it is helpful to
use graphical representations. Throughout this section matrix product diagrams will
be used but so-called finite weight automata are also common [29]. Matrix product
diagrams consist of two columns of points representing the first and second indices of
a matrix, then a labelled arrow connecting a point of the first column to one on the
second column is the element in the matrix for those indices. Matrix multiplication
is then simply two of these placed end on end and the matrix elements are the sum
of all the paths that connect the appropriate indices (see fig. for an example).

The most simple one dimensional nearest-neighbour Hamiltonian with OBCs

takes the form
L—1

H=Y AAi. (2.6.5)
=1
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When written explicitly in terms of tensors this is [30]

HO0-019% = AT @ AT72 © 199% @ ... @ 1971 @ - - @ 17L7L
+1 QAP @ AP @ @17 ® - @ 179 4.
Ui+1‘7§+1

...+10103®...®A?i0i®Ai+1 Q- @ 1°L9L + . ..
1T R @17 R @ AT @ AT (2,6.6)

which can be written as an MPO with tensors

Wy = (11"“"1 AT 0), (2.6.7)
19} Af'iai 0
(3
[iloio} o
Wy wi=1 0 0 A7, (2.6.8)
0 0 1%
, 0
Wl = A | (2.6.9)
HULJ’L

The matrix product diagrammatic form of eq. is shown in fig. 2.18(b). The
first and last sites are special cases, they are the first row and last column of the gen-
eral case, respectively. These have the diagrammatic form shown in fig. (a) and
2.18(c), respectively. The product of multiple matrices is represented by concate-
nating multiple of these diagrams as shown in fig. (d) The resulting operator is
the sum of the possible paths across the diagram where the binary operator between
the A; is a tensor product. This gives the explicit form of eq. as desired.
On-site terms are simple to include in the MPO and have a clear representa-
tion in the diagram. They take the top right element of the MPO and connect the
top to the bottom of the diagram directly on that site. An example of a Hamiltonian

with on-site and nearest neighbour terms is

L-1 L
=1 =1
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Figure 2.18: Matrix product diagrams for nearest neighbour Hamiltonian
showing (a) bulk terms of eq. (2.6.8), (b) the left hand boundary site as
given by eq. (c) the right hand boundary site, given by eq. and
(d) four sites contracted. The circles represent the indices of the matrix,
the left hand column gives the b;_; index of W}, | 1,, the right hand column
gives the b; index. The connecting paths give the value at that site in the
matrix. The greyed out arrows in (d) denote elements that are present in

the matrix for a site but are not used by any full path.

where B; are the on site terms. This can be written as the following MPO,

wli = (1 4 B),

Wb[:]fl,bi =10 0 A
0 0 1
Br
_
WbL—hl = AL |
1

where for clarity the o; indices have been omitted. The bulk terms have the dia-

grammatic form as shown in fig.
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Figure 2.19: Matrix product diagram of a single site of an MPO Hamiltonian
with nearest neighbour interactions A and on-site term B.

It is possible to use matrix product operators to produce representations of
more elaborate operators with more than simple nearest neighbour interactions [36].

A Hamiltonian with next-to-nearest neighbour interactions would take the form

L-2

H=>Y A, (2.6.14)
=1

which has the MPO

wii = (1 4 0 o), (2.6.15)
1 A 0 0
li] 10 0 1 0
Wy b = 00 0 4l (2.6.16)
00 0 1
0
0
wiH = . (2.6.17)
L—1, AL
1

The matrix product diagram of a five site system is given in fig. and shows
clearly how the next-to-nearest neighbour terms in the MPO arise. This form can
be generalised to interactions of any range by increasing the size of the virtual index
further and including more identities in the middle. Therefore the size of the virtual
indices increases with the range of the interaction.

The final example is an exponentially decaying Hamiltonian. The MPO

representation is interesting because it is very compact, containing terms of all
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Figure 2.20: Matrix product diagram of a five site system with the next-to-
nearest neighbour Hamiltonian MPO of egs. (2.6.15] [2.6.16} [2.6.17)).

orders without a growing MPO bond dimension. Such a Hamiltonian takes the

form
L—1L—i

H=>Y Y B1AAi, (2.6.18)

i=1 g=1
where ( is a constant less than one for a decay and ¢ gives the range of the interac-
tion. The MPO for this Hamiltonian is [30]

Wi, = (11 Ay O), (2.6.19)
1 4 0
Wb[z]_l,bi: 0 g1 BA; |, (2.6.20)
0 0 1
0
Wy = |pA (2.6.21)
br_1,1 L . .0.
1

From fig. it is clear that element (2,2) of the MPO gives the exponential decay.
This horizontal path allows interactions of arbitrary distance but contributes an
extra factor of 5 for each increase in ¢, hence giving the desired factor of 89.

The operators themselves that take the place of A and B in the discussion

above depend on the model under consideration. Section [2.7|will concentrate on the
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Figure 2.21: Matrix product diagram of a five site system with the expo-
nentially decaying Hamiltonian MPO of egs. (2.6.19} [2.6.20} 2.6.21)).

spin-1/2 Heisenberg model with an external magnetic field h

-1 L
Hpeis =J Y 881 —hy s, (2.6.22)
i=1 i=1

where §= (s*,s¥, s%). This is a quantum spin model and as such the operators will

be the Pauli spin operators

10 1 10 —1 1/1 0
st =~ , s¥Y=- , §° == . 2.6.23
(Vo) =0 0) el ) e

It is often convenient to create raising and lowering operators, which will be used in

0 1
sT =" +is¥ = (0 0) , (2.6.24)

00
sT=s"—is¥ = (1 O) . (2.6.25)

The spin-1/2 Hamiltonian has physical or spin indices that take two values. The

the following sections
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explicit form of the W tensors is [4§]

Wi = (et Jlstnet S Jfsnot he]n ), (2.6.26)
[ﬂ]oi,oé %[S—&—](f“ag %[S—]oi,oé J[32]017U~/L _h[sz]ol,(rI
0 0 0 0 [s7]o0
o =1 0 0 0 0 [sT)7et |, (2.6.27)
0 0 0 0 [5%]77
0 0 0 0 (1]
_h[sz]aL,a/L
7]
Wy k= st | (2.6.28)
[SZ]O'L,O"L
[]l]oL,a’L

where “0” is understood as a zero matrix with indices o; and o}. The matrix product
diagrams for these operators are in fig. Multiplying the matrices recovers the

familiar Heisenberg Hamiltonian
Hygeis = JZ[Z z+1+ (s+sl Lt s s ]—hZS (2.6.29)

Many Hamiltonians are based on particle creation, ¢f, and annihilation, c,

operators that act on each site. A common example is the Hubbard model [49]

L
Hpgp = —t Z Z ( Ci oCitl,o + Cj—&-l o Ci, o’) +U Z N AN; |, (2.6.30)
i=1 o=1,| =1
where c; , and ¢; , create and annihilate particles of spin up or down at site 7. The

number operators n; + = C;-rTCm and n; | = c;.r 1Gi,). count the number of spin up and

down particles at each site. Fermions obey anti-commutation relations

T _
{Ci,O" Cj7T - 5i7j507T’

{Cz,w Cj,r} ={cig,cjr} =0, (2.6.31)
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Figure 2.22: Matrix product diagram of the MPO for the full Heisenberg
Hamiltonian for (a) site 1, (b) site ¢ and (c) site L.

with matrix operators for the fermionic Hubbard model taking the form

01 00 0 01 O 0 0 0O
0 00O 0 00 —1 0 000
Cit = , Ci| = y MM =
0 0 01 0 0 0 O 0 0 0 O
0 00O 0 00 O 0 001
(2.6.32)

To enforce the anti-commutation on multiple sites it is necessary to introduce a
matrix P that contains information about the number of fermions to the left of the
active site [50} [51]

(2.6.33)

o O O =
\
=

|
—_
= o O O

The matrix gives a phase —1 when the site is occupied by one fermion, and +1
when occupied by zero or two. When the operators act on one of multiple sites they

implicitly act on an extended basis, for a two site example

1o — (Lo ®1). (2.6.34)
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The P matrix then acts on the site to the left
2.0 — (P & 0270—). (2635)

Using the identity
(A® B)(C® D) = AC ® BD, (2.6.36)
P can be introduced into the Hamiltonian by multiplication by the left of each pair

of operators. For example

(, @ D)(P®eye) =l ,P O Lea,
(P@c),)(c10®1) = Peyy®c,1. (2.6.37)

2,0

The MPO tensors will therefore be

Wl[,llL:(]l —tC}TP _tPCLT —tCJ{"LP —tPCLi UTL17T’I%17¢>, (2.6.38)

1 —thTP —tPc;4 —thTiP —tPc; | Un;sn;y

0 0 0 0 0 Cit
f
L 0 0 0 “r |, (2:6.39)
b lo 0 0 0 0 Cil
T
0 0 0 0 0 o
0 0 0 0 0 1
Unpang,y
CL
L cf
wiH = Lro | (2.6.40)
L—1, CL,\L
f
Ly
1

2.7 Finite Spin-1/2 Heisenberg DMRG using MPS

When building a DMRG algorithm there are many indices to take care of, therefore
before starting it is useful to define an indexing convention. Throughout this dis-
cussion the convention will be to label physical indices first, top to bottom of the
diagram, then virtual indices, also top to bottom. The indices relating to bras will

be primed and kets unprimed. Explicitly this takes the form

04, 0% ai—1,bim1, a5y, a3, iy ap] (2.7.1)
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where the a are the virtual indices for the MPS, the b are the virtual indices for the
MPO and the o are the physical indices.
The starting point for the DMRG algorithm is an MPS

|U) = Z Z Milegfag e MgLL:QlaLAMaULL_hl o1,y 0L), (2.7.2)

O15.+0L Q15.-,G[—1

where the M are understood as unnormalised MPS tensors with random elements
to begin with, although the MPS form of a known state can also be used. In terms
of the bond indices the first site is a row vector with a placeholder for the column
index, similarly the final site is a column vector. The maximal size of the tensors in

the form [0, a;—1, a;] is
(d,1,d),(d,d,d?),...,(d,d27",d?),(d,d?,d57Y),..., (d,d% d),(d,d,1) (2.7.3)

where d is the spin dimension. In the case of spin-1/2 Heisenberg d = 2, therefore

the tensors have size
(2,1,2),(2,2,4),(2,4,8),...,(2,8,4),(2,4,2),(2,2,1). (2.7.4)

When performing DMRG we do not want to keep all of the information for all states
in the MPS, only the most relevant information for calculating the ground state.
In standard DMRG, a density matrix is formed from the ground state, which is
diagonalised and the highest m states are used to truncate the basis. With MPS
the truncation is performed by limiting the size of the bond dimension y. The
standard general method for doing so is to perform an SVD, keep the largest x
singular values and resize U and V' appropriately.

The DMRG sweep [30] will start at the left hand side of the chain which
requires a right-normalised MPS. The normalisation is performed iteratively using
SVDs in a manner reminiscent of the derivation of the canonical form . Start-
ing with the MPS of eq. , M7JE | is reshaped into a matrix by combing the

ar—1,

o, index with the placeholder 1

W) = Z Z M7 M2, Ma) ey Moy | o1y |01, 0L) . (2.7.5)

015.+,0L Q1,...,QL —1

An SVD is then performed, the VT is reshaped into the right normalised B tensor
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whilst the U and S are combined with the M tensor to the left

)= > > ML M, M,

O1.e0y0L Q1 4eenys @, —1

% UL glL] sl

J1y...,0
ar—1,ap-1~ar-1,8L-1"ar_1,(or,1) | 1y ’ L>

)= > > ML M, .. Mg, B lov.....oL),  (2.76)

01500 Q1,..,0L—2

where M is the contraction of M, U and S

M ey =Y M}, UM Sl (2.7.7)

ar—1,4L—-1"aL—-1,aL—-1"
ar—1
This is then repeated for each site in order L — 1 — 2. Note that in general the Ms
are three-index tensors which are reshaped into a matrix by combining the o; and

a; indices. The result is

Y ML BR,, ... B, B o, o0). (2.7.8)

01,--,0L GQ1,--,QL—1

The last M is reshaped, decomposed by SVD and VT reshaped to B as before but
now the U and S are just scalars which can be combined to a number v/ N, where

N is simply the norm of the state

1 1 o or—
"II> = Z Z Ul ]D[ ]BflalBafaz "‘Baf—Ql(IL—lBaLfl,(aL,l) |017"°70L>

01,50 Q15-.,0L —1

= > > VNBY, BR, .. Bl B ilon,...,o0).  (27.9)

01550 Q1,ee,GL—1

If the state is to be normalised then NNV is set to 1. Thus state is fully right-normalised
as in eq. . The diagrammatic representation of this normalisation is in fig.
223

The next step is to include a Hamiltonian MPO for the Heisenberg model
given by eq. . At the current point, as the MPS was constructed using
random tensors, (V|H|¥) gives the energy of a random MPS wavefunction. The
DMRG algorithm is a variational approach that builds a set of MPS tensors itera-
tively whose energy expectation value converges to the ground state. The variational
MPS algorithm is essentially the same as the finite White style DMRG in that the
wavefunction is calculated over sweeps of the system where the accuracy increases

with every step.
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Figure 2.23: Procedure to right normalise an MPS as in eq. lj

To perform an update to a tensor it is necessary to have the left and right
blocks either side of the active site (I). The left block LI contains all of the infor-
mation for the sites to the left of the active site (sites 1 — [ — 1) with each MPS

tensor left normalised

U %0l 010 4oy
L = ATLW A X ...
aj_1,bi—1,a]_4 Z Z Z Lay " 1b1 “"la1

O1y0es01—1 Q15,012 by, .. by

! / ! !

0153071 @151 _9

. ( L W,:l_jb‘l’:lAZ;:;aH) (2.7.10)

! i
ap_20;_

Similarly the right block contains the information for the sites to the right of the
active site (sites [ + 1 — L) with each MPS tensor right normalised

! !
1] Z } : 2 : B*‘71+1 ”ral+1U1+1BUz+1
= X DY
Ralvblvaz ajap .y bibii M
Ol415++0L Ql4-15AL—1 by 1,...,bp,_1
! ! ! /
O) 150 Qg5 @1
/ /
*0 oo o
L L L
< (Bt WothBZE L) (271)

/
ay_q,1

The diagrams of the left and right block are shown in figs. [2.24(a+b). As the first
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Figure 2.24: Diagram showing the construction of the (a) left block of eq.

(2.7.10) and (b) right block of eq. (2.7.11)).

active site is on the left hand boundary the left block is non-existent, but a dummy
block L[1(?]1,1 = 1 is used so that the process can be iterated more effectively. The right
block is the contraction of all 2 — L of the remainder of the chain. It is very costly
to contract the whole block for every step as in eq. , it is more efficient to
build it iteratively starting with site L. By contracting site by site, the right blocks
for the whole chain are built as the intermediate blocks for sites L — 1 — 2 can be
saved. Each step in the iteration is calculated using the block to the right of it

B bt = > B Wi B R L (272)

Gt 1,00 it bis1,al

As with the left block at ¢ = 1, the right block at i = L is a scalar, R[1L1+11] = 1.

Contraction in this way is therefore O(x> Dy d).
An effective Hamiltonian tensor is built from the left and right blocks along
with the W tensor for the site
[llo1,07 _ (1] o0 pll]
a7 =) L W, R (2.7.13)

/ / /
a‘l*lza';,l:al’al al*lvblflaalfl alvblal,
bi—1,b1

which is shown in fig. 2.25(a). This can be reshaped into a Hamiltonian matrix

! . . .
H ([Jl ar a0 (ohal ) and can be used in the eigenvalue equation
YyWl—1> N %1 —1%

HUy = By, (2.7.14)

where F is the effective energy for a given MPS tensor ¢. The effective Hamiltonian
HUY can be diagonalised as a matrix, but in this form it is size O(x*d?). Retaining
the tensor structure allows the application of MPS trial tensor () to the effective
Hamiltonian in O(x®Dy d) as shown in fig. (b) By setting this combination
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Figure 2.25: (a) Diagrammatic form of the effective Hamiltonian as given by
eq. (2.7.13)) (b) Cost of application of a trial MPS tensor ¢ to the effective
Hamiltonian.

as the new trial and repeating the application to the effective Hamiltonian it is
possible to obtain the MPS tensor that minimises the energy. This is known as the
power method of diagonalising a matrix. In practice the eigenvalue problem is solved
using a sparse matrix Lanczos or Jacobi-Davidson algorithm where the eigenvector
corresponding to the lowest eigenvalue is reshaped to the unnormalised M tensor for
site [. This is then left-normalised by SVD with the S and V matrices contracted
with B?+1, in the opposite way to the right normalisation of eq. .

The active site is then moved one to the right and the process is repeated to
get the M tensor for the new site. Because of the way the right block was built, the
right block for this site is already saved so it is only necessary to build the new left
block before building the Hamiltonian. This is repeated until the end of the chain
is reached, at which point the direction is changed and the new active site is one to
the left. This moving from one end of the other is called sweeping and is performed
until the energy has converged within a preset threshold or a maximum number of
sweeps has been performed. An outline of the DMRG algorithm as described in this
section is provided in fig.

As currently described, the DMRG algorithm works, but has a tendency to

get stuck in local minima rather than the global minimum for the system as desired.
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Figure 2.26: Overview of the DMRG algorithm described in detail in the text.

The blue box signifies the setup stage, the pink box is the right sweep, the green
box is the left sweep and the brown box is the output of operator expectation

values.



Figure 2.27: First step of the infinite DMRG algorithm. The effective
Hamiltonian is made up of the MPO tensors for sites 1 and L.

The reason for this is that with the random starting point there is no guarantee that
the global minimum will be found at each step, particularly when using one-site
DMRG. There are various ways round this problem, two of which will be discussed
in the subsequent sections; two-site DMRG and a modified density-matriz approach,
both of which enlarge the ansatz space by coupling the active site to nearby sites,

hopefully letting the global minimum dominate over the local.

2.7.1 Two-Site DMRG

Two site DMRG is in many ways a direct translation of the original DMRG algorithm
[15] discussed in section[2.1] to MPS in that one considers two sites between the left
and right blocks at each step of the algorithm. Although not always necessary, the
two site algorithm also allows an infinite warm-up to get a first prediction before
the sweeping begins, which was traditionally the method of creating a system of the
desired size. This first prediction will be less likely to lead to the algorithm getting
stuck in local minima and should allow convergence to be reached in fewer sweeps.

The following discussion of the infinite DMRG algorithm follows ref. [30] but
will almost entirely use diagrammatic algebra as it is more transparent and easier
to translate to computer algorithms. That said, every diagram can be written
explicitly as formulae if desired. The starting point is two lone active sites, 1 and
L with Hamiltonian MPO tensors for each site W and W, The Hamiltonian
matrix is built from these MPO tensors and dummy left and right blocks as used
previously, as shown in fig. This is diagonalised, the lowest energy eigenvector
reshaped to become ¥. An SVD is performed on ¥, U is reshaped and stored as
A% V1 as B°L, shown in fig. (a), remembering that the left virtual index of
site 1 and the right virtual index of site L are dummy. Blocks L? and RIE—1 are

built from the new A and B tensors and appropriate MPO tensors. The matrix of
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Figure 2.28: SVD of the lowest energy eigenvector after diagonalisation
(a) for the first iteration creating the boundary tensors and (b) subsequent
iterations where tensor dimensions are truncated .

singular values S is discarded to preserve normalisation before two more sites are
introduced; 2 and L — 1.

The remainder of the iterations of the infinite algorithm are performed in a
similar manner to the first. Insert two sites, build Hamiltonian matrix, then diago-
nalise with the lowest energy eigenvector reshaped into ¥. An SVD is performed as
before but only the x left-singular vectors of U with largest singular values are re-
shaped to become A% and similarly the y right-singular vectors of V1 are reshaped
to BPL+1-i shown in fig. (b) This is known as an SVD compression, which
truncates the size of the MPS tensors, setting the bond dimension to x. After the
final iteration the last matrix of singular values is set to an identity for normalisation
resulting in a MPS state of with bond dimension Y.

The finite algorithm follows the same idea as the single site algorithm, but
this time the pair of active sites moves along the chain. The infinite algorithm leaves
the MPS in mized-canonical form, with the left hand side of the chain made up of
left-normalised tensors (A) and the right hand side of the chain made up of right-
normalised tensors (B), thus it makes sense to start the sweeping in the middle of
the chain with i = (L/2) + 1.

The effective Hamiltonian is built up as before from LI, RETU Wl and
W+, Tt is then diagonalised, to obtain ¥, upon which an SVD is performed. The
U is reshaped to A%, the D and V1 are then contracted with B%+! and reshaped to
provide a prediction P for the diagonalisation of the next step, shown in fig. [2.29|(a)
This is repeated until ¢ = L — 1 at which point the sweep has reached the right hand
end of the chain. The same sequence is performed on the left sweep except after
diagonalisation and SVD VT is reshaped to B%+! and A% contracted with U and
D to create the prediction for the next site (fig. [2.29(b)). This is repeated until
i = L — 1 at which point the sweep has reached the right hand end of the chain.
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Figure 2.29: Prediction P for the next diagonalisation in (a) a right sweep
(b) a left sweep.

These left and right sweeps are repeated until convergence is reached.

2.7.2 Modified Density Matrix

The modified density matrix approach was introduced by White [52] to tackle the
issue of single site DMRG getting stuck in local minima. The issue arises because
the environment block is incomplete so there are certain components of the wave-
function that span the two blocks that should be present but are not. The procedure
introduces a modified density matrix to couple the active site to the system block
in order to include these missing parts of the wavefunction that may be missed by
a single site density matrix.

The notion of a density matrix has been largely omitted in the DMRG al-
gorithms discussed so far because the SVD truncation performs the same task as
a density-matrix truncation of traditional DMRG. The density matrix for an MPS

tensor after diagonalisation ¢g! , is

tof
p(”lal—lal)v(al/a;,lag) = ‘1/)> </l/}’ = g;,lal a;iﬂl;’ (2715)

shown diagrammatically in fig. [2.30[a). There are two types of reduced density

matrix depending on which part of the system is traced over

'|'O'
PA(ra 1) (ofal_y) = TrB[¥) { Z%l vV’ (2.7.16)
TU
PB(o1a).(ofal) = TralP) { Z%l R (2.7.17)
aj—1

shown in fig. [2.30(b+c). In traditional DMRG it is these density matrices that are

diagonalised (although two site versions), p4 for a right sweep and pp for a left
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Figure 2.30: (a) Density matrix p made from two MPS tensors. Reduced
density matrices (b) p4 and (c) pp made by tracing over B and A degrees
of freedom of the full density matrix.
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Figure 2.31: Wavefunction for use in the modified density matrix.

sweep. The eigenvectors of the largest y eigenvalues are kept to truncate the basis.
The MPS form of the modified density matrix is given by ref. [30]. The modification
comes from coupling the ground state wavefunction to the system block, reshaping

and contracting to give a perturbation to the normal density matrix

pA = Pl = pa+ apa,
=Trp [v) (] + aTrp|P) (D), (2.7.18)

where « gives the weight of the modification. The starting value of o depends on
the problem at hand, ref. [30] suggests 0.0001 for the spin-1/2 Heisenberg model.
Throughout the sweeps a will be reduced to zero. The perturbation is constructed

by contracting the ground state wavefunction with the left block and W tensor for

the site
[l] Ulal/ o
al 1albl Z Z Z a— 1,bl_1,a§_1Wbl,1bl all_lalv (2719)

g aj— lbl 1

as shown in fig. The perturbed density matrix in full is
~*&l/
[ al 1’a'l 1 Zzwal 1albl a,l 1albl’ (2720)

where the tilded indices make the distinction between the indices of ¢ and ¥*.
Just as with the original DMRG algorithm this density matrix is diagonalised
and the x states with the largest eigenvalues are stored in columns as a matrix. The
A tensor for this site is made by reshaping the matrix of column vectors into a
three index tensor. This approach is repeated for each site. For the right sweep the

equivalent formulae are created but the other side of the system is traced over

pB — Py = pB + app. (2.7.21)
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Figure 2.32: Eigenvalue equation for OBCs. The mixed canonical form
of the MPS ensures that the problem is simplified from a generalised to a
standard eigenvalue problem.

After diagonalisation the eigenvectors of the density matrix need to be stored as
rows in a matrix and reshaped to give the right normalisation of the B tensors.
The modified density matrix approach is akin to an annealing process, whereby
the contribution to the density matrix from this modification acts like heat or noise
and it is gradually removed allowing the system to find the global minimum rather

than a local one.

2.8 Periodic Boundary Conditions

The DMRG algorithm describe in section [2.7]is for OBCs, which is where DMRG is
most efficient. The reason for this is down to the normalisation of the MPS. When
an MPS tensor at site [ is being updated the diagonalisation is implicitly solving a

generalised eigenvalue problem [30]
HUy = pNUy, (2.8.1)

where HIU is the effective Hamiltonian operator (2.7.13)) for site [ and NI is the

normalisation for site [ defined as

[l] _ o1 g1—1 J1+1 oy,
N = AT AL BIGL . BIE
01,...,0], lew-yzlL—l
1YL —1

X AZfl’l...A*”"l B7U L B (2.8.2)

! ! 1!
Qo1 A0 ar,_1

Equation (2.8.1]) is shown diagrammatically in fig. Due to the left and right

normalisation of the A and B tensors N is simply an identity matrix, which reduces
the generalised eigenvalue problem ([2.8.1)) to the standard eigenvalue problem of eq.

(2.7.14).
PBCs have long been known to be a problem for DMRG [I5] but are never-

50



theless very useful, particularly in obtaining certain order parameters to classify the
phase of a system, such as the superfluid density, which will be discussed in chapter
The following sections will introduce the traditional poor man’s PBC' as well as

the natural method of introducing periodicity using MPS.

2.8.1 Poor Man’s PBC

The essential idea of the poor man’s PBC is to use the efficiency and simplicity of
open boundary DMRG algorithm but apply it to an open system using one long
range interaction to connect the first and last sites through the rest of the chain. It
is only the Hamiltonian MPO that needs changing to implement this idea. Taking
the nearest neighbour Hamiltonian of eq. as a simple example, adding a PBC

term gives
L-1

H = Z AiAz’+1 + A1 Ap. (2.8.3)
i=1
The PBC term is included in the MPO by inserting an extra identity row in the Wi
that allows the interaction between the first and the last site. The MPO tensors
take the form

Wl[lly]lo-lag — (:“_0'103 A‘{la‘i 0 A‘1710£> , (284)
ol A0i0;
19i%; A’L O / O
et _ | 0 04T 0 (2.8.5)
i—10; O 0 19:9; O
0 0 0 19
0
’ ULOJL
Ly AL
Wi A (2.8.6)
AT

which is given as a matrix product diagram in fig. When multiplied out fully

with tensor products this is

Ha'loll...oLa/L _ Ailc"l ® Ag202 ® ﬂO’30’é QR ® ]]_a'io,/é R ® HULG/L
1M QAP R AP R @17 @ @ 17 4.
Ui+1‘7§+1

..._|_]101‘7/1®...®A?i02®14i+1 ®...®]10'LOJL+“'
R A‘ljlgi ® 19292 R ® 19219704 ® AZLU/L’ (2.8.7)
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Figure 2.33: Matrix product diagram for the MPO tensors of a nearest
neighbour Hamiltonian with PBCs for (a) site 1, (b) site ¢ and (c) site L.

which is the desired form for a periodic system.

As a more useful example, the spin-1/2 Heisenberg Hamiltonian has the

following MPO tensors

1
Win = (1 45

i—1,bi

L
Wb[L],l,l =

[S]I.

O O O O O O O B
O O O O O O O »w

+

Js= Js* —hs® st s sz> , (2.8.8)
%s* Js* —hs®* 0 0 O
0 0 s 0 0 0
0 0 st 0 0 0
0 0 z 0 0 O
° , (2.8.9)
0 0 1 0 0 O
0 0 0 1 0 0
0 0 0 0 1 O
0 0 0 0 0 1
, (2.8.10)

where the spin indices have been omitted for clarity. The matrix product diagram
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Figure 2.34: Matrix product diagram for the MPO tensors of a Heisenberg
Hamiltonian with PBCs for (a) site 1, (b) site ¢ and (c) site L.

is given in fig. Whilst simple to implement, this method of introducing period-
icity is not optimal as there is an inherent correlation length in an MPS, as will be
discussed in more detail in chapter 4, This means that interaction between two sites
that would otherwise be next to each other are suppressed due to the distance be-
tween them. To reconcile this and obtain more accurate results, the bond dimension

has to be increased at the cost of computational resources and time.

2.8.2 Matrix Product States with PBCs

One of the advantages of MPS is that there is an intuitive method of introducing
PBCs. For an MPS made up of L sites, PBCs are introduced by contracting the
right hand index of site L with the left hand index of site 1, which is equivalent to
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Figure 2.35: An (a) MPS and (b) MPO with PBCs is created by contracting
the first and last tensors of the chain. The b;, connection is understood as
going behind the diagram, which will make for less cluttered diagrams when
discussing DMRG.

taking a trace over the bond indices [30]

0y = > > M MZ,, . MIE o, o)

O014..4,0, A1,4...,Q],

= Y Te(M7M™...M°")|oy,...,0L). (2.8.11)

O1,..,0,

Diagrammatically this corresponds to drawing an adjoining line between the ends of
the chain, effectively constructing a circle of tensors. This is shown in fig.[2.35(a). In
a similar manner, MPOs can be constructed with PBCs by contracting the tensors

on sites 1 and L

!
o 0101 15,020 orot, / /
0= E E WbLbl Wy b, "'WqubL loy...op) (o] ...07]
OL,-OL by,....bp,

= Z Tr <WJIU{1WUW/2 . WULUIL) loy...op) (o} ... 07|, (2.8.12)

01,01

o}...0,
which is shown diagrammatically in fig. [2.35|(b). In matrix product diagrams a trace
over the bond index is equivalent to only allowing paths that start and finish on
the same number. If the trace was taken naively over an MPO formed from tensors
of the form of eq. (2.6.8), the result would be two identity matrices. This can be

clearly seen in the matrix product diagram. The way to solve the problem is to
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Figure 2.36: Matrix product diagram of a four site Hamiltonian MPO with
PBCs.

create tensors for sites 1 and L that allow non-trivial paths that join up under the
trace. For the simple nearest neighbour Hamiltonian ([2.6.5)), the first tensor can be
the same as the rest (2.6.8) and the last tensor takes the form

0 0 O
Whhclbe o= Az 0 0. (2.8.13)
1 A; O

An example of a four-site Hamiltonian MPO with PBCs is given by fig.

Now that a set of PBC MPOs has been created, it is possible to start creating
the DMRG algorithm. As mentioned, one of the important differences between PBC
and OBC chains is the normalisation. With PBCs a generalised eigenvalue problem
of eq. needs to be solved. The normalisation is also an issue when building
the left and right blocks. The fact that the right and left sides of the chain are joined
means that the notion of a left and right block is lost. One of the crucial differences
between the two blocks in the open case was that one had left normalisation and
the other had right. This change in normalisation cannot occur with PBC as the
normalisation would change part way through the block. Following the suggestion
of ref. [25], one of the normalisations is chosen for one sweep direction. Here, for
the left or anti-clockwise direction, right normalised tensors are used so that the
standard SVD methods can be used without alteration.

The DMRG algorithm for PBCs is essentially the same as for open systems,
remembering to connect the left and right ends of the chain. Despite the notion of
left and right blocks being lost, the blocks will still be used as a means of efficiently
calculating and storing the contracted tensors. As before, the algorithm starts with
a set of right-normalised MPS tensors, however the bond dimension is set as x for

every site. The left block is calculated for sites 2 to L iteratively by contraction as

95



ANANS
VAVAWY,

(a)

Figure 2.37: Effective Hamiltonian (a) for site L built from the left block
and (b) for site ¢ built from the left and right blocks with the left hand

indices wrapped round to become the right hand side of the system under
PBCs.

before. As the eigenvalues and eigenvectors are found using a generalised eigenvalue
equation, the normalisation tensor N needs to be built for each diagonalisation.
This will be done in the same way as the left and right blocks but without using an
MPO.

Starting with a left sweep, the effective Hamiltonian is built from the left
block LI wrapped round so that the left hand legs become the right hand side of
the system as shown in fig. [2.37(a). The ground state eigenvector is found using
a generalised eigensolver algorithm and is right normalised by performing an SVD.
As before the prediction for the next site is calculated by contracting the MPS
tensor for site L — 1 with the U and S matrices of the SVD. The newly found
MPS tensor for site L is contracted with W and its conjugate to form the right
block for the next iteration and contracted with its conjugate alone to form the
right normalisation block for the next step. The update for the following sites is
performed in a similar manner except that the Hamiltonian tensor is formed by
contracting the left hand legs of the left block with the right hand legs of the right
block as shown in fig. (b) This procedure is repeated until site 1, at which
point the algorithm changes direction and the right sweep begins. The algorithm
proceeds as normal until convergence.

Although now a much more natural and effective method for modelling PBCs
this comes at the cost of using the more complicated and expensive generalised eigen-
value problem as well as the left and right blocks now have more indices making the
process scale as O(XE’D%V). More recently this last issue was resolved by perform-
ing sweeps on thirds of the chain at a time [26, 27] in a manner more reminiscent

of the OBC algorithm. This new PBC algorithm is once again O(x?) but is more
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complicated to implement.

2.9 Conclusions

In this chapter we have introduced the basic concepts of MPS based DMRG, includ-
ing the fundamental tensor operations and a detailed description of the variational
update. These principles underly all tensor network algorithms and will provide a
foundation for the chapters that follow. MPS DMRG is heralded as one of the most
powerful and versatile methods for the study of one dimensional quantum systems.
It is a conceptual advance on White’s DMRG that has enabled a better understand-
ing of the strengths and weaknesses of the method, allowed new applications and

paved the way for the field of tensor networks.

o7



Chapter 3

Phases of the Disordered
Bose-Hubbard Model

3.1 Introduction

The DMRG algorithm described in chapter 2] is a remarkably powerful tool for the
study of one dimensional quantum systems. It is therefore an ideal method for
the analysis of disordered bosons on a one dimensional lattice. This has been of
great interest in both theoretical and experimental physics for many years due to
the existence of a quantum phase transition from a superfluid to insulator at zero
temperature [53]. The experimental study of phase transitions in bosonic systems is
possible using Josephson junction arrays [54], thin films [55] 56] and, more recently,
optical lattices [57]. The introduction of disorder causes a further phase transition
into a localised Bose glass phase, which is an insulating phase but remains com-
pressible [53]. Recently it has been possible to introduce disorder in a controlled
manner in optical lattices using speckle potentials to study these phases experimen-
tally [58, B9l 60, 61]. Analytical results for even clean systems are limited to an
approximate Bethe-ansatz solution where the basis is truncated at two bosons per
site [62]. For disordered systems Giamarchi and Schulz used renormalization group
techniques to determine the weak disorder physics given the Luttinger parameter K
[63, [64].

Numerical approaches provide perhaps the most effective means of garnering
information. QMC has been used in 1, 2 and 3 dimensions [65, 66] [67, 68 [69} [70],
but these methods become difficult in the limit of zero temperature. DMRG is in-
herently a zero temperature method and White style DMRG has been applied to the
problem with mixed success [71, [72]. Interestingly, the phase diagrams from QMC
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[66] and DMRG [72], whilst qualitatively similar, are quantitatively rather different.
In recent years the use of entanglement properties as a means of deciphering phases
has become commonplace [73} [74] [75] [76], (77, [78]. Entanglement is a measurement
of a wavefunction’s non-locality and as such it is an ideal means of analysing various
phases. Modern numerical techniques such as tensor networks and DMRG obtain
entanglement information as part of the update algorithms, so large amounts of

information about the phase is gathered for free [30].

3.2 The Bose-Hubbard Model

In this chapter we use the ITENSOR libraries [79] to perform a DMRG simulation of
the disordered Bose-Hubbard model in the form of a variational update of an MPS
[20, B0] as discussed in chapter The disordered Bose-Hubbard model is made
up of bosonic creation b;r and annihilation b; operators on sites of a 1 dimensional
lattice. The Hamiltonian [72] is

1

t ; U
H=— > (blbig1 +he) + Z Si(ns = 1) + pini, (3.2.1)

where n; = b;rbi is the local occupation or number operator that gives the number
of bosons on site 7. The strength of the kinetic or hopping term is given by ¢,
the Hubbard U term provides an on-site repulsion when U > 0 and the on-site
or chemical potential strength is determined by w;. The disorder in the system is
introduced to the on-site term by selecting the value of u; at each site ¢ from a box
distribution of values from —Apu/2 to Ap/2. Throughout the chapter Ay will be
used as a measure of the strength of the disorder on the chemical potential. We have
adopted the conventions from Rapsch et. al. [72] in that ¢t and U are both divided
by two and throughout the rest of the analysis we keep t = 1.

The basis used for the model is the number of particles and as bosons do not
obey the Pauli exclusion principle, all particles can occupy one site. This means that
the one-site basis dimension needs be be as large as there are particles in the system.
In this chapter we will be looking at systems with up to 300 particles; including a
full basis would greatly increase computational cost. It is therefore necessary to
truncate the number of bosons that can occupy each site. We set the maximum
number to 5 bosons which corresponds to the current limit in the I'TENSOR code.
This is consistent with ref. [80] who find that a higher particle number does not
effect the results appreciably for U > 0 [71 [72, [8T]. Using the truncated basis, the

99



operators have matrix form

01 0 0 0 0 000000
00 +v2 0 0 0 01 0000
00 0 3 0 0 002000
b= V3 . n= (3.2.2)
00 0 0 4 0 000300
00 0 0 0 +5 000040
00 0 0 0 0 000005
The MPO tensors are then
1 =56t —Lb pn+Yn(n—1)
, 0 0 0 b
wlil = : (3.2.3)
0 0 0 b
0 0 0 1

with standard boundary terms as described in section Periodic boundary
conditions will be implemented using the poor man’s PBC method of section [2.8.1]
The reason for choosing this as opposed to the full periodic MPS of section [2.8.2] is
that the ITENSOR code doesn’t have the full implementation in the current release
and the poor man’s PBCs are adequate for the one observable that periodicity is

needed for.

3.3 Observables

Previous studies of the phases of the Bose-Hubbard model [72] [81] concentrate on
order parameters appropriate for each phase. The superfluid phase is determined
by a non-zero superfluid fraction ps. This is defined as the difference between the
ground state energies of a chain with PBCs and anti-periodic boundary conditions
(APBCs)

ps = 2L2 [EAPBC _ EPBC} (3 3 1)
ST ompeN 0 0 ’ o

where L is chain length and N is the number of bosons [72]. The motivation behind
this definition is that a change in boundary conditions will affect the extended
superfluid state but will leave the localised phases unchanged. Thus the superfluid
fraction is zero for the Mott insulator and Bose glass phases so it should show where
the superfluid phase is in the phase diagram. Superfluid fraction is not ideal as it is
a property of periodic systems while we are interested in the Bose-Hubbard model
with OBCs. Furthermore, as discussed in chapter [2, DMRG with PBCs converges
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slower and requires more resources than open systems. Also, as ps is the difference
between two energies, two DMRG calculations have to be performed for each set of
parameters.

The Mott insulator can be differentiated from the Bose glass phase by the
existence the Mott gap; an energy gap between the ground and first excited state.
While DMRG ordinarily finds the ground state of the system, low lying excited
states can be found iteratively by orthogonalising with respect to the lower lying
states [30]. It is simpler for the Bose Hubbard chain to use the fact that the energy
of the excited state is equal to the difference between the chemical potential for
particle (u, = Ent1 — En) and hole (up, = En — En_1) excitations [72]. This
means that the energy gap can be found by calculating the energies of the N + 1

and N — 1 particle sectors
Eg =FEny1—2EN+ En—1. (3.3.2)

As discussed for ps, the difference between energies of different systems requires
multiple DMRG runs. For the energy gap calculated in this way it is necessary to
run the DMRG three times for each set of parameters.

The two-point correlation function (bj-bj> also referred to as the one-particle
density matriz [12] or bosonic Green’s function [81] provides information regarding
the localisation of the wavefunction. For the Bose glass and Mott insulating phases

the correlation function decays exponentially [81]
((bfb;)) oc 7S, (3.3.3)

where ¢ is the correlation length and ((...)) denotes the expectation value when
averaged over all pairs of sites separated by |i — j| and all disorder realisations. Ex-
tended phases like the superfluid are not localised so the correlation length diverges.
In the absence of disorder the superfluid phase will be described by Luttinger liquid

theory, hence the correlation function will admit a power law decay

((blby)) o |z—]1|1/2K (3.3.4)

where K is the Luttinger parameter. K takes the value 2 for a Kosterlitz-Thouless
(KT) transition from superfluid to Mott insulator [80, 81]. By utilizing an RG
approach, Giamarchi and Schulz [63] showed that disorder scales to zero in the
weak disorder regime when K > 3/2, giving a superfluid phase. On the other hand,
disorder grows for K < 3/2 signifying a Bose glass. This was later extended [64] to
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Figure 3.1: The two-point correlation function from eq. ([3.3.5)) for a chain
of 150 sites. Averaged over all pairs of sites separated by |j — i|, where
errors are smaller than the line width.

the medium disorder case (U ~ Ap).

Instead of a polynomial fit we use the conformal field theory (CFT) fit as
described in [R1] where the expected correlation for an open chain is used to fit the
data and the Luttinger K can be extracted from the CFT formula. For a system

size L the correlation function from the CFT is
1

<bTb > - \/‘sin (%)‘ sin (%) ‘ N
i05) X .

o (5 o (52

Due to the fact that this formula is for open boundaries there is no translational

(3.3.5)

invariance, thus one has to calculate the correlation function for each ¢ and j and
average over all those with separation |[j — i|. The result of which is plotted in
fig. B Calculating correlation functions does not require multiple DMRG runs,
but requires the calculation of an expectation value for each combination of i and
j, of which there are L(L — 1)/2. Furthermore, the accuracy of locating the KT
transition from correlation functions for the Bose-Hubbard model has previously
been questioned [81], [82].

62



When dealing with disordered systems it is necessary to disorder average,
thus it is vital to reduce the computational cost of each realisation. In order to build
a phase diagram using the standard order parameters one has to perform multiple
calculations for each set of variables. We will concentrate on the entanglement
spectrum as it encodes long-range information about the system as well as being
free to obtain from DMRG as the singular values s, for each bipartition of the chain
are calculated as part of the algorithm. The most common entanglement measure is
the entanglement entropy given by eq. , which gives the entanglement between
regions A and B [30]. In the subsequent analysis we shall average the entanglement
entropy over the possible bipartitions along the chain to obtain a number that can
be used to build a phase diagram. The average entanglement entropy is very good
at distinguishing between phases with high and low entanglement, for example the
superfluid and Mott insulating phases.

Other information can be obtained from the singular values; Deng et al.
[77] used an entanglement spectral parameter (¢) to obtain the phase diagram for
the extended Bose-Hubbard model. The ( parameter is defined as the difference
between the first and second, and third and fourth averaged eigenvalues of p4 when

averaged over all bipartition positions such that Lo + Lg = L, i.e.

C=M X\ AT 2T (3.3.6)
where
1 L—1 1 L—1
T _ . _ 2
N =1 Ni(La) = 7 > s3(La) (3.3.7)
La=1 La=1

is the average i-th eigenvalue. We see that the entanglement spectrum of the su-
perfluid phase is somewhat noisy, but without too much variation along xz. One of
the striking features of the entanglement spectrum of the Mott insulator is that it
is effectively a product state for all bipartitions, even in the presence of disorder.
This means that the average entanglement entropy will be nearly zero with a neg-
ligible variance. Last, the entanglement spectra of the Bose-glass show pronounced
localised peaks, resulting in a much larger variation of ¢ (and Sug) than in the
superfluid phase. These findings suggest that the spatial variations of Syp and ¢
might also be used to distinguish the phases of the disordered Bose-Hubbard model.
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Figure 3.2: (Top) the largest four singular values, s; (black o), s2 (red
0), s3 (green +), and s4 (blue x) and (Bottom) the entanglement entropy
Sap (black A) for all possible bipartition positions, La, along a chain of
length L = 50 for (a) Superfluid with U = 0.5, Ay = 1. (b) Mott insulator
with U = 4.5, Ay = 1. (c) Bose glass with U = 4.5, Ay = 7. The
dashed horizontal line in the top (bottom) graph shows the average value
of 51 (Sap) while the grey shading indicates its standard deviation when
averaged over all L positions. Solid lines connecting symbols are guides to
the eye.

3.4 Results

We collected most data for a modest system size of L = 50 in order to allow disorder-
averaging over 100 samples. We increase L up to 200 for high-precision estimates of
phase boundaries at certain (U, Au) points. For disordered systems, getting stuck in
local minima is particularly problematic, so we use a relatively large bond dimension
x = 200 and perform 20 sweeps of the chain for each sample such that the truncation
error is less than 1071°. We also use the modified density matrix discussed in chapter
to introduce a small noise term for the first few DMRG sweeps; this perturbs a
perhaps bad initial wavefunction, letting the system converge faster into the desired

target states.
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Figure 3.3: Previous phase diagrams for the disordered Bose-Hubbard model at
N/L = 1 reproduced from (a) Prokof’ev and Svistunov [66], and (b) Rapsch et al.
[72]. Note that in these diagrams A = $A.

3.4.1 Density =1

For particle density % =1, in the clean case the system is in a superfluid phase for
small U but transitions into a Mott insulating phase at a critical U.. Introducing
disorder enables the existence of a localized Bose glass phase. The possibility of
a direct transition from superfluid to Mott insulator has been a contentious issue
with many arguments on both sides (see references in [83]). In one dimension it
was proved [84] that the transition necessarily goes via the Bose glass phase. It
has subsequently been shown that there is no direct superfluid to Mott insulator
transition with disorder in any dimension [83]. For reference, the previous phase
diagrams of Prokof’ev and Svistunov [66], and Rapsch et al. [72] are provided in
figs. (a) and (b) respectively.

We show our results based on ¢ and Syp for L = 50 in fig. (a) and
(b), respectively. The superfluid, small U < 1.5, and the Mott insulator, U 2> 2,
are clearly distinguishable in both panels. The boundary of the superfluid to the
Bose glass is less well defined and it is not even clear that there is a Bose glass
region between the Mott insulator and the superfluid. In these situations, the two
very different wavefunctions give similar average entanglement entropy. Following
on from our discussion of fig. in the last section, we also plot in fig. [3.4fc) the
standard error of {, A(, and, similarly, (d) AS AB- In these plots the phases become
clear and their boundaries are consistent with earlier work [72]. In particular, a

Bose glass phase can be easily identified between Mott insulator and superfluid.
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Figure 3.4: Phase diagrams for the disordered Bose-Hubbard model at N/L = 1
given as contour plots of (a) ¢, (b) Syp, (¢c) AC and (d) ASyp. The color
shading goes from low (orange/dark) to high (blue/white) value and its coarse-
graining reflects the (U, Ap) resolution of our calculations for L = 50. The con-
tour lines correspond to (a) ¢ = 0.1,0.2,...,0.9, (b) Sap = 0.3,0.4,...,1.4, (c)
A¢/107% =0.1,1,2,...,10 and (d) ASyp/107* =0.1,1,2,...,10. In all cases the
two extreme contours values are shown as dashed lines. The circles (white) and
squares (blue) denote estimations of K and E, from finite-size scaling for L — oo
while the stars (red) indicate the K = 2 values for L = 50 as discussed in the text.
The arrow (black) denotes the expected transition in the clean case at U.. The
dotted straight line indicates Ay = 2U. Error bars (white) show the standard error
of the mean in all cases and are not shown if within symbol size. We emphasize that
the color shading does not directly indicate the transitions, but rather quantifies the
change in entanglement measures.
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Figure 3.5: Luttinger parameter K for various lengths 30-150 at N/L = 1 for the
points shown by white circles on the phase diagrams of fig. at (a) Au = 0,
U=1,11,...,3;, (b)) U =1, Ap=3,325,...,5 (c) U =2, Ay = 3.5,3.75,...,6;
(d) U =25, Ap=3.5,3.75,...,4.5; (e) Ap=3,U = 25,2.625,...,3.25; (f) U = 2,
Ap = 0,0.25,...,1. The horizontal line highlights K = 3/2 for the superfluid to
Bose-glass transition in the presence of disorder (b-f) and K = 2 for the superfluid

to Mott-insulator transition in the clean case (a).

The inset shows the finite size

scaling analysis to obtain the critical point in the thermodynamic limit.



Furthermore, we see that the contours for ¢ and Syp in fig. @ are qualitatively
similar, just as those for AC and ASy 3. We emphasize that for the entanglement-
based measures presented here, it is in fact possible to discern all of the phases with
just a single DMRG run for each (U, Ap, disorder realisation) data point. This is a
clear advantage in terms of numerical costs when compared to calculations based
on Ey, ps or K.

The standard error on ( is calculated using a weighted standard deviation.

The ¢ parameter is calculated for each seed using

1 L-1

Go= 77 D [51(La)* = 2(La)* + 53(La)” = sa(La)?] (3-4.1)
La=1

where s;(L4) is the i-th singular value from an SVD with left block size L4. The

standard error for each seed is then

L—1
(3.4.2)

The average of ¢ over all seeds is

E:deﬂ;

(= &8 >0 (3.4.3)
>a ws
where wy is the weight for each seed given by ws = 1/A(? and N is the number of

seeds. The final error is then

= EZQTU%(CSA’EQZ
A(:\/ SRR (3.4.4)

S

The error on the entanglement entropy S is calculated in the same way.

In order to augment the finite-size phases identified in fig. we perform
runs with larger L and perform finite-size scaling. In order to find the superfluid-
Bose glass transition in the thermodynamic limit we calculate K for various points
along the boundary for system sizes L = 30, 50, 100 and 150 as shown in fig.
[3.5(b-f). The transition is of KT type at K = 3/2. The corresponding points in
(U, Ap) which are shown as filled circles in fig. For reference, we also plot the
points where K = 3/2 for L = 50 (stars). Similarly, the superfluid-Mott insulator
transition point U, is the point on the zero disorder axis where K = 2 given by fig.
(a). We estimate the critical value as U. = 1.634+£0.002. We also calculate £, for
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Figure 3.6: Energy gap £, for various lengths 30-150 and the infinite size
limit at N/L = 1 for the points shown by blue squares on the phase
diagrams of fig. at (a) U = 2, Ap = 0,0.25,...,1; (b) U = 3.5,
Ap =15,1.75,...,3; (¢) U =5, Ay = 3,3.25,...,5. The horizontal line
highlights E;, = 0 where the gap closes indicating a Bose-glass phase and
the orange dashed line is a guide to the eye. Error bars have been omitted
where smaller than symbol size.

the same system sizes and perform finite size scaling to find the Mott insulator-Bose
glass boundary (fig. . These are indicated as blue squares in fig.

The RG analysis of Refs. [63] and [64] suggests that there may be a further
Anderson glass phase in the low U < Ap region of the diagram. This would imply
a critical point along the superfluid boundary at which point K at the transition
becomes disorder dependent in a similar manner to the strongly disordered quantum
rotor model [85], [86]. Our entanglement analysis along with E, and K shows no sign
of a transition. It does however become very difficult to observe a clear KT transition
in the finite size scaling of K when U < Ay and the truncation of the basis becomes

more problematic in this region.
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Figure 3.7: Previous phase diagram for the disordered Bose-Hubbard model at
N/L = 1/2 reproduced from Rapsch et al. [72]. Again, in this diagram A = Apu.

3.4.2 Density = 1/2

When % = 4 the clean case is simply a superfluid for all values of U [53] and
when Ap is increased a Bose glass phase is introduced. This is shown for the
thermodynamic limit in fig. from Rapsch at al. [72]. Our entanglement measures
indicate that the superfluid phase for L = 50 seems to extend up to Ap < 1 for all
U < 5 rather than disappearing with the presence of any disorder as in fig. |3.7l The
Giamarchi-Schulz criterion [63] [72] implies that the Bose-Hubbard model should
be in a Bose glass phase for K < 3/2. The resulting boundaries for the L = 50
case are indicated by the red stars in fig. We find that the superfluid phase
extends as far as Ug_3/5 = 3.5 £ 0.1, i.e. it ends somewhat earlier for low Ay than
suggested by our entanglement measures. In order to explore this region further,
we have also calculated ps for fixed Ay = 0.5 and sizes L = 50, 100, 150, and 200
as shown in fig. a). The results for ps have been computed for increased bond
dimension y = 400 with 40 DMRG sweeps and 20 disorder configuration to offset
the reduction in DMRG precision due to PBCs. The figure shows that for U 2> 3,
ps decreases when increasing L as expected in the Bose glass phase. However,
the decrease is very slow and, for the system sizes attainable by us, even seems
to saturate at non-zero values. These results suggest that for finite systems, the
K = 3/2 criterion significantly underestimates the extent of the superfluid phase,

while our four entanglement measures and ps predict a much larger region.
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Figure 3.8: Phase diagrams for the disordered Bose-Hubbard model at N/L = 1/2
given as contour plots of (a) ¢, (b) Sap, (c) A¢ and (d) ASy . Colors, symbols
and lines (solid and dashed) denote corresponding estimates as in fig. The black
contour lines correspond to (a) ¢ =0.2,0.3,...,0.8, (b) Sqp =0.3,04,...,1.2, (c)
A¢/107% = 0.1,1,1.5,2,3,4 and (d) ASy /1073 = 0.1,1,1.5,2,3,4. The black
arrow corresponds to U, as discussed in the text.
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Figure 3.9: Luttinger parameter K for various lengths 30-150 at N/L = 1/2 for the
points shown by white circles on the phase diagrams of fig. at (a) Au=0,U =
2.5,2.6,...,4; (b) U =05 Apu=1,11,...,2; (c) U =15, Au=1,1,1,...,2.5; (d)
U=3,Ap=0.1,0.2,...,2 As in fig. the horizontal line highlights K = 3/2 for
the superfluid to Bose-glass transition and there is no Mott-insulating phase when
N/L = 1/2. Again, the inset shows the finite size scaling analysis to obtain the
critical point in the thermodynamic limit.
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Figure 3.10: Superfluid fraction ps(U) for N/L = 1/2 with Ap = 0.5 for
lengths 50 — 200. The vertical line indicates U, = 3.09. The inverted
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guide to the eye.

Performing a finite-size scaling analysis for K as shown in fig. 3.10(a) we
find the U values, for which K = 3/2 in the limit L — oo, converge towards a
limiting value of U, = 3.09 + 0.01 (see also fig. |3.8). This again indicates that in
an infinite system, we expect the superfluid to Bose-glass transition to take place
at much lower values of U, than observed for L = 50. The relevance of this result
is of course that experimental realizations of the Bose-Hubbard model are typically
in cold atom systems, which are limited to finite system sizes, currently a typical
lattice dimension is ~ 50 — 100 sites [57]. For values of Ay = 1, the situation
is less severe and we see in fig. |3.8(a+b) that our entanglement-based measures
again qualitatively agree with the Giamarchi-Schulz criterion, both for L = 50 and

estimated via finite-size scaling at L — oo.

3.4.3 Density = 2

To the best of our knowledge, the phase diagram for N/L = 2 has not been shown
before in the literature. Due to our numerical restriction of five bosons per site, this
regime is close to the limit of what can be studied reliably, particularly for small U

where the lack of strong repulsion implies that most of the bosons should occupy
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Figure 3.11: Contour plot showing average maximum site filling averaged
over 100 samples. The maximum possible is limited at 5. The contour
lines indicate 3,4 (dashed) and 2.5,3.5,4.5 (solid). The results from Lut-
tinger parameter analysis and energy gap are plotted with the same symbol

convention as figs. and

a small number of sites. This is illustrated by fig. which shows that average
maximum occupancy of a site is almost 5 for small U and large Ay but is lower for
much of the rest of the phase diagram. For large U, one might expect that we will
have a Mott insulator of boson pairs, while a superfluid of boson pairs emerges for
small U and small Au. Similarly, we envisage a disordered Bose glass phase for large
Ap. With more particles per site than in the N/L = 1 case, we could furthermore
expect that the Mott transition at Ay = 0 happens at larger values of U, since the
energy cost of avoiding a two-boson per site state is substantially larger. Similarly,
the cost for two boson pairs to go onto the same site is 2U, hence we expect the
2U = Ap/2 line to characterize the superfluid phase as in the N/L = 1 case. In
addition, one might conjecture to see a remnant of the U = Ay /2 condition.

In fig. 3:12] we show that our expectations are largely validated. Of particular
interest is that a double lobe shape for the superfluid phase emerges and allows
a possible re-entrant behaviour given a suitable cut across parameter space. The
gradient of the Mott insulating phase boundary is shallower (~ 4/3) when compared
to N/L = 1. Furthermore, both the ¢ and S AR based entanglement measures, as
well as their errors, A( and ASjg, capture the phases equally well and agree
with the K and E, estimates. Note that for N/L = 2, the KT superfluid-to-Mott

transition at Ay = 0 corresponds to K = 2 and we use finite-size scaling for the
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Figure 3.12: Phase diagrams for the disordered Bose-Hubbard model at N/L = 2
given as contour plots of (a) ¢, (b) Sap, (c) A¢ and (d) ASy . Colors, symbols
and lines (solid and dashed) denote corresponding estimates as in figs. and
The contour lines correspond to (a) ¢ = 0.1,0.2,...,0.9, (b) Sy =0.2,0.3,...,1.4,
(c) A¢/1074 =0.1,1,2,3,4,6,8,9,10 and (d) ASA|B/1O_4 =0.1,1,2,3,4,6,8,9, 10.
The two dotted straight lines indicates Ay = 2U and 4U.
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Figure 3.13

: Luttinger parameter K for various lengths 30-150 at N/L = 2 for the
points shown by white circles on the phase diagrams of fig. at (a) Ap =0,
U=111,...,4; (b) U =2, Ap =8,85,...,12; (¢) U = 3, Au = 9,9.5,...,13;
(d) Ap =10, U = 3,3.25,...,4.5; (e) U = 4.25, Ap = 6,6.5,...,10; (f) Ay = 6,
U=4,425,...,6; (g) U =35, Aup=0.5,1,...,3. As with fig. the horizontal
line highlights K = 3/2 for the superfluid to Bose-glass transition with disorder
(b-g) and K = 2 for the superfluid to Mott-insulator transition when clean (a).
Again, the inset shows the finite size scaling analysis to obtain the critical point in
the thermodynamic limit.
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Figure 3.14: Energy gap F, for various lengths 30-150 and the infinite size
limit at N/L = 2 for the points shown by blue squares on the phase diagrams
of fig. 3.12|at (a) U = 3.5, Au=0.5,1,...3; (b) U =6, Ap=2,2.5,...,6;
(c) U=8, Au=4,45,...,9. The horizontal line highlights £, = 0 where
the gap closes indicating a Bose-glass phase and the orange dashed line is a
guide to the eye. Error bars have been omitted where smaller than symbol
size.

Luttinger parameter to find U. = 2.75 & 0.03 as shown in fig. [3.13(a).

3.5 Conclusion

We have analysed the phase diagrams of the disordered Bose-Hubbard model for
fillings N/L = 1/2, 1 and 2 using the entanglement-based measures ¢, S, A¢ and
ASyB. We found that these measures are an excellent means of quickly identifying
the different phases of the system while reducing the number of DMRG runs per
measurement or removing the need for special boundary conditions. However, (
and Sy alone did not always faithfully reproduce the phase diagrams and were
sometimes misleading regarding the positions of the phase boundaries. The error-
based measures, A and ASy g, provide a much clearer picture — the distributions

of the values contain more information regarding the nature of the phase than the
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mean values alone.

For N/L = 1 the phase diagram is as calculated in previous papers [66, [70, [72]
using K, B, and ps, providing strong support for the method based on using ¢, Sy,
A¢ and ASy . For N/L = 1/2 the diagram shows strong finite size effects and the
critical U defined by the Giamarchi-Schulz criterion is not apparent for these finite
systems. Finally for N/L = 2 the superfluid phase has a double-lobed appearance

giving rise to re-entrance phenomena.
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Chapter 4

General Tensor Networks

4.1 Success and Failure of DMRG

When performing DMRG simulations the modelling of some systems is far more suc-
cessful than for others. For one dimensional systems away from criticality DMRG
requires a much smaller y than for critical systems to obtain the same accuracy
[9, 19, 87, 88, RI]. The reason relates to the fact that away from criticality sys-
tems are gapped, that is, in the limit of infinite systems, have a largely discrete low
energy spectrum with a non-zero energy difference between the ground and first
excited state [90]. For gapped phases, when diagonalising the density matrix for
White-style DMRG, or performing the SVD for variational MPS, the magnitudes of
the eigenvalues (singular values) decrease exponentially as a function of eigenvalue
(singular value) number [19]. Thus when selecting a limited number of eigenvalues
(singular values) very little weight is discarded as the higher values do not signifi-
cantly contribute to the overall wavefunction [87].

As an example, fig. shows the singular values from an SVD at the centre of
an MPS obtained from a DMRG simulation of the Bose-Hubbard model as discussed
in chapter The system size is 50 sites with y = 200 and the different symbols
are different values of the Hubbard U. For U < 1.6 the system is in a superfluid
state and is critical; for U 2 1.6 the system is in a Mott insulating state. When
U = 5 the system is far away from criticality and as such the singular values decrease
exponentially. The blue circles for U = 2.5 are for a gapped system but closer to
the critical point and as such have larger contributions from higher singular value
number.

Critical systems are also referred to as gapless systems due to the fact that in

the thermodynamic limit the energy spectrum is largely continuous. For finite lattice
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Figure 4.1: Values, s,, of the singular values for the centre of a DMRG
simulation of the Bose-Hubbard model. The system is 50 sites long with
x = 200 and the different symbols are various values of Hubbard U.

systems the continuity of the energy spectrum is not obvious. The fact that there are
only a finite number of eigenvalues in the spectrum means that there necessarily will
be a non-zero energy difference between ground and first excited states. It is only in
the infinite system limit that the gap closes [90]. The distribution of density matrix
eigenvalues (singular values) in DMRG is also different for these critical systems.
The eigenvalues (singular values) decrease in magnitude polynomially, which puts
far more weight in the tails of the distribution [88],[89]. This is shown by the example
of the Bose-Hubbard model in fig. [£.1] The magnitudes of the singular values for the
black triangles at U = 1 decrease much more slowly than the red squares at U = 5.
Thus when taking only a finite number of eigenvectors in the DMRG algorithm,
more information is discarded, resulting in poorer performance. Note also that the
step-like structure is due to symmetries in the Hamiltonian.

When insufficient y is used it is not just the energy that is not correctly
represented; many of the physical observables will not be correctly modelled. For
example, for critical systems the two-point correlation function has a power law
decay when plotted with respect to separation of points as opposed to an exponential
decay for gapped states. This is illustrated by fig. (a), which shows the (by,.bl,)

correlation function when averaged over all pairs of 1 and 9 for the Bose-Hubbard
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Figure 4.2: The <bx1.bj,;2> correlation function averaged over all z; and x5
separated by |z1 — z2|. (a) An example of the correlation function for a
critical system where U = 1 (triangles), and a gapped state where U = 2.5
(circles) with x = 200. (b) Comparing different bond dimensions used for
the DMRG of a system of 50 sites with U = 1. Different symbols represent
different bond dimension, where x > 100 does not affect the form of the
correlation function.

model in a critical superfluid (U = 1) and gapped Mott insulator (U = 2.5). When
X is too small the correlation will be approximately the power law for some length
scale and decay exponentially for large separations. This length scale is increased
by imposing a larger x as shown in fig. (b) for the U = 1 superfluid phase of the
Bose-Hubbard model.

Two dimensional systems have been attempted using DMRG from early on
in its development [911 92, 93], but with limited success. The distribution of density
matrix eigenvalues (singular values) decreases polynomially but much slower than in
the critical case [89,[94]. Thus the use of DMRG in two dimensions is restricted to
small systems as the number of states that have to be kept increases exponentially
with system size [9]. There has been some success by imposing PBCs on one dimen-
sion and keeping its size small, effectively making a quasi-one-dimensional cylinder
[95, O6]. Increasing the cylinder circumference requires a large increase in x, for
example a circumference of 17.3 sites was achieved by Depenbrock et. al. [95] at a
cost of x = 16000.

4.2 The Area Law for Entanglement Entropy

The observations described in section [d.1] are quantified by the area law for entangle-
ment entropy. From first glance one would assume that the amount of entanglement

for some region A with respect to B would be proportional to the volume of A.
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Figure 4.3: For an MPS a region A is bounded by two bonds, denoted by
red lines. If the size of A is increased the number of bonds stays at 2. The
bold green line highlights the minimum path between two sites.

This is true of most states of most systems, but it was found that for the ground
state of gapped quantum systems the entanglement, quantified by the von Neumann
entropy (eq. (2.4.4)), scales as the boundary to this region [97].

For tensor networks the boundary is quantified by the number of bonds n4
that connect region A to the environment. The reasoning behind this measure [44]
is that if all of the tensors are identical, with a bond dimension x the maximum
contribution to the entanglement entropy per bond is logy (). Evenbly and Vidal
[44] go further to suggest that for most cases of homogeneous tensor networks the
entanglement per bond is approximately 1, hence Sy p &~ n4. This gives a reason for
the excellent scaling for DMRG in one dimensional gapped systems. The boundary
of a region on a one dimensional system is simply two points and does not increase
when the region is expanded. An MPS has these same properties; the number of
bonds that one would have to cut to separate region A from the environment (B)
is 2 and does not change if the size of A is altered, as shown in The fact that
the MPS has the same entanglement properties as the ground state of a gapped one
dimensional system makes it an ideal variational ansatz for such problems.

The area law also explains the poor performance of DMRG for critical and
two dimensional systems. For critical systems the entanglement entropy scales loga-
rithmically with the region size (S o< log(L)) [98, 99], hence the bond dimension
required for accurate DMRG increases with system size. For two dimensional sys-
tems, take a square lattice with a square region within it. If the region has side
length L the area law suggests that the entanglement entropy should scale as its
boundary S p = 4L o L, thus the MPS is insufficient as a variational ansatz for the
two dimensional system. A more appropriate, area law conserving ansatz would be
a tensor network where all sites are connected to their four neighbours to match the
lattice geometry, as shown in fig. [£.4] This tensor network is known as a projected

entangled pair state (PEPS) and is the natural two dimensional extension of the
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Figure 4.4: A PEPS on a square lattice, where the PEPS tensors are blue
squares, the virtual indices are vertical and horizontal, and the physical
indices are those pointing diagonally down. As before, the region under
consideration is highlighted in blue and the bonds that separate it from the
rest of the system are shown by red lines. Here the boundary scales as 4L
and is therefore area law conserving.

MPS [35}, 47, 100, [10T].

Although PEPS is area law satisfying and therefore a more appropriate
ansatz for a two dimensional system, its advantages come at a cost. Contract-
ing a bra and ket PEPS state is a problem that scales exponentially with system
size and there is no canonical form that gauges away the problem like in MPS [2].
Therefore to perform an update it is necessary to approximate the environment and
compress it into an MPO. Even so, performing an update to a site using the tradi-
tional method [102] costs O(x'?). As a result, PEPS is restricted to small system
sizes and x. For example ref. [102] look at a 20 x 20 lattice with x = 6. Other
methods have pushed this to x = 60 for a lattice on a semi-infinite cylinder [103].
Despite this large computational cost and small possible bond dimension, PEPS has
proved a valuable numerical [103] [I04] and analytical tool [105].

Using DMRG and PEPS as variational ansétze relies on the algorithms being
able to find the ground state in a reasonable amount of time; that this is possible
is not necessarily expected. The Hilbert space for many-body systems is incredibly
large as it scales exponentially with lattice size, thus the number of possible states
to search through to find the ground state is equally expansive. The fact that for
a large number of quantum many-body systems the ground state is known to have

be area law conserving rather than volume-law makes the problem more tractable.
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Hilbert Space

States satisfying the area law

Figure 4.5: Diagrammatic representation of the exponentially large Hilbert
space and the small corner of the space that area law conserving states
occupy.

Setting the geometry of the tensor network such that it is area law conserving, such
as using an MPS or PEPS, constrains the search to a small corner of Hilbert space
[2, 4], as shown in fig. This corner turns out to be exponentially smaller than
the full Hilbert space [3], allowing algorithms to efficiently find the ground state.
Increasing bond dimension x expands this small corner, allowing states with larger
than area law entanglement to be simulated. Indeed, in the limit of x — oo all of

Hilbert space is accessible [2].

4.3 Beyond the Area Law

There is currently a lot of excitement around the so-called AdS/CFT correspondence
and possible applications in condensed matter physics [106]. AdS/CFT is most
well known in high energy physics where it was noted [I07] that there exists a
duality between certain theories of gravity on d+2 dimensional Anti-de Sitter (AdS)
spacetime and CFTs living on its d + 1 dimensional boundary. In condensed matter
systems, AdS/CFT can provide a geometric interpretation of renormalization group
(RG) techniques since the additional holographic dimension can be interpreted as a
scale factor in the RG coarse graining [106].

The relation to entanglement properties of quantum many body systems has
its roots in the theory of black hole thermodynamics. It was found [108] 109, 110]
that black holes obey thermodynamics and have a thermal entropy that scales with

the surface area of the black hole. This resulted in the famous Bekenstein-Hawking
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Figure 4.6: A diagrammatic representation of the AdS/CFT correspon-
dence, showing a (d 4+ 1) dimensional CFT on the boundary of a (d + 2)
dimensional AdS spacetime. The entanglement entropy of a region A of the
CFT is proportional to the minimal surface 4 that separates A from the
remainder of the CFT.

formula [111]
Ap,
4GN’

where A, is the area of horizon, Gy is Newton’s gravitational constant and BH

SpH = (4.3.1)

either stands for Bekenstein-Hawking or black hole.

The ideas were extended to entanglement entropy in the context of AdS/CFT
by Ryu and Takayanagi [I11]. AdS/CFT suggests a duality between a (d + 1) di-
mensional CFT on the boundary of AdS;;9 and a quantum gravity in the bulk. The
entanglement entropy of a region A of the CFT is related to the size of the surface
with smallest area, or minimal surface 4, within the AdS bulk that separates A
from the rest of the system, rather than the boundary within the CFT as suggested
by the area law. This is shown pictorially in fig. [4.6| where the holographic dimension

is interpreted as the renormalisation scale. The result is

Ava
4G4

SaB = (4.3.2)

where A, is the area of the minimal surface v4 and G%+2) is Newton’s constant

in d + 2 dimensions.

It has been argued recently [44, 45, [112] that tensor networks, particularly
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the multi-scale entanglement renormalisation ansatz (MERA) [34] 42] [I13], can be
a coarse grained embodiment of AdS/CFT. The structure of MERA, shown in fig.
is made up of disentanglers (green squares) and isometries (pink triangles) [34].
The intuitive argument behind its construction is that the disentanglers remove
entanglement so that the isometries can then remove degrees of freedom that are
no longer coupled to the system. The network is self-similar in the way that at
each level of coarse graining the network looks the same and it is the direction of
coarse graining, perpendicular to the physical lattice, that is the extra holographic
dimension.

Just as with MPS and PEPS and the area law, the minimal surface y4 is
found by counting the minimum number of bonds that have to be cut to separate
one region from the rest of the system. Take, for example, a region comprised of L
sites within a MERA as shown in fig. The minimum number of bonds (red lines
in fig. 4.7) n4 =~ log(L), which matches the entanglement scaling of critical systems
[44]. As an extension of this, it was shown [I14] [115] [I16] that in the continuum
limit of MERA it has a metric that matches the properties of AdS/CFT.

In addition to entanglement entropy, similar arguments hold for two-point
correlation functions [44, 112]. The asymptotic scaling of correlation functions
should be

Crx (@, 2g) ~ e~ OPTN(E1e2) (4.3.3)

where Dy is the path with the minimum distance or geodesic connecting points xq
and . For MPS Dyipg = |x2 — 1], as shown as the bold line in fig. Hence

Ctps (@1, 22) ~ e=Durs(@ra2) _ o—lea=ml/fe (4.3.4)

where £ is the correlation length, matching the exponential decay observed in fig.
4.2(b) when x is insufficient. MERA, on the other hand has path lengths that scale

logarithmically with separation of z1 and x2 (Dwmgra (21, 22) o logy(L)), as shown
in fig. 47 Thus

CMERA (71, T9) ~ e OPMBERA(@122) — |30y — gy |70, (4.3.5)

recovering the power law decay profile characteristic of critical systems.
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Figure 4.7: Tensor network diagram of a MERA with PBCs where the
green squares are disentanglers, pink triangles are isometries and the blue
circle is the top tensor. A region of the network corresponding to L sites
is highlighted in blue, where the bonds making up the minimum surface
are highlighted by the red lines. The bold green line highlights a geodesic
connecting two points on the lattice.
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Chapter 5

Tensor Network Strong

Disorder Renormalisation

5.1 Introduction

For disordered quantum many-body systems, the strong-disorder renormalisation
group (SDRG) provides a powerful and elegant means of analysing a system by
concentrating principally on the disorder within it [I17]. The approach was orig-
inally devised by Ma, Dasgupta and Hu (MDH) [118] 119] for the random anti-
ferromagnetic (AFM) Heisenberg chain

L—-1
H =Y Jif &1, (5.1.1)
=1

which is the same as eq. but the coupling constant J; is different for each
position, taking a random value 0 < J; < Jpax according to some probability
distribution P(J). The principle behind the SDRG is to eliminate the most strongly
coupled pairs of spins and replace them with an effective interaction that couples the
spins at either side of the pair, as shown in fig. [5.1(a). The pair of spins coupled by
Jmax are thought of as being frozen into a singlet ground state as the neighbouring
interactions are significantly weaker — ultimately leading to the random singlet
phase, which is the ground state of the system [120], [12I]. This freezing of degrees
of freedom is remarkably close to an update process in entanglement RG for tensor
networks [42] and also suggests the possible usefulness of AdS/CFT for disordered
spin chains. By analysing the probability of survival through the SDRG algorithm
it is possible to predict that mean correlations will have a power-law decay [120]

with negative power 2. Similarly, the entanglement entropy can be shown to scale

88



R JZ'_1 | Ji A Ji+1 | renormalize A J |
| Y | y I v
(a) Si-1 S Sit1 Siy2 Si—1 it
Aicr Ay A Ainy B
renormalize
) —\— — \-
(b) Si—1  Si  Sit1  Sit2 i1 S s
o c
Hi”y Hiliis
B
Q| |© HF O |O
R L R L
(c)%i-1 S 5i Sit1

Figure 5.1: Schematic diagrams of the various SDRG variants. Horizontal
lines indicate the 1D spin system. (a) Traditional MDH SDRG [118], spins
Si, Siy1 (arrows) with the greatest coupling strength, J; > JpVk # i, are
removed and replaced by an effective coupling J. (b) SDRG of Westerberg
et. al. [I23], spin pairs are renormalised for the largest energy gap A;
and replaced by an effective spin S. (c) SDRG variant of Hikihara et.
al. [124], the chain is decomposed into blocks of spins described by block
Hamiltonians H? (shaded rectangles), with left and right spins, respectively,
st and s® (dark dots) on the boundaries of the blocks forming the coupling
Hamiltonians, HC.

logarithmically with block size [122], where the amount of entanglement between
blocks A and B is quantified by the von Neumann entropy of eq. .

In this chapter, we develop a self-assembling TTN algorithm based on the
previous ideas of SDRG [123], [124]. This allows us to calculate properties such as
expectation values, correlation functions and entanglement entropy directly and ef-
ficiently from the geometry of the TTN. In particular, we find that the distance
dependence of the spin-spin correlation function can be studied not only via direct
calculation of the correlation functions, but also via the holographic distance de-
pendence along the tree network connecting two sites. In section [5.2] we will briefly
review the numerical SDRG of Hikihara et al. [124] and define the states and oper-
ators that form the basis for our work. Section [5.3] shows how the numerical SDRG
on an MPO self-assembles the TTN. In section we discuss the details of the
algorithms used in the chapter. Finally, in section [5.5| we compute correlation func-
tions and entanglement entropy (i) directly using the TTN as well as (ii) via simply

counting the path lengths and connectivities in the holography. We find that both
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approaches give consistent results.

5.2 MPO Implementation of the SDRG

5.2.1 The Numerical SDRG

The SDRG method was extended to both ferromagnetic (FM) and AFM couplings
by Westerberg et. al. [123] [125]. The approach finds the neighboring pair of spins
S5, 8341 with the greatest energy gap A; between the ground state and excited state
and combines them into a single effective spin S (fig. b)) The effective couplings
between the new spin and its neighbours are then recalculated using Clebsch-Gordan
coefficients and the new gaps A;_; and A; updated. SDRG was once more extended
by Hikihara et. al. [124] to include higher states at each decimation, in the spirit
of NRG [7] and DMRG [I5]. This method therefore decomposes the system into
blocks rather than larger spins allowing for more accurate computation of, e.g., the
spin-spin correlation functions. The more states that are kept at each decimation
the more accurate the description and it is exact in the limit of all states kept.

Consider a point in the algorithm where the Hamiltonian is made up of blocks
HZB at each site and couplings chl 41 between them as in fig. The couplings
take the form of a two spin Hamiltonian

H{ = il -5, (5.2.1)

where 57 is the spin operator of the right hand spin of block i and 5?11 is the left
hand spin of block ¢ 4+ 1. In full the Hamiltonian is

Ng Ng—1
H=> HP+ ) Hf,, (5.2.2)
=1 =1

where Np is the number of blocks.

Let us now define the gap A; as the energy difference between the highest-
energy SU(2) multiplet that would be kept and the lowest-energy multiplet that
would be discarded in a renormalisation of block HR +1- The scheme works by
searching for the pair of blocks with the largest gap A;, and then combines the

coupling and the blocks that it connects into a single block

(2 m

H]?mim-&-l = Hz]?n + Hzc im+1 T H5n+1~ (5.2.3)

This block and the couplings either side are then renormalised by a matrix, V,, of the
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eigenvectors corresponding to the lowest x eigenvalues of the block, such that only

full SU(2) blocks are kept. The process is repeated until the system is represented

by one block. The explicit form of the algorithm is as follows [124]:

1.

6.

Find the coupling Hamiltonian with the largest gap A; and create the two-

site block.

im

. Diagonalise the two-site block to find the x < x’ lowest eigenvalues A, and

corresponding eigenvectors V, such that only full SU(2) multiplets are kept,

where \/ is the maximum number of eigenvectors and is set at runtime.

. Set the x eigenvalues A, from the diagonalisation as the new two-site block,

which is equivalent to renormalising the two site block with V,,

HE =VIHP ;. Vy = A, (5.2.4)

imyim+1 m

. Renormalise the spin operators on the right and left hand side of the new

block to update the couplings

S =ViLeE )V,

X
spo=VIGEE @ 1)V, (5.2.5)

. Diagonalise the neighbouring blocks to get the new gaps.

Remove site i,, + 1 and return to step 1.

This process is repeated until the whole system is described by one block.

5.2.2 Numerical SDRG as an MPO Process

Hikihara’s numerical SDRG can be naturally described as a set of operations on an

MPO (see chapter [2).

1.

First, we contract the MPO tensors for the pair of sites with the largest gap,
sites i, and i, + 1 (fig. [5.2(a)

/ /
[imim+1] — E Tim Tim, Tirn 1% im 41
w o Wbim,hbim Wbim,bierl . (5.2.6)
b

im

Here we have o;,, = 1,...,x for the physical indices and, for the Heisenberg
model (5.1.1)), the virtual indices are b;,, =1,...,5.
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Figure 5.2: (a) Tensor network diagram of the MPO. The (vertical) o and o’ legs
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denote physical indices and couple to the tensor network wavefunction and con-
jugate. The b’s are virtual indices (in horizontal direction) and couple the local
tensors (blue-shaded squares) of the MPO to each other. (b) The pair of sites with
the largest gap A;,, is found, the MPO tensors for these sites are contracted and the
physical indices fused to form a matrix. (c) Contracting the matrices of eigenvectors
Vy (red-shaded rectangle) and VXT creates a new MPO for a coarse-grained system.
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Figure 5.3: Matrix product diagram showing the contraction step
for the Heisenberg Hamiltonian (5.1.1)). Circles (and ellipses) denote (com-
bined) operator entries in the Heisenberg MPO W+1] (a) Renormalising
the on-site components has the effect of creating a new on-site component,
which is a diagonal matrix of the lowest eigenvalues A,. (b) Contracting

Vy and VQ has the effect of renormalising the coupling spins in the same
way as the Hikihara method, storing them as the coupling components of
the new MPO tensor.

2. Next, we perform an eigenvalue decomposition on the on-site components of

the new MPO tensor keeping the eigenvectors of the lowest x eigenvalues V,

A =VIHE 91+ 7,58 58 . +1eHE V. (5.2.7)

tm Py,

As with Hikihara’s algorithm, only the x eigenvalues that make up full SU(2)

multiplets are used.

3. Then we contract V, and V)I with the new MPO tensor to perform the renor-

malisation (fig. [5.2(b). For the moment write the two-site combined MPO

Wlimsim+1] in terms of an effective site with index 7 =1,...,x, X + 1,...,x2,
ie. WTT Cbi Similarly, we can write the set of eigenvectors as [V,]77.

93



Then the contraction is explicitly given as

&im75’7/lm &zm y ! ozm
LA SN 1 74 1 AP 179 M (5.2.8)
7,7’
where 7;,, = 1,...,x is the spin index of the renormalised site iy,. Hence we

replace sites i,, and i,, + 1 with a single renormalised site and relabel the
remaining indices. The contraction makes the on-site component of the new
MPO simply a diagonal matrix of the lowest x eigenvalues A, (fig. (a)). It

also has the effect of renormalising the coupling spins just as in the Hikihara

approach (fig. [5.3|b))

Sho=viaest )W, (5.2.9)
sho=ViGEE e D). (5.2.10)

The contraction therefore maps two MPO tensors onto one while preserving
the indexing structure of the MPO.

4. As the final step, we diagonalise the neighbouring blocks to update the distri-
bution of gaps.

The procedure is then repeated until the system is just one site, and we diagonalise

to obtain the ground state energy F, of the system.

5.3 Tree Tensor Networks and SDRG

The MPO description of SDRG given above amounts to a coarse-graining mechanism
that acts on the operator. Alternatively, we can view it as a multi-level tensor
network wavefunction acting on the original operator. To illustrate this, we can
split the 7 index of V; as in eq. back to thf:e original spin indices o;,,, 0, +1

"= [w]%im . The isometric

g;
T Tim Tim+1

to create an isometric tensor [34] or isometry [VQ]

property means that

5 ’ _
D L S V) M L (5.3.1)

Oim 1 Tim+1

or wwh = 1 # whw (fig. a)). A renormalisation in the SDRG algorithm as in fig.
[5.2(b+c) can then be rephrased graphically as in fig. [5.4b). This makes the notion

of mapping two MPO tensors to one immediately explicit.
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Figure 5.4: (a) Schematic representation of the isometric property ww! = 1 given
by eq. (5.3.1). (b) One step in the MPO SDRG algorithm in terms of isometric
tensors w. Triangles (red-shaded) denote the isometries, squares are as in fig.
(c) The SDRG algorithm as a TTN for a chain of L = 20 sites. The squares are the
MPOs (i.e. the spin operators), triangles are isometric tensors and solid lines denote
summations over physical (vertical) and virtual (horizontal) indices as before. The
circle indicates the top tensor, i.e. the ground state eigenvector of the coarse-grained
system. Lattice and holographic dimensions are indicated by the dashed arrows.
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Figure 5.5: Isometries that do not share legs can be computed in any order.

When viewed in terms of isometries, the algorithm can be seen to self-
assemble a tensor network based on the positions of largest gaps before each renor-
malisation. When written in full, it builds an inhomogeneous binary TTN as shown
in fig. [5.4|(c). We shall henceforth refer to this TTN approach to SDRG as tSDRG.
Tree tensor networks are one of the major areas of tensor network research and
TTNs with regular structures have been extensively studied [35] [43], [47), 126]. The
isometric nature of the isometries allows for calculations to be performed in a highly
efficient manner [34] [43] [127].

5.4 Algorithmic Detail

5.4.1 Indexing

The fact that the tensor network is built in the order of the SDRG algorithm means
that its structure is not regular and is different for each disorder realisation. This
means that we need an indexing convention that contains information about the
structure of the network so that the isometries and density matrices can be con-
tracted in the correct way. In order to calculate observables we need to know the
order in which pairs of spins are renormalised and which tensors are connected to
each leg of every isometry. This contains all of the structural information necessary
to define the tensor network uniquely up to trivial commutations visualised in fig.
In this indexing scheme there are two relevant dimensions; The position on the
lattice (1), drawn horizontally and the SDRG iteration number (i) drawn vertically
with the start at the bottom and end at the top as shown in fig. The process

of indexing is as follows:

1. Begin the SDRG algorithm with iteration ¢ = 1 and a temporary array
(current) that contains information regarding the tensors that are below that

point in the algorithm, initially L elements filled with zeros.

2. Store the position of the maximum J as element ¢ in an array order.
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Figure 5.6: An example of how the indexing algorithm works based on a 10 site ten-
sor network. The horizontal dimension gives position in the chain [ and the vertical
dimension gives SDRG iteration number 7. The grey x-axes highlight the current
horizontal position as the algorithm progresses. The isometries w; are labeled by
iteration number and hence there is one per ¢ level. The numbers along the lines
show the value of current for that leg at that point in the algorithm. It is this value
which shows which isometry is connected below.



3. Store the values of current jmqe, and current jpmqz+1 in arrays tL and tR that

give the tensor connected to the lower left and right legs.

4. Update the current array by setting element current jnq. to ¢ and removing

element current jmaez+1-

5. Finish the SDRG iteration, thus removing a site and relabelling the horizontal

position. Increase ¢ by 1 to start a new SDRG iteration and return to step 2.

At the end of the algorithm order; stores the vertical position of isometry 7 in the
algorithm, and tL; and tR; store the index of the isometries that are connected to
the bottom legs of each isometry. tL and tR are useful when indexing the density
matrices as they show which isometry will be connected when contracting from the
top down. Therefore we now have sufficient information to update the isometries
going upwards through the network and update the density matrices going down-
wards. Figure [5.6] shows an explicit example of the indexing algorithm for a 10 site

TTN. In this case the resulting arrays are

order ={2,1,7,6,2,4,2,2,1},
tL ={0,0,0,0,0,0,5,7,2},
tR ={0,1,0,3,0,4,0,6,8}. (5.4.1)

5.4.2 Correlation Functions

An expectation value is calculated by contracting the appropriate operator, likely
given as an MPO, with the whole TTN wavefunction (|¥)) and its conjugate ({(¥|).
In general for a tensor network this is a very difficult and costly process. For the
TTN it is made more simple by following the order in which the SDRG progresses,
contracting a pair of MPO tensors with an isometry and its conjugate each step
until the top of the tree.

When the expectation value is for an operator that does not act on every
site, such as the two-point correlation function in fig. only those tensors that
affect the sites that the operators act on need to be included. This is known as the
causal cone [34] and is drawn as a blue shadow in the holographic bulk. This allows
for a reduction in the number of contractions that need to be performed to obtain
a result. Further optimisations can be performed by storing blocks of tensor that
have already been contracted for later use. This approach is particularly useful for

the two-point correlator as, typically, the expectation value for all pairs of sites will
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Figure 5.7: Diagram showing the TTN form of the correlation function
(83 §15) in the 20 site system from fig. [5.4c). The causal cone is indicated
by a light blue shaded region and the bold green line shows the path length
through the TTN connecting the two sites. Otherwise lines and symbols as

in fig. (c)

be needed and subsets of the tree will be reused multiple times. An algorithm to

calculate two-point correlation progresses as follows:

1.

2.

Start with the left point at site x = 1 and right point at site x + 1.

Make a vector of the tensors that connect the left and right points to the top

tensor.

. Find the first value in the intersection of these two vectors. This gives the

highest isometry in the path connecting the two points (see, for example, the
bold green line in fig. [5.7)).

. Contract the spin operator for each point with the isometries and their con-

jugates up to the common node, tracing over any leg that is not connected to

the operator.

. Before contracting the common node store the new renormalised left point

operator.

. Contract up to the top tensor.

Move the right point to the right by one site. Repeat from step 2 but reuse
the left block as the highest point in the path connecting the two points will
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Figure 5.8: Diagrammatic form of (a) the TTN density matrix p and (b) the
reduced density matrix p4 where the legs of block B have been traced over.
For simplicity the large triangle represents the full TTN for wavefunction
v,

only ever grow, to a maximum at the top of the tree.

8. Restart with the left point across one site.

5.4.3 Entanglement Entropy

In a TTN the density matrix p = |¥) (¥| has a graphical form made up of a full
TTN and its conjugate as shown in fig. (a). The reduced density matrix p4 for
block A is the density matrix but with a partial trace over block B as discussed in
chapter 2l As with the MPS, the reduced density matrix for the TTN is formed by
contracting the legs of block B with themselves as shown in fig. [5.§|(b).

Creating a reduced density matrix for a generic block is non-trivial as the
number of elements in the matrix is (d"4)2, where d is the dimension of the single
site (d = 2 for the spin-1/2 Heisenberg Hamiltonian) and ny4 is the number of sites
in the A block. However, the structure of the TTN can significantly reduce the
size of the matrix and complexity of the calculation. Due to the fact that the w;
are isometric, any tensors that are wholly in block B do not need to be considered.
Furthermore, any isometries that are wholly in the A block don’t contribute to the
entanglement entropy, so it is only the tensors that connect the two blocks that
need to be contracted [43]. The random nature of the tensor network again causes
problems with how to efficiently contract the network when the structure is not

predefined. One way of doing so is:

1. Define a vector showing which sites are in block A and which are not. Label
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block A sites with number 2 and those in B with a 0.

2. Following the pattern set out by the construction of the network, label each of
the bottom legs of each tensor with a number 2 for when there is only block
A below, 1 for when the tensor connects A and B and 0 for when there is
just B below. For each w;, the tensor that is connected to each of the bottom
legs is stored in tL and tR so that the network can be contracted from top to

bottom.

3. Using the information collected, one can then proceed in contracting the net-
work starting from the top tensor, from left to right, contracting the tensor
below if it is labelled with a 1, leaving the leg open if it is a 2 and tracing over
the leg if it is a 0.

In this way the density matrix can be systematically constructed for any TTN,

keeping the size to a minimum.

5.5 Results

In the following, we shall compare results for the disordered AFM Heisenberg model
when using a modern DMRG implementation, with those obtained from
tSDRG. The set of couplings (J;) shall always be taken from a box-type distribution
[124], i.e. constant in the range 0 < 1 — AJ/2 < J; < 1+ AJ/2 < 2 and zero
outside. Unless stated otherwise, we use strong disorder AJ = 27 in the following.
We assume OBCs throughout.

5.5.1 Convergence and Ground-State Energies

In fig. (main), we show the dependence of the disorder-averaged ground state
energy per site, E,/L, on AJ for constant L. We find that for both DMRG and
tSDRG, the E,/L values decrease for increasing AJ, i.e. the ground state energy
lowers as disorder in the J; couplings allows the system to form particularly ener-
getically favourable spin configurations. We also see that the DMRG for the chosen
values of y and L reaches lower energies. This suggests that it is yet more efficient
in finding an approximation to the true ground state energy. However, upon in-
creasing AJ, the difference between DMRG and tSDRG is getting smaller. This
is expected since SDRG is based on the idea that the contribution from the non
singlet interactions is small, which is more accurate an assumption the greater the
disorder. The figure also shows that increasing x can considerably improve the re-
sults of the tSDRG. We expect a variational tSDRG to be at least as good as our
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Figure 5.9: Diagram showing the TTN form of the reduced density matrix
pa for the block A indicated by the dashed rectangle 10 sites long in the
20 site system from fig. [5.4]c). Lines and symbols as in fig. [5.4|c) and
The bold line shows the minimal surface in the TTN between regions A
and B (the rest of the chain). The right-hand diagram has been reduced in
the horizontal direction to highlight the reduction in complexity due to the
isometries.

DMRG. Here, however, we concentrate predominately on showing the validity and
usefulness of a TTN approach to disordered chains. In fig. (inset) we show
E4/L as a function of L for various values of x at the strongest permissible disorder
AJ = 27. We find that the values of E,/L do not vary much anymore for system
sizes L > 100. Conversely, E,/L values for L < 100 are clearly dominated by the
presence of OBCs.

5.5.2 Correlation Functions

The correlation functions for a strongly disordered Heisenberg chain are expected

to average out to be a power-law decay [120]

(-p7n

~— 5.5.1
Pa— (5.5.1)

<<§931 ’ §932>>
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Figure 5.10: Ground state energy per site E,/L as a function of disorder
AJ for system size L = 100 for tSDRG (solid lines) and variational MPS
(dashed). The error bars correspond to the standard error on the mean ob-
tained from averaging over 200 different disorder configurations and various
values of x. Lines are guides to the eye. Inset: System size dependence of
E,/L for AJ = 27. Sizes L = 10-80 have been averaged over 500 disorder
configuration, 90, 100 and 120 over 1000, 150 and 200 over 2000 configura-
tions, respectively.

where ({3, - §3,)) is understood to be the disorder-averaged expectation value of
the two point spin-spin correlation function. The r~2 scaling of the correlation is a
feature of the disorder in the system [120] and is different to that of the asymptotic
behavior of the clean open Heisenberg XXX model [12§]

(—1)”(1n7")1/2

r

(5.5.2)

As discussed in chapter [4, correlation functions in tensor networks scale as
e~ P@1.22) where D(x1,x7) is the number of tensors that connect site 21 to a9 [44].
tSDRG has a holographic geometry based on a random TTN, with path length

DyrN =~ log |x2 — x1], i.e. scaling logarithmically with distance when averaged. This

103



0 ‘ ‘ o ‘ 20 ‘ T T ‘\ \\\‘H" ‘\ ‘\‘\‘\'\\H'
10 F E
s ]
10" F E
= - — Do %) uE
o i — 294loglx,-x[+3.02 7]
©
. ) 10 100
< 107 F Ly - x| E
A E | 3
. o SDRG %=10 ; ]
10-3 - — 5.81 exp[-0.63D.;, ] %
E 2 ® 7
Fo— ~| X, - X, [ ]
L even/odd i
10_4 ;' Il Il L1 i 1 1 L1 ‘ ?
10” 10" 10°

Ixz—xll

Figure 5.11: Correlation function for L = 150 and AJ = 27 averaged
over 2000 samples for the direct calculation of ({5, - §y,)) (black circles)
and also via the holographic approach using DN (dashed red line
with error of mean indicated by the grey shading) such that ((5y, - 5z,)) =
(5.8140.93)exp[—(0.62+0.02) Drpn]. The expected thermodynamic scaling
|zg — 21|72 is also shown (solid blue line) while the dashed orange line
denotes a power-law fit up to |z2 — x1| = 50 with slope 1.64. The (brown)
crosses show ((5y, - 8z,))/4 (for clarity) with all values for even distances
|zo — x1| multiplied by 1.25. Inset: The holographic path length Dpry
connecting sites x1 and 2 averaged over the 2000 TTNs (black) and a fit
in the logarithmic regime (red).

makes it much more suited to capture the desired power law decay
(5o 5a)) v e PN )

~ —ologlza—a1| |z — 21| 7% (5.5.3)

In fig. we show the behaviour of ((5, - §,)) computed directly as well as its
holographic estimate based on . We find that the behaviour for |ze — 21| > 1
and |zo — z1] < L/2 is indeed very similar for both approaches. The best fit value
for « is 0.62 + 0.02 where the error is the standard error. The fitting was performed
using the lsqcurvefit function in MATLAB version 2013a. The function is based on
a trust-region algorithm [129] with weights to take into account the accuracy of the

data. We find that in the indicated distance regime, both measures of ((5z, - 5z,))
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are consistent with the expected =2 behaviour. For |zo — 1| 2> L/2 we see that the
boundaries lead to an upturn on the behaviour of ((5;, - §4,)) for both direct and
holographic estimates. This upturn is a result of boundary effects and can easily
be understood in terms of the holographic TNN: for |ze — 21| > L/2, the average
path length in the tree decreases (cp. fig. [5.9). This is also consistent with periodic
systems where we expect correlation functions to be equal for |xg—x1| = r and L—7.
In the inset of fig. we show the distance dependence of Dppy with x = 10. For
|xa—x1| < L/2, the data can be described by as linear behaviour in log |x2 — x| with
slope 2.94 +0.02. Note that this slope along with the value of & = 0.62 4+ 0.01 gives
an estimate of power-law exponent a = (0.62 4 0.01) x (2.94 +0.01) = 1.84 £+ 0.04
for fixed L = 150. Figure [5.12| shows that as L increases, the resulting value of
the scaling power a also increases towards the expected value of 2 for larger systems
upon increasing L. We have also checked that the differences between y = 10 and 20
remain within the error bars and hence we use x = 10 for calculations of ((5y, - 5z,))
in fig. We further note that fig. shows a clear difference in the correlation
function between even and odd distances, due to the fact that singlets can only
form with nearest neighbours on the current coarse graining scale. The difference
in magnitude is found to be 1/4 as predicted previously [130].

In addition to the power law scaling of mean correlations, it is expected [120]

that the typical correlations scale as
(log|(5z; -+ 82y)[) ~ —|m2 — «731|1/27 (5.5.4)

where the left hand side of is the disorder-averaged mean of the log of the spin
correlation function, i.e. the log of the geometric mean of the correlation function.
Figure shows that this typical correlation function indeed scales as |z — 21 |'/?
and the quality of the fit increases upon increasing y and system size. For L = 150,
as x is increased from 4 to 50, the agreement with improves up to approx-
imately half the system size, at which point boundary effects become important
as in fig. The typical/geometric mean of the path lengths does not allow to
reproduce the typical correlation behaviour , but rather continues to retain
a logarithmic scaling behaviour. This suggests that the TTN constructed by our
tSDRG selects those path lengths corresponding to mean correlation. Clearly, eq.
ignores correlation information stored in the isometry tensors and we expect
that its inclusion will recover also the typical correlation behaviour. Indeed, the
need to increase y in fig. in order to reproduce already confirms that

the tensor content is very important here.
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Figure 5.12: The scaling parameter a from eq. as a function of system
size L for different values of x at AJ = 27. The solid lines are guides to
the eye only. The asymptotic value of a = 2 is indicated by the horizontal
dashed line.

While eq. (5.5.3) neatly describes the power law behaviour of the data, a

more accurate ansatz should be
(8, - 8y)) == Afem Prontrrzlya, (5.5.5)

We plot the fit of this along with the correlation data rescaled to remove the even-
odd discrepancy discussed above in fig. This shows that ({3, - §,)) ~ (1.67 £
0.10) (exp[—Drrn]) (009+0-01) ig o remarkably accurate fit to the data for all length
scales. This implies that the majority of the correlation information is stored in the

structure of the TTN rather than the contents of the tensors.

5.5.3 Entanglement Entropy

In general, the entanglement entropy Sap is difficult to compute as the size of the
reduced density matrix pa scales exponentially with the size of block A. While for
special cases, such as the XX model [131], Sap can be computed more easily, the
general strategy involves finding the eigen- or singular values of pa [30].

The TTN representation of tSDRG gives an alternative means of calculating
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Figure 5.13: The typical spin correlation function averaged over 2000 sam-
ples for L = 500 (green circles) and L = 150 (triangles) and y values as
given in the legend. Error bars are within symbol size throughout. The
dashed lines are fits to the linear regimes for L = 150, x = 50 (blue) and
L =500, x = 20 (green). The vertical dotted line indicates half the system
size for L = 150.

Sa for any bipartitions A and B of the system. In a similar manner to the correla-
tion functions, the geometry of the tensor network is related to its ability to capture
SaB- As mentioned in chapter |4} Sy is proportional to the minimum number of
indices, n 4, that one would have to cut to separate a block A of spins from the rest
B of the chain (cp. fig. [44]. For the TTN the position of the block in the chain
alters the number of indices that have to be cut to separate it from the rest of the
system. This suggests that there are spatial regions in the chain that are more and
less entangled, which is likely to be true for a strongly disordered spin chain. The
concept is hence similar to discussing the entanglement in the MDH implementation
[118] of SDRG, where the entanglement entropy is related to the number of singlets
that have to be broken to separate a region from the rest [122].

In fig. @ we show that the average value of Sj|g remains approximately
constant upon increasing the disorder, while the average of the maximal Sy shows
a pronounced increase. This indicates that the full distribution of Sj|p develops long
tails with large Spp values when increasing A.J. For strong disorders AJ 2 1.5 we
find that tSDRG captures more entanglement than DMRG. The DMRG estimates of
Sa|B are consistently below the values obtained by the tSDRG, but when increasing
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Figure 5.14: Rescaled correlation function to remove odd-even effects as
discussed in text on a semi-log plot. Odd points are open circles and even
are shaded. The expected thermodynamic scaling is shown as a solid blue
line. The fitted scaling factor from fig. [5.12] plotted as a solid green line.
The red line indicates the alternative holographic fitting with ({55, - 5z,)) =~
(1.67 = 0.10) (exp[— Dppy]) (0-69£0-01)

x the deviation is reduced. This behaviour is most pronounced for the average of
the maximal Sy values. For example, with x = 20, the Sjyp values obtained
for DMRG deviate from the tSDRG results around AJ =~ 1.2. Hence we see that
an increase in Sy requires a considerable increase in x for DMRG to accurately
capture the entanglement. On the other hand, for weak disorders AJ < 0.5, DMRG
gives consistent results already for small x = 10. The values obtained for Sy from
tSDRG are much higher in this regime. We believe this to be an overestimation of
S by the tSDRG because, as discussed before, tSDRG selects most strongly the
singlet pairs in the disordered system, which of course become less prevalent for low
disorder.

Figure shows that when L is increased for AJ = 2, both the average
and average peak values of Sjp increase logarithmically in L. This again implies
that as L is increased, the x value for DMRG needs to be increased also to be
able to capture the entanglement. On the other hand, the holographic nature of
the TTN means that the minimal surface in the network increases with system size

and thus describes this entanglement without the need to increase x. Although
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Figure 5.15: Entanglement entropy Sy g for all possible bipartitions (cp. fig.
for L = 30 as a function of AJ averaged over 100 disorder configuration
using DMRG and tSDRG. Solid lines indicate the arithmetic mean over
disorder configurations while dashed lines denote the mean of the maximal
Sap values at the chosen AJ. Lines connecting symbols are guides to the
eye only. Error bars denote standard error of the mean when larger than
symbol size. The two vertical dotted lines highlight AJ = 0.5 and 1.2 as
discussed in the text.

Sa|B is therefore captured well by the network, contracting pa for larger L becomes
increasingly difficult, even with the simplifications suggested in section [5.5.3] since
the size of the matrices scales as O(x"2). We therefore have to restrict ourselves to
smaller y and L values than in sections and

In refs. [122] 132], Refael and Moore calculate a block entanglement Sa g in

the random singlet phase and show that it scales as

log 2

SAB ~ log, Ly =~ 0.231...log, Lp, (5.5.6)

where region B is a block of extent Lp in the centre of the spin chain. Note that
this implies an effective central charge [122] of ¢ = 1-log2. This is different from
the bipartition entanglement Sy g that we considered before. We show the resulting
Sa B in fig. The figure clearly indicates that finite size effects become prevalent
for large Lp, so we fit for Ly < L/2 only. The resulting scaling behaviour Sy g ~
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Figure 5.16: Entanglement entropy Sap as a function of L averaged over
100 samples and all possible bipartitions (as in fig. for x = 4 and
AJ = 27. The dashed blue line is the fit (0.358 £0.005)log, L+ (0.414+0.03),
the solid black line is (0.096 £0.008)log, L + (0.67£0.04). Error bars denote
the standard error of the mean for the Sy values when larger than symbol
size while grey shaded regions show the standard error of the indicated fits.

(0.22 £ 0.02)log, Ly is consistent with eq. (5.5.6). We note, however, that finite size
corrections might still be present at the system size available to us here; ideally one
should aim for much larger system sizes [133].

We finally also examine the entanglement entropy per bond, S/na, of a
TTN for both bipartitions A|B and blocks A, B with x = 10 when averaging over
500 disorder configurations with L = 50. Figure [5.18| shows that away from the
boundaries S/na saturates to the same constant 0.47 + 0.02 for bipartitions and
blocks. Note that for Ly ~ L/2, we find that up to 20% of our samples for x = 10
lead to calculations of Sap g consuming memory beyond 100GB and therefore fail
to complete. Larger memory calculations are currently out of reach for us and we
disregard the configurations. Nevertheless, we believe that this will not greatly
change the average values of Sa 5/na reported here as the higher failure rate is for
block sizes where boundary conditions become influential, which is supported by
the calculations for smaller xy. For xy = 4 we find 0.42 4+ 0.02 for both blocks and
bipartitions with a much lower failure rate (< 1%) due to the smaller size of the

density matrices. This might conceivably suggest that S/na = 0.5 is a limiting value
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Figure 5.17: The entanglement entropy Sap (black) averaged over 500
samples as a function of the size of a block Ly placed in the middle of a
chain with L = 50 for x = 10 and AJ = 27. The fitting (red, solid line)
gives Syjp = (0.22 £ 0.02)logy L + (1.12 £ 0.05) for Ly < 25, above which
finite size effects dominate. The grey shaded region indicates the accuracy

of the fit. The (green) dashed line shows the entanglement scaling
from ref. [I32] with the vertical position fitted to the point Ly = 2. The
straight black lines are a guide to the eye only. At the bottom, we show the
failure rate in percent (crosses) for different Lg.

for larger x and L. In turn, this would imply ny = 2log Lg/3. This is consistent
with ref. [44] and implies that the entanglement entropy is proportional to the length

of the holographic minimal surface that connects the two blocks.

5.6 Conclusion

In this chapter, we demonstrate the validity and usefulness of a suitably adaptive
tensor network approach to locally disordered one-dimensional quantum many-body
systems. In contrast to traditional DMRG approaches to disordered systems, where
the initial geometry of the MPS ignores the disorder and only takes it into account
at the stage of variational sweeps [19], our approach incorporates the disorder into
the fabric of its tensor network. We believe this strategy to be inherently more

suited to disordered systems — the results presented here show that the accuracy
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Figure 5.18: Entanglement entropy S (black circles) and entanglement en-
tropy per bond S/na (red diamonds) for bipartitions A|B (top, open sym-
bols) and blocks A, B (bottom, filled symbols) with x = 10 and AJ = 2~.
The entanglement per bond saturates to 0.47 £ 0.02 for bipartitions and
0.48 + 0.02 for blocks (grey shaded regions).

of tSDRG is already comparable to DMRG without including any additional varia-
tional updates. This advantage is particularly evident for long-ranged correlations
and an entanglement entropy that violates the area law.

Our results furthermore show that, when disorder-averaged, a random AFM
spin 1/2 system is well characterised by an effective CFT on the boundary of a
discretised holographic bulk. We believe, to the best of our knowledge, that we
have thus shown the quantitative validity of holography for the first time here.
In particular, our spin-spin correlation function, fig. [5.11] as well as the block and
bipartition entanglement entropies, fig. [5.18|show excellent qualitative and numerical
agreement with their holographic counterparts. Such an agreement also reconfirms
that the self-assembly of the TTN produces the necessary tensor network geometry.

Whilst here we concentrated on the disordered Heisenberg model, the method
should be straightforwardly applicable to the XX and XXZ models as studied by
Fisher [120]. Similarly it should work for the Jordan-Wigner-transformed equivalent
fermionic models with a disordered hopping parameter [134]. It should also be

permissible to implement different forms of disorder, such as aperiodic sequences
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[135] as long as the singlet approximation is valid throughout the renormalisation
procedure. We have checked that tSDRG, just as the SDRG of Hikihara [124], is
also able to model random FM/AFM couplings that create large effective spins as
the renormalisation progresses. As such it may be possible to use our approach to
study higher spin systems given a suitably high x. It should also be fairly simple
to extend the tSDRG method to periodic systems by introducing a bond between
the first and last MPO tensor, which is effectively taking a trace over the MPO. We
note that implementation of on-site disorder, such as in the random transverse field
Ising model [121], does not appear to have a natural implementation using the local
RG outlined in section [5.2] Here it may be possible to implement a tensor network
with a different structure, but at the moment it is not clear to us how this would
be performed.

The tensor network approach makes finding other expectation values, i.e. in
addition to those studied here, straightforward as they are simply the contraction
of the set of isometries with a matrix operator. An example is the string order
parameter [136] that is used to find a hidden topological order in the ground state
[137]. If the entanglement entropy can be found, so too can the entanglement
spectrum, which has become a popular means of characterising many-body wave
functions [73}, [75, [77, 138 139, 140} [141], for better or for worse [142]. Excited
states can be found by diagonalising the top tensor and instead of keeping the
lowest energy eigenvector, keeping a suitable set of higher energy eigenvectors. This
will only be accurate for low energy excitations as at each step of the renormalisation
process only the low energy components are kept while information about higher
energy modes is discarded. Furthermore, it is possible that when moving far away
from the ground state the geometry of the network is no longer appropriate.

Our local RG procedure selects spin pairs based on energy gaps. It is tempt-
ing to reformulate this based on the local entanglement content of such pairs. How-
ever, it is not straightforward to find such a local measure that captures energies and
wave functions well simultaneously. In particular, we do not find a convenient local
entanglement measure that would have a simple relation to the local values of J;.
More promising might be the implementation of a variational TTN [43]. Our initial
results suggest that this does indeed improve the energy values, but at considerably
increased efforts in implementation and computation — every disorder configuration

of course necessitating its own variationally updated tree structure.
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Chapter 6

Leaf-to-Leaf Path Lengths in
Complete Tree Graphs

6.1 Introduction

As discussed in section the geometry of a tensor network plays a large role in
defining the entanglement and correlation properties that the network can encode.
When the networks are simple, such as an MPS, it is straightforward to find analytic
expressions for the minimal surface and path length that define these properties;
when networks get more complicated it is not so clear. In chapter 5| we find that the
tensor network is an inhomogeneous binary tree where the structure is defined by the
coupling strengths in the Hamiltonian [I2]. To analyse the form of the correlation
functions we used numerics to ascertain the average path length (see inset of fig.
and minimal surface as analytic expressions are not available. The aim of this
chapter is to start the discussion of the structure of TTNs in terms of graph theory.

The study of graphs and trees, i.e. points (or vertices) with pairwise relations
(or edges) between them, has a long and distinguished history inside and outside of
science. In computer science, graphs, trees and their study are closely connected,
e.g. with sorting and search algorithms [I43]; in chemistry the Wiener number is
a topological index intimately correlated with, e.g., chemical and physical proper-
ties of alkane molecules [I44]. In physics, graphs are equally ubiquitous, not least
because of their immediate usefulness for systematic perturbation calculations in
quantum field theories [I45]. In mathematics, graph theory is in itself an accepted
branch of mainstream research and graphs are a central part of the field of discrete
mathematics [146]. Away from science, trees and graphs are perhaps most recognis-

able in the form of a family tree, which is used in mapping family genealogy. The
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connection to family history will become apparent in the nomenclature of tree graph
theory.

An important concept that appears in all these fields is the distance in a
graph, i.e. the number of edges connecting two vertices [147, 148, [149]. For tree
graphs, defined as undirected graphs in which any two vertices are connected by
only one path, various results exist ([I50, 151} [152] for example) that compute the
distance from the top of the tree (the root) to the bottom (its leaves). In a binary
tree such as shown in Fig. this distance might correspond, e.g. to the number of
yes/no decisions one performs when searching for information.

In this chapter we take the example of a regular, complete binary tree as the
simplest case within the set of all possible trees that can be generated using tSDRG.
These have the same structure as regular TTNs [153] 154]. We let the leaves of
the tree be surrogate lattice sites and therefore fix their position and order. The
lengths that we concentrate on are leaf-to-leaf path lengths across the ordered tree,
which are related to the two-point correlation functions discussed in chapters |4 and
We derive the average leaf-to-leaf path length for varying leaf separation with
leaves ordered in a one-dimensional line as shown e.g. in Fig. for a binary tree.
The method is then generalised to m-ary trees and the moments of the leaf-to-leaf
distances. Explicit analytical results are derived for finite and infinite trees as well
as the case of PBCs.

Throughout the rest of this chapter the term path length will be used to mean
the number to vertices that separate two leaves. This is in order to be consistent
with the tensor network literature (e.g. [12], 44]) and the rest of the thesis. In most
graph theory literature, including [I3], distance is calculated by summing the edges
rather than vertices. Converting between the two is simple as the number of edges
between two leaves is 1 greater than the number of vertices. We also note that in
graph theory the term path length usually refers to the sum of the levels of each of
the vertices in the tree [143].

6.2 Average Leaf-to-Leaf Path Length in Complete Bi-

nary Trees

6.2.1 Recursive Formulation

Let us start by considering the complete binary tree shown in fig. [6.1} It is a
connected graph where each vertex is 3-valent and there are no loops. The root
node is the vertex with just two degrees at the top of fig. [6.1] The rest of the
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Figure 6.1: A complete binary tree with various definitions discussed in
main text labelled. Circles (e, o) denote vertices while lines indicate edges
between the vertices of different depth. The tree as shown has a depth
of 4 and L = 16 leaves (o). The indicated separation is r = 5 while the
associated leaf-to-leaf path length equals ¢ = 7 as indicated by the thick
line.

vertices each have two child nodes and one parent. A leaf node has no children. The
depth of the tree denotes the number of vertices from the root node with the root
node at depth zero. With these definitions, a binary tree is complete [155] or perfect
[156] if all of the leaf nodes are at the same depth and all the levels are completely
filled. We now denote by the level, n, a complete set of vertices that have the same
depth. These are enumerated with the root level as 0. We will refer to a level n tree
as a complete tree where the leaves are at level n. The leaf-to-leaf path length, £, is
the number of vertices that are passed to go from one leaf node to another (cp. fig.
51).

Let us now impose an order on the tree of fig. such that the leaves are
enumerated from left to right to indicate position values, x;, for leaf i. Then we can
define a leaf separation r = |x; — x| for any pair of leaves ¢ and j. This is equivalent
to the notion of distance on a one-dimensional physical lattice. Let the length L be
the length of the lattice, i.e. number of leaf nodes. Then for such a complete binary
tree, we have L = 2". Clearly, there are many pairs of leaves separated by r from
each other (cp. fig.[6.1]). Let {€,(r)} denote the set of all corresponding path lengths.
We now want to calculate the average path length £, (r) from the set {£,(r)}. We
first note that for a level n tree the number of possible paths with separation r is
2" —r. In fig. we see that any complete level n tree can be decomposed into
two level (n — 1) sub-trees each of which contains 2”1 leaves. Let S, (r) denote the
sum of all possible path lengths encoded in the set {£,(r)}.

The structure of the decomposition in fig. suggests that we need to distin-
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Figure 6.2: Schematic decomposition of a level n tree with root node (e)
and leaves (o) into two level n — 1 trees (rectangles) each of which has 271
leaves.

guish two classes of separations r. First, for r < 277!, paths are either completely
contained within each of the two level (n —1) trees or they bridge from the left level
(n — 1) tree to the right level (n — 1) tree. Those which are completely contained
sum to 2S5,_1(r). For those paths with separation r that bridge across the two level
(n — 1) trees, there are r of such paths and each path has length ¢, ; = 2n — 1.
Next, for 7 > 2"~1 paths no longer fit into a level (n — 1) tree and always bridge
from left to right. Again, each such path is (2n—1) long and there are L —r = 2" —r
such paths. Putting it all together, we find that

5.(r) = { 28,_1(r) + (2n— )r,  r<2n1, 621)

(2n — 1)(2" — ), r>2on-h

for n > 1 and with S;(r) = 1. Dividing by the total number of possible paths with

separation r then gives the desired average path length

Sn(r)
n = 2.2
La(r) = 2 (6:2.2)
6.2.2 An Explicit Expression
As long as 7 < 2”71 eq. (6.2.1) can be recursively expanded, i.e.
Sp(r) =28,-1(r) + 2n — 1)r
=2[285,-2(r) + (2(n — 1) — 1)r] + 2nr (6.2.3)
After v such expansions, we arrive at
v—1
Sn(r) =2"Sp_(r) + > _2"(2(n— k) — D). (6.2.4)
k=0

117



The expansion can continue while r < 27~¥~!, It terminates when n — v becomes so

small that the leaf separation r is no longer contained within the level-(n — /) tree.

From eq. (6.2.1)) it is clear that the recursion only continues when r < 27! or

n > logyr + 1. (6.2.5)

The critical value n. is the largest integer value that does not satisfy eq. (6.2.5)), or

equivalently 1 less than the smallest integer that does satisfy this condition. Hence
logor +1 < ne.+1<logyr+2 ; n.€Z, (6.2.6)

which can be expressed succinctly as
ne(r) = [logyr] + 1, (6.2.7)

where || denotes the floor function. For simplicity, we will suppress the r depen-
dence, i.e. we write n. = n.(r) in the following. Continuing with the expansion of

Sp(r) up to the n. term, we find

n—me—1
Sp(r) =278, (1) + 2k [2(n— k) — 1] r. (6.2.8)
k=0

When the final bracket is expanded, it is simply the sum of three geometric series

n—me—1 n—"ne n—me—1 n—me—1
SRk —1r=m ) 2"—r Y k2P _r Y 25 (6.29)
k=0 k=1 k=1 k=0

The first part can be simplified using

l
3k (1= :”l), (6.2.10)

Pt 1 -z
the second part using
zl:k:azkH _a(l— A I (6.2.11)
— (1 —x)2 l—z o
and the final part using l
Yk = ! 1_:”:1 (6.2.12)
k=0
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When all put together eq. is
Sp(r) =2"7"8, (r) + 7 [2"7(2n. + 3) — (3+2n)] . (6.2.13)
From eq. (6.2.1)), we have Sy, (r) = (2n, — 1)(2" —r). Thus eq. becomes
Sn(r) =2"(2ne — 1 +227"r) — (2n + 3)r. (6.2.14)

Hence the average leaf-to-leaf distances are given by

1

2 —r

Ln(r) = [2"(2nc — 1+ 2%7"r) — (2n + 3)r] . (6.2.15)
In the limit of n — oo for fixed r, we have

lim L£,(r) = Loo(r) = 2ne — 1 + 227", (6.2.16)

We emphasise that L. (r) < oo Vr < 0.
In fig. [6.3| we show finite and infinite path lengths £, (r). We see that when-

ever r = 2', i € N, we have a cusp in the £,(r) curves. Between these points,
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the floor function (|-]) enhances deviations from the leading log, 7 behavior. This
behaviour is from the self-similar structure of the tree. Consider a sub-tree with v
levels; the largest separation that can occur in that sub-tree is » = 2%, which has
average length 2v —1. When r becomes larger than the sub-tree size the path length
can no longer be 2v — 1 but always larger, so there is a cusp where this distance is
removed from the possibilities. The constant average distance when r > é is be-

cause there is only one possible path length that connects the two primary sub-trees,

which is clear from (6.2.1)).

6.3 Generalization to Complete m-ary Trees

6.3.1 Average Leaf-to-Leaf Path Length in Complete Ternary Trees

Ternary trees are those where each node has three children. Let us denote by 87(13) (r)
and Eg’) (r) the sum and average, respectively, of all possible leaf-to-leaf path lengths
{ES’) (r)} for given r in analogy to the binary case discussed before. Furthermore,
L = 3". Following the arguments which led to eq. , we have

(6.3.1)

SO 38¥ (r)+202n—1)r,  r<3l
" (2n —1)(3" —7), r>3n L

This recursive expression can again be understood readily when looking at the struc-
ture of a ternary tree. Clearly, 87(13)(7”) will now consist of the sum of leaf-to-leaf
distances for three level n trees, plus the sum of all paths that connect the nodes
across the three trees of level n. The distances of these paths is solely determined
by n irrespective of the number of children and hence remains 2n — 1. As before,
we need to distinguish between the case when r fits within a level n — 1 tree, i.e.
r < 371, and when it connects different level n — 1 trees, r > 3", For r < 3"~1,
there are now 2r such paths, i.e., r between the left and centre level n — 1 trees and
r the centre and right level n — 1 trees. For r > 3"~! there are L —r = 3" —r paths.

We again expand the recursion and find, with n$) = |logg 7] 4+ 1 in

analogy to (6.2.7]), that

SO (r) = 3 [2n£3) 14 31—n£3)r} —2(n+1)r (6.3.2)

n
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and

S (r)

(3)(p) = 2n

L) == (6.3.3)
LO ) =2m® — 143y, (6.3.4)

6.3.2 Average Leaf-to-Leaf Path Length in Complete m-ary Trees

The methodology and discussion of the binary and ternary trees can be generalised
to trees of m > 1 children, known as m-ary trees. The maximal path length for any
tree is independent of m and determined entirely by the geometry of the tree. Each
leaf node is at depth n, a maximal path has the root node as the lowest common
ancestor, therefore the maximal path is (2n — 1).

A recursive function can be obtained using similar logic to before. For a
given n, there are m subgraphs with the structure of a tree with n — 1 levels. When
7 is less than the size of each subgraph (r < m"~!), the sum of the paths is therefore
the sum of m copies of the subgraph along with the paths that connect neighbouring
pairs. When 7 is larger than the size of the subgraph (r > m"~!), the paths are all

maximal. When all this is taken into account the recursive function is

(r) = { mS,Snj)l(r) +(m—1)2n—-1)r, r<mnrl, (635)

(2n —1)(m™ —r), r>mtL

This can be solved in the same way as the binary case to obtain an expression for

the sum of the paths for a given m, n and r

(m)
2mi=ne Ty m+1
M)y =m™ [2n(™ —14+ | — (2n4+ —— 3.
S (r)=m [nc + (m—l)] <n—|—m_1 T, (6.3.6)
The average path length is then
S (r)
L (r) = = 6.3.7
)y = o210 (6:37)
and
2m1_”2m7‘
M)y = [optm) 14222 ") 3.
LI (r) ( N, + (m—1) ) (6.3.8)
We note that in analogy with eq. (6.2.7)), we have used
n{™ = |log,, ] +1 (6.3.9)
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Figure 6.4: Average leaf-to-leaf distance 55;” ) (r) for m-ary trees of various

m. The curves for m = 2,5,50 are shown as solid lines, while those for
m = 3,10 and 100 have been indicated as dashed lines for clarity.

in deriving these expressions. Figure shows the resulting path lengths in the

n — oo limit for various values of m.

6.4 Moments of the Leaf-to-Leaf Path Length Distribu-

tion in Complete m-ary Trees

6.4.1 Variance of Leaf-to-Leaf Path Lengths in Complete m-ary
Trees

In addition to the average path length E%m) (r), it is also of interest to ascertain its

variance

var[L3M](r) = ({657 (r)?}) — [£5 ()], (6.4.1)

Here <{£7(1m)(r)2}> denotes the average over the set of all squared paths for given r
in an m-ary tree. In order to obtain the variance, we need to obtain an expression
for the sum of the squares of path lengths. This can again be done recursively, i.e.

with Q{™ (r) denoting this sum of squared leaf-to-leaf path length for an m-ary tree
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of leaf separation r. Similarly to eq. (6.3.5) we have

(6.4.2)

(2n —1)%(m™ =), r>mnh

Here, the difference to eq. (6.3.5) is that we have squared the path length terms

(2n — 1). As before, expanding down to n. gives a term containing QSZC") (r),

n—me—1
Qu(r) =m" QM (r) + > mr(m—1)[2(n — k) - 1)?
k=0
=m" e Q%T) (r)+r(m—1)

n—nme—1

X Z [(4112 —dn + 1)m* + (4 — 8n)km"* + 4k2mk} , (6.4.3)
k=0

where here and in the remainder of the chapter, we suppress the (m) superscript
of n((;m) for simplicity. As, before the sum can be simplified using equations for
geometric series. The first part is a simple geometric series given by eq. (6.2.12)).

The second part is an arithmetico-geometric series similar to eq. (6.2.11))

! ! +1
1—2" =z
kot — 2 - . 4.4
kzo v (1-2)2 1-=x (6-44)

The final part is another also an arithmetico-geometric series and has the following
form [I57]

-1
3 Kk = o [(—P 20— D)t (202 — 20 — D)z — 22l a? x] .
— (1—2x)
(6.4.5)
Putting this all together gives
(m—11)2 {8rm”_”c+1 [ne(m —1) + 1] + m"™(m — 1)2(2nc — 1)2
—r[(2n — 1)* + (2mn + m)* + m(8n® — 6)] } . (6.4.6)

QM (r) =
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Figure 6.5: Variance var[L,(f)](r) of the path lengths for binary trees. The
two lines compare a finite tree (n = 20, dashed line) to an infinite tree (solid

line). The circles indicate the first 10 var [5512)] values similar to fig. The
two dotted horizontal lines correspond to Var[ﬁgm)] =8 and 9.

We can therefore write for the variance

(m) .
varl£M)(r) = 20 [ )
(m) (m) .72

_ 2 [ _@] | (647

Using eqs. (6.4.6)), (6.3.7) and (6.3.6]), we then have explicitly

m 4r . .
var[£™](r) = T G ] P ¥ (m2 [m tm+1) - T} + m2ely

- mn{m”fl@n —2n.+1)(m —1)r
o m2n672(nc o n)2 + ,rn2nC (n —ne+ 1)2

— p2ne=l [2122 — n(dne — 2) + 2ne(ne — 1) — 1] }) (6.4.8)

An example for the case of binary trees is given in fig. As before we can find
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the result in the limit of n — oo

_dr [m"c_l(m +1) - r]
= m2ne—2(m — 1)2

var[£T™](r) (6.4.9)

Var[ﬁg?)](r) for various values of m are plotted in fig. m When r = m?, i € N°,

then Var[ﬁg? ) | has local minima with values

m i im
var[£{M](m?) = (m—1)2 (6.4.10)
Similarly, it can be shown that the local maxima are at r = %m’(m + 1), then
1 dm
)] ( Zm! ))=—0+1 4.11
var[L3V] <2m (m+ )> (m —1)° + (6 )

These values are indicated in fig. for selected m.
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6.4.2 General Moments of Leaf-to-Leaf Path Lengths in Complete
m~ary Trees

The derivation in section [6.4.1| suggests that any ¢-th raw moment of path lengths
can be calculated using the same process as for eq. . Indeed, let us define
Mé%) (r) as the g-th moment of the distribution of path lengths in an m-ary tree of
level n with leaf separation r. Then MY’}} (r)= E,(Im)(r), Mg:? (r)= o™ (r) and

2

MGy T M ()
(m) _ 2.n . 1n
var[£;](r) = — (= 1) (6.4.12)
Following eq. (6.4.2), we find
(m) n—1
2n —1)4(m — 1
My = 4 MM (0 @ DI = ST gy
’ (2n — 1)4(m™ —r), r>mn L
By expanding, this gives
n—mne—1
M (r) = m e MU (1) + mk(m —1)[2(n — k) —1)97. (6.4.14)
k=0

As before, n. corresponds to the first n value where, for given r, we have to use the
second part of the expansion as in eq. (6.4.13]). Hence we can substitute the second

part of (6.4.14]) for Métz)cfl(r) giving

n—me—1
M (r) = m" 7" (2 — 1)1 (m" — 1) + mF(m—1)[2(n — k) — 1)%7. (6.4.15)
k=0

In order to derive an explicit expression for this similar to section [6.2.2] we
need again to study the final sum of eq. (6.4.15). We write

n—me—1

> mFm—1)[2(n—k)—1]7r

k=0

[ o0 1 q [e.9] 1 q
— _ _9\q k _ - _ k _ -
r(m—1)(-2) kE:Dm (k: n+ 2) ) m (k’ n+ 2)

[ oo

1\? - 1\?
_ k n—"ne k
=r(m—1)(-2)7 m (k—n—i—2> —-m g m <k—nc+2)

Lk= k=0

2

=r(m—1)(—2)1 kS Em, —q,1 - n) —m""ed (m, —q, % - nc)} , (6.4.16)
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where in the last step we have introduced the Hurwitz-Lerch Zeta function ® [158,
159 (also referred to as the Lerch transcendent [L60] or the Hurwitz-Lerch Tran-
scendent [161]). It is defined as the sum

o k
D(z,8,u) = Z 0 _T_ 0 zeC. (6.4.17)
k=0

The properties of ®(z, s, u) are [160]

O(z,5,u+1)= E <(I)(z,s,u) — 13) , (6.4.18)
z u

0
D(z,s—1,u) = (u + za> O(z,s,u), (6.4.19)

z
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O(z,s+1,u) = —g%(z, S,u). (6.4.20)
Hence we can write

MU (1) = m"™ (20, — 1)7(m"e — r)+ (6.4.21)

020 o (- -0) - (ma ).

Averages of M(TT ) (r) can be defined as previously via

(m)
m Mgy (r
A (r) = e _(T) (6.4.22)

2n

2
such that £{™ (r) = AETZ) (r) and var[ﬁslm)}(r) =AM (r) — [Ag?;;) (7“)} :
In order to look at the n — oo limit of AE]T%) (r) it is necessary to see how @

behaves in this limit. From eq. (6.4.19))

(et (3-0) = [) oo i)

and the sum of a geometric series [157]

q> <m,o, (; _ n>> _ ﬁ (6.4.24)

we conclude that for finite ¢

o <m, g <1 _ n>> ~ O(n?). (6.4.25)



Therefore
r(m —1)(—2)?® (m,—q, 3 —n)

lim =0, (6.4.26)
n—00 mh —r
In the n — oo limit, we find
Tim AT (r) = AT (r)
1
=m " |(2n. — 1)I(m" —r) —r(m —1)(-2)7P <m, 5~ nc>]
(6.4.27)

6.5 Complete m-ary Trees with Periodicity

Up to now we have always dealt with trees in which the maximum separation r was
set by the number of leaves, i.e. r < m™. This represents open boundary in terms
of physical systems. A periodic boundary can be realised by having the leaves of
the tree form a circle as depicted in fig. for a binary tree. For such a tree, only
separations r < L/2 are relevant since all cases with » > L/2 can be reduced to
smaller » = mod(r, L/2) values by going around the periodic tree in the opposite
direction. Therefore we can write

M) = MO () 4+ MU (=), (6.5.1)
where r < L/2 and the subscript o denotes the periodic case. Note that the case
where r = L/2 the clockwise and anti-clockwise paths are the same so only need to

be counted once. In the simple binary tree case we can expand this via (6.2.14)) as
in section [6.2.2] and find

M () = 829(r)
= 2" 20 + 2fic — 2n — 5 + 227 Mep 4 227 (27 — )] (6.5.2)

with n. as in eq. (6.2.7) and n. = [logy(2" —7)] 4+ 1. For every r, we have 2" possible
starting leaf positions on a periodic binary tree and hence the average leaf-to-leaf

path length can be written as

(2,0)
AR () = £y = S0
= 2 + 20 — 20 — 5 4 227 ey 4 227 (2 ), (6.5.3)

128



................
]9 o0
Q o
Q] po
] o
] Pp
] Pe

dd 133
d b
44 \ b
&d 13
......
..........

Figure 6.7: A periodic, complete, binary tree with n = 8 levels. Circles and

lines as in fig.

This expression is the periodic analogue to eq. (6.2.15]). Generalizing to m-ary trees,
with 1, = |log,,(m"™ —r)] + 1, we find

/\/l(m’o)(r) _ Mm)(r) _'_Mgfz)(mn —7) (6.5.4)

1,n

2
=m" [27% +20,—2n—1+ — (ml_”% +m!Te(m — 1) — m)] :
m—

The average path length for m-ary periodic trees is then given as

me), o M)
AT (1) = oo (6.5.5)
= [2710 +2n.—2n—1+ 2 1 (mlfncr +mi e (m™ — 1) — m)} .
m—
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To again study the case of n — o0, it is necessary to observe how 7. behaves for

large n and fixed m, r. When n >> r, we have r < m™~! and hence
lim [log,,(m" —r)] =n—1. (6.5.6)
n—oo

This enables us to simply take the limits of eq. (6.5.5) to give

(m,o) 2ml—ney

. (m,0) _ _ .
JL%OAlm (M=A."(r)=2n.—1+ TRk (6.5.7)

1,00

which is the same as the OBC case (6.3.8)). This is to be expected as a small region
of a large circle can be approximated by a straight line.
Lastly, the g-moments can be expressed similarly to eq. (6.4.21]) via the Lerch

transcendent as

MO () = MU () + MU (™ —r),

=m"" " (2n, — 1)4(m"™ —r) + m" " (2, — 1)9(m" —m" +r)

1 1
+ (m—1)(-2)1 [m”@ (m, —0 5~ n> —rm" e (m, 5 - nc>

—(m" —r)ym" " ® (m —q, % - n)] , (6.5.8)

The average g-moments in full are therefore

(m.)
mo Mg (r
Ao (r) = qmn( ) (6.5.9)

for a complete, periodic, m-ary tree. To take the limit n — oo notice that n, = n

n—1 : : : o gmo)
when r < m"™" for large n. Just like with eq. li this results in Agoo ' (r) =
A (r):

6.6 Asymptotic Scaling of the Correlation for a Homo-

geneous Tree Tensor Network

To illustrate where the properties calculated for complete trees may arise in tensor
network simulations we aim to construct a tensor network wavefunction that has
this tree structure and calculate its correlation functions. A tensor network that has
the structure of a complete tree graph is known as a TTN and is often used to model
critical one dimensional quantum lattice systems due to the fact that they can be

efficiently updated [43, [126]. It is, however, not clear if there is a Hamiltonian that
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Figure 6.8: Two point correlation function for TTNs with y = 4 averaged
over all pairs of sites separated by |ro — x1| as discussed in text. The TTNs
have L = 128 (blue diamonds), 256 (green squares), 512 (red circles), 1024
(black crosses) corresponding to n = 7, 8, 9, 10 levels respectively. The
vertical dashed lines highlight |zo — 21| = 16, 32, 64, 128, 256, 512. The

orange dashed line corresponds to a fit of A exp[—ozﬁg) (r)] with A =99+9
and o = 0.74240.006. The grey shaded region is the standard error on the
fit.

admits a wavefunction with a TTN structure as its ground state. In principle it is
possible to start from a tensor network wavefunction and derive a parent Hamiltonian
for which the wavefunction is a ground state [101} [162]. In the case of homogeneous
TTNs the procedure to create such a parent Hamiltonian seems likely to be highly
non-trivial and not unique. Here we build such a TTN from the binary tree structure
shown in fig. At each internal vertex we place an isometric tensor [12] 34] with
initially random entries and so-called bond dimension x = 4. Using as proxy a
spin-1/2 Heisenberg model, given by eq. , we perform energy minimisation
[34] 43] at a bulk site. After each minimization, we replicate the bulk tensor to all
other tensors such that every isometry is kept identical [30]. The process is then
repeated until convergence (in energy).

A two-point correlation function (8, - §z,) is calculated [12] [43] for all pairs
of sites and averaged for all points separated by |ze — x1|. The results are given in

fig. As discussed in chapter [4] the two point correlation function is expected to
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scale as
C(z1,x2) ~ exp|—aDry(z1, z2)], (6.6.1)

where « is a constant and Dpy(z1,22) is the number of tensor connecting sites
x1 and 9. Hence we expect the asymptotic correlation function to scale as ~
exp [—aﬁg)(r)} . Figureshows that, away from small separations (e.g. |[xa—xz1| >
32 for L = 1024), the content of the tensors no longer dominates the structural
contribution and (3, - §;,) exhibits many of the properties we find in fig. The
overall form of the long range correlations is a power law but there are also the
characteristic fluctuations from the self-similar structure of the tree with cusps at
|zg — 1| = 2! for integer i > 5 (corresponding to |z2 — x1| > 32). When reaching
the finite-size dominated regime |xo — x| > %, we find an approximate constant
average correlation. This is smaller than expected from eq. because the top
tensor of the TTN only has x = 1 and contributes less to the correlation function
than the other tensors. We emphasize that we have chosen a low bond dimension
x = 4 so that we can study the asymptotic form of the correlation functions for
smaller system sizes.

The form of the correlations expressed in fig. corresponds to those of a
suitable parent Hamiltonian, i.e. one that has a ground state implied by this holo-
graphic tree structure. In addition, the results may also be useful for those building
TTNs as a variational method for the study of critical systems. The appearance of
this form of the correlation for models that do not have a natural tree structure in
the wavefunction, such as the Heisenberg model, is an indicator that the chosen y
is too small to capture the physics of the model. This is similar to the erroneous
exponential decay of correlation functions found by DMRG for critical systems with
power-law correlations in case of small x [30], as illustrated by fig. b). In these
situations the structure of the network dominates the value of the correlation rather

than the information in the tensors.

6.7 Conclusions

We have calculated an analytic form for the average path length between two leaves
with a given separation — ordered according to the physical distance long a line
— in a complete binary tree graph. This result is then generalised to a complete
tree where each vertex has any finite number of children. In addition to the mean
leaf-to-leaf path length, it is found that the raw moments of the distribution of
path lengths have an analytic form that can be expressed in a concise way in terms

of the Hurwitz-Lerch Zeta function. These findings are calculated for open trees,
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where the leaves form an open line, periodic trees, where the leaves form a circle,
and infinite trees, which is the limit where the number of levels, n, goes to infinity.
Each of these results has a concise form and characteristic features due to the self-
similarity of the trees. We believe that these results provide a useful insight into the
structure of the regular tree graphs that are relevant for the field of tensor networks
[153] 154]. We also note that path lengths computed here are qualitatively similar,
but quantitatively different from those for the random-spin chains [12] described in

chapter 5l This points to a subtle, yet physically relevant, difference in their Hilbert
space properties.
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Chapter 7

Leaf-to-Leaf Path Lengths in
Full Binary Trees

7.1 Introduction

In chapter [6] [13] we analysed the leaf-to-leaf path lengths in complete trees as an
introduction to the study of the structure of the tensor networks formed by the
tSDRG algorithm of chapter |5 However the trees constructed by tSDRG [12] are
very different. In fig. [7.1] we show an example of binary tree created by tSDRG. Here
the leaves do not all appear at the same level, but rather each node can become a
leaf node according to how the couplings are renormalised.

In this chapter we will extend the analysis of tree graphs to full binary trees
in the form of the Catalan Trees and randomly generated full binary trees. In this
context a full binary tree is a tree graph where every internal vertex has exactly two
children [I55] and a leaf or a leg is a terminal vertex with no children. We define
n as the number of internal vertices in the graph, which we shall refer to nodes
or simply wertices. The root is the top vertex of the tree, which is unique as it is
not the child of any vertex. An edge is the line connecting any two vertices. The
leaf-to-leaf path length as before is the number of vertices that connect two leaves.
These definitions are shown pictorially in fig.

7.2 Introduction to Catalan Trees

To analytically analyse trees that more closely match those found in chapter [5| we
concentrate on the set of all unique full binary trees. This set is known as the set

of Catalan trees [143] for reasons that will become clear as we progress. Given a
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Figure 7.1: A random binary tree created by the tSDRG algorithm of chap-
ter |5 As before the filled (open) circles are internal vertices (leaves) and
the connecting lines are edges. The tree as shown has n = 15 and 16 leaves
(o). The indicated separation is = 6 while the associated leaf-to-leaf path
length equals ¢ = 6 as indicated by the thick line. The thick green line
denotes the path.

specific number of internal vertices n, there are a finite number of unique trees as
shown in fig. [7.2] for 1, 2 and 3 vertices. This set of trees can be decomposed in
terms of primary sub-trees with p and ¢ vertices where p + ¢ + 1 = n as shown by
the dashed boxes in fig. [T.2] Here a sub-tree rooted at vertex v is the set of vertices
and leaves that descend from v, including v itself. A primary sub-tree is then a
sub-tree rooted at one of the children of the root node. The generalisation of this
observation allows us to use a convenient diagrammatic decomposition as given by
fig. [7.3] We emphasise that unlike in chapter [6] n is the number of internal vertices,
not the number of levels. The number of leaves in a full binary tree, and therefore
the length of the effective lattice, can be shown [143] to be L = n + 1.

From the diagrammatic decomposition of a tree of n vertices as in fig. it
is possible to count the number of unique binary trees. The number of trees in each
subset is the number in the left subtree C, times the number in the right sub-tree

Cr—a—1. When summed over all of the subsets we obtain

n—1
Cn =Y CaCn a1, (7.2.1)
a=0

where Cy = 1 by definition. This is Segner’s recurrence relation and can be used as
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Figure 7.2: The set of all unique full binary trees with 1, 2 and 3 vertices.
The dashed boxes denote the sub-trees that make up the full set. Lines and
symbols are as in fig.

T . B n—1 n—2 e In=2 n—1

’ ’ ’ ’

s ... 10 1 ... U ... 0 1 T... 0 1

n—1 /\

0] n—a-—1

C

Figure 7.3: Diagrammatic decomposition of the set of trees with n vertices
in terms of primary sub-trees whose vertices add up to n — 1.

the definition of a Catalan number C,, [163]. Therefore the number of unique trees

with n vertices is given by the Catalan number C,,, hence the name Catalan trees.

7.3 Properties of Catalan Numbers

Before we begin the analysis of the Catalan trees it will prove useful to introduce
some properties of the Catalan numbers. The Catalan numbers are described by
Koshy [163] to be “like the North Star in the evening sky, ... a beautiful and bright
light in the mathematical heavens” due to their “ubiquitousness [and] tendency to
appear in quite unexpected and unrelated places”. They first appeared in China

in the early 18th century in works of Ming in deriving series expansions for the
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sine function [164]. In the West the Catalan numbers originate in Euler’s polygon
triangulation problem that he sent to other mathematicians in around 1751 [163]
165]. The first publication was by von Segner and Euler in the same edition of
Novi Commentarii Academiae Scientiarum Imperialis Petropolitanae in 1761 [165]
166l [167]. The Catalan numbers became a named series following the publication
of an article by Catalan in 1838 [165] [I68]. Since then the Catalan numbers have
appeared in a surprisingly large number of problems, many of which are found in
ref. [163].

The first few Catalan numbers are {1,1,2,5,14,42,132,...}. There are sev-
eral general ways that they can be expressed, for example eq. and

1 /2n\  (2n)!
o () o

They are also recursive and follow the rule

_4n—2

O =7 Cor. (7.3.2)

In the remainder of the chapter we make extensive use of generating function
methods [169]. These are a convenient means of viewing and manipulating number
series. A generating function is a function such that the n-th number in the series

is the n-th coefficient in a Taylor expansion of the function
o
a(x) = ag + ayx + agr® + azz + - = Z anx”. (7.3.3)
n=0
The generating function for the Catalan numbers is
oo
C(z) = Cpa™ (7.3.4)
n=0

It is possible to find an explicit functional form for this generating function as
follows. Squaring eq. (7.3.4) gives a form comparable to Segner’s relation (|7.2.1)

CQ(az) = Cg + (CoC1 + C1Ch)x + -+ -+ (CoCp + C1Cp—1 + - -+ + CLCo)a" + . ...
=01+ Chx +Cax? 4+ - 4+ Cpyaz™ + ...
(@) - )

X

. (7.3.5)
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Multiplying by x gives a quadratic eq. that can easily be solved

2C*(z) —C(z) +1=0. (7.3.6)
Hence 7]
Clz) = LEVIZ 4T VQi*x (7.3.7)

We choose the minus to make C(0) finite and the rest of the Catalan numbers

positive. Expanding the square root using [170]

vizr=3 (1) 738)
where [171]
<1/£2> - (2:__ f)%- (7.3.9)

This can be rearranged to give

ren
1—2n n1)2(4m)

1 22 (2:__12) < 41>n % (7.3.10)

Hence the generating function ((7.3.7)) can be written as

e e )

2x x

n

VIte= Z

_ nz ni - <2:>:cn. (7.3.11)

Comparison with eq. (7.3.4) yields the explicit binomial form shown in eq. (7.3.1)).
Expansion of the binomial coefficient in terms of factorials

n n!
k)T R =R 73
(1) = o (7:3.12)

then obtains the factorial form of eq. (|7.3.1)).
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7.4 Leg Depths

To calculate leaf-to-leaf path lengths using a recursive approach similar to that in
chapter [0]it is necessary to calculate the average depth of each leaf. This is trivial for
the complete trees of chapter [ as all of the leaves have the same depth by definition.
For the case of the Catalan trees this is not so obvious as each individual tree is
different. We define m as the horizontal position of a leaf in a tree or sub-tree, with
m = 1 being the left-most leaf. We emphasise that this is not necessarily the same
as the lattice position (x) as that is a global position for the whole tree, and does
not apply for sub-trees. Also all daughters of the left sub-tree are always to the left
of daughters of the right sub-tree. This is true at all levels and for all sub trees.
Define the depth of a leg as the number of internal vertices that connect the leg to
the root node (including the root node). The depth function Dy, , is then defined
as the total number of vertices that connect the leg m to the root when summing

over all possible diagrams of n vertices, or

Dy =Y _ depth of mth leg, (7.4.1)

teETh

where t is a Catalan tree and 7, is the set of all Catalan trees with n vertices.

7.4.1 Depth of the First Leg

Due to the fact that the set of trees with n vertices can be decomposed in terms
of trees with fewer vertices (fig. , the sum of the depths of the first leg can be
expressed in terms of the sub-trees. D1, is equal to the sum of the first leg depths
of the left hand sub-tree multiplied by the degeneracy of the right sub-tree, plus the
number of vertices that connect the sub-trees

n—1

Dy, = Z [D15—1-kCk + Cr—1-1C%]
k=0
n—1

= Z D1 pn1-1Ck + Cn, (7.4.2)
k=0

where in the last line we have used Segner’s relation ((7.2.1)).
In a similar manner to the Catalan numbers (7.3.5)), we can define a gener-
ating function for the depth

Di(x) = Dynz" (7.4.3)
n=0
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Figure 7.4: Schematic representation of the contribution to the first leaf
depth from each of the sub-trees of the decomposition in fig.

Multiplying by C(x) gives us an expression of the form of ((7.4.2)

Dl(x)C(:L‘) = DL()CQ + (.DLQCl + D17100)$ —+ ...
+ (D1,0Cn + D11Cy—1 + -+ D1, Co)a" + ...
= (D171 — Cl) + (DLQ — Cg)x + -+ (D17n+1 — Cn+1)$n + ...

o o
= E D1 12" — g Cryrz"
—0 —0

_(Due) -~ Do)~ (€w) - )

p (7.4.4)
Collecting the D;(x) terms
Co — D1 0— C(CL‘)
D = : A.

\(a) = O (7.45)

and using C(z) = #c(m) (see derived in the appendix) gives

Dl(ﬂf) = 62(1‘) + (Dl,O — Co)C(l‘)

=C*(z) — C(x), (7.4.6)

where we have used Cp = 1 and D9 = 0. This can be put back into the form of a
generating function using C?(z) = >_°% ) Cpy12™ (see (A.2.5)

o0

Dy(z) =Y [Cny1 — Co] 2™, (7.4.7)

n=0

which implies our result
Dy, =Chyq — Ch. (7.4.8)

)
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Figure 7.5: Schematic representation of the contribution to the depth of
the second leaf from each of the sub-trees. The second leg is highlighted
showing that in the (0,n — 1) subset, the second leg is in the right hand
sub-tree.

There are C), graphs, thus the average depth is

Cn+1 — Cn . 3n

dy, = = 7.4.9
Ln C, n+2’ ( )
where we have used the recursion relation (7.3.2). In the limit of n — oo
dl.oo = lim dl,n =3. (7.4.10)
n—oo

7.4.2 Depth of the Second Leg

Figure shows that when the n vertex tree is decomposed in terms of the primary
sub-trees, the second leg on the (0,n—1) subset is no longer in the left hand sub-tree.

Therefore the recursion relation for the second leg depth is

n—1

ng = Z D2,kCn717k -+ D17n_1 + Cp,. (7.4.11)
k=1

As before, we create a generating function for the depths, but here the sum starts
at 1 to reflect the fact that the second leg depth is not defined for a tree with one
leg

oo
z) =Y Dypa”. (7.4.12)
n=1
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As with the first leg, we multiply by C(z) and compare with recursion relation

(74.11)

DQ(ZL’)C(l’) = DQJC{)J] + (D2,101 + D27200):L‘2 —+ ...
oo+ (D21Cp—1 + -+ -+ D2y, Co)z™ + . ..
— (D272 — Dl,l _ 02)55 4+ 4 (D27n+1 — Dl,n — Cn+1)xn + ...

oo oo oo
= g D2,n+135n - g Dl,nxn - E Cn—i—lfl:n
n=1 n=1 n=1

_ (_Dg(a:) ~Dyyz

T

) — (D1(z) — Do) — (C(x) e L CO) .

T

(7.4.13)

Using eq. (A.2.1) and the fact that Cy =1, C1 =1, D1y =0 and Dy; = 1, we can
write

Dy(z) = 2C(x)D1(z) + C*(x) — C(z). (7.4.14)

Then from the previous results: Di(z) = C?(x) — C(z) and xC%*(z) = C(x) — 1 we
obtain
2Dy (z) = C(x) — zC(x) — 1. (7.4.15)

Applying this to eq. (7.4.13]) gives
Dy(z) = 202 () — 2C(z) — 2C?(z). (7.4.16)

Writing this as a summation

Da(x) = i 2C4+1 — 2C,) 2™ — i C,x"
n=1

[
n=0
= [2Cn41 — 3C) 2", (7.4.17)
n=1
implies the result
Dy = 2C41 — 3Ch. (7.4.18)
The average depth is
2Ch4+1—3C, dHn—2
doy = =" =2 (7.4.19)

Cn n+2’

142



again using the recursion relation ((7.3.2). In the limit of n — oo
dyoo = lim dy, = 5. (7.4.20)
n—oo

7.4.3 A General Equation for the Depth Function

We begin by making a recursion relation in a similar manner to the previous ex-
amples. In eq. we noted that there was one diagram in the decomposition
where the 2nd leg misses the left hand primary sub-tree. For general m there will be
m—1 such cases. When the left sub-tree has £ = 0 to m — 2 vertices the contribution
to the depth is from the leg m — k — 1 of the right sub-tree because the left sub-tree
has k£ + 1 legs. The degeneracy of this term is given by the number of trees in the
left block Cy. When k > m — 2 the contribution is from the mth leg of the left block

as before. Hence, in full the recursion relation can be written as

n—1 m—2
Dm,n =Ch + Z Dm,kCn—l—k + Z Dm—k—l,n—k—lck~ (7421)
k=m—1 k=0

The depth function is left-right symmetric in that the depth of the mth leg from the
left is the same as the depth of the mth leg from the right (proved in appendix ,
i.e. Dipypn = Dyyo—mpn. This is perhaps obvious when looking at the decomposition,
but will be very useful in deriving a closed formula for the depth function.

Just as we saw for m = 2, the generating function for general m needs to

start at m — 1

oo o0
Dm(@)= Y Dmnz” =Y Dmpim-13™™ " (7.4.22)
=m—

n 1 n=0

where in the final part the index on the sum starts at zero (n — n+m — 1). We

start with eq. ((7.4.21)) for Dy, y4m

n+m—1 m—2
Dm,n+m = Cn—i—m + Z Dm,kCn+m—k—1 + Z Dm—k—l,n+m—k—lck- (7423)
k=m—1 k=0

Changing the index on the first sum so that it sums from zero (k — k+m — 1) and
introducing a step function (H, =1if p > 0, 0 if p < 0) so that the upper limit can

go to infinity we obtain

e8] m—2
Dm,ner = Cntm + Z Dm,k—i—m—lcn—an—k + Z Dm—k—l,n—i—m—k—lck- (7424)
k=0 k=0
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We multiply both sides by 2™*™ and sum from n = 0 to oo to match the generating

function (|7.4.22))

0o 00 0o o0

3 moye m Sy +
Dm,n—i—mxm "= Cn+m$n ™4 Dm,k—l—m—lcn—an—kxn "

n=0

n=0 n=0 k=0
0o m—2
+ Z Z Dm,k,Lner,k,leJ}n—i_m. (7425)
n=0 k=0

The left hand side can clearly be expressed in terms of D,,(x)

0o L)

m+n __ n+m—1
E Dm,n—i-mx —g Dm,n—&-m—lx
n=0

n=1

9]

Z Dm,n+m—1$n+m71 - Dm,m—lxmil

n=0

= Dy(x) = Dipyn12™ L, (7.4.26)

The first term on the right can be written in terms of C(z) as

oo [e.e]
> Corp 7 = 3 Coa
n=0 n=m
9] m—1
IR IR
n=0 n=0
=C(x) = Y Cpa™ (7.4.27)
The second term on the right can also be written in terms of generating functions

S 00 00
E E +m _ E +k § —k
Dm,kerflCnkanfkmn "= Dm,k+m71xm Cnkankan

n=0 k=0 k=0 n=0
o0 o0
=z Z Dy jogm—r12" ! Z C Hz'
k=0 l=—k
= 2Dy, (x)C(x), (7.4.28)
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where we have used I = n — k on the second line. Similarly, the final term is

0o m—2 m—2 00
+m _ k+1z +m—k—1
Z Z Dm—k—l,n—&-m—k—lckxn ™= Crz Dm—k—l,n-l—m—k:—lxn "
n=0 k=0 k=0 n=0
m—2

00
o k+1 n+m—~k—2
- Ckx [ E Dmfkfl,n+mfk72x
n=0

m—k—2
_Dmfkfl,mfkax ]

= Cpat T {,Dmfkfl(x) - Dmfkfl,mfkuxm_k_Q] :

k=0
(7.4.29)
When put together eq. ((7.4.25) becomes
m—1
Dpn(z) — Dyp—12™ ! = C(z) — Z Cra" + D (2)C(x)
n=0
m—2
+ ) Cpatt! [Dmfkfl(x) — Dy tm—k—2™ 2
k=0
(7.4.30)

Collecting the D, (x) on the left then using eq. (A.2.1) and Dy, , = Dyyo—m p yields

m—1
D () = C*(z) = C(x) D Cna™ + C(2) Dy 1™
n=0

[\

m—
+C(x) Y Cratt! [Dm,k,l(x) — DLm,k,g:pm_k_z} . (7.4.31)

k=0
This means that we only need to know the depth of the first leg to create the

generating functions of the rest. We know from section that Dy, = Cpy1—C,,
S0

m—1
Dp(z) = C*(x) = C(x) > Cpa™ + C(2)(Cp — Crp)z™ ™
n=0

3
N

+C(z) S Cpatt! [Dm_k_l(x) — (Coppor — cm_k_Q)xmf’f*Z] . (7.4.32)
0

i
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Using Segner’s relation ((7.2.1]) we notice that for m > 2

m—2
CiCon 2 = Con1 (7.4.33)
k=0
and
m—2 m—1
Cka—k;—l = Z Cka—k—l - Cmflc’O = Cm —Um-—1- (7434)
k=0 k=0

This enables us to simplify eq. (7.4.32)) to

m—1 m—2
Din() = C*(z) = C(x) D Cna" + C(2)Crn12™ ' +C(2) Y Cpa* ' D1 ()
n=0 k=0
m—2
=C%(z) = C(x) Y Cpa" — C(x)Crpyz™ !
n=0
m—2
+ C(a:)Cm,lxm_l +C(x) Ck$k+1Dm_k_1($)
k=0
m—2
=C%(z) +C(x) > Cna" [#Dp—p1(x) — 1]. (7.4.35)
n=0

Here we introduce the ansatz that will take us to the solution. We will show

that the generating function D,,(x) decomposes as
Dy () = fm(2)C(x) + gm(x), (7.4.36)

where f,,(x) and g, (z) are polynomial in = of order m — 2. This is motivated by
the fact that for m > 2, D,, ,, is composed of a sum of Catalan numbers with indices
from n+ 1 down to n — (m — 2). The Catalan numbers come out of the polynomial
due to the fact that

z"C(x) = Z Cpa™t" = Z Cr—mzx". (7.4.37)
n=0 n=m

The form of fy,(z)C(x) will give the expression for d,,, but when putting it in
the form of (7.4.22)) there will be a slew of terms that will be cancelled by g, (z).
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Inserting the ansatz (7.4.36)) into eq. (7.4.35)) gives

m—2

Fmn(@)C(2) + gm(x) = C*(2) +C(2) Y Cpa" [ fn-n-1(2)C(x) + Zgm—n-1(2) —1].
n=0

(7.4.38)
In the spirit of the ansatz we use eq. (7.3.5) to remove the C%(z) terms and make

the expression dependent on just C(x)

m—2

C
fm(2)C(z) + gm(z) = f) - % +C(z) Z Cnz" [xgm—n—1(x) — 1]
n=0
m—2
+C(x) = 1] Y Cpa™ fr—n-1(2)C(2) (7.4.39)
n=0
Collecting coefficients of C(z) gives
m—2
fm(z) = é + ,;) Cnx" [frn—n—1(x) + 2gm-n—1(x) — 1], (7.4.40)
leaving
m—2
() = —é =Y Cot 1 (). (7.4.41)
n=0

We can now write out f,,,(z) and g, (z) for the first few m. Recall that the above
expressions are only valid for m > 2, we therefore obtain fi(z) and g;(x) from
(7.4.6) to seed the other terms. The first seven fp,(z) are

fi(z) = i -1 (7.4.42)
fo(z) = % -3 (7.4.43)
fa(x) = % —5—2x (7.4.44)
Ja(z) = % — 7 — 4z — 42° (7.4.45)
fs(z) = g —9— 6z — 82 — 102 (7.4.46)
fo(z) = g — 11 — 8z — 122 — 2023 — 28z (7.4.47)
fr(z) = g — 13 — 10z — 1622 — 3023 — 562" — 842° (7.4.48)
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and g, (z)

g1 (x) = —é (7.4.49)
92(z) = —% +1 (7.4.50)
g3(x) = —g +2+uw (7.4.51)
9a(w) = —% +3+ 3z + 227 (7.4.52)
gs5(z) = —g + 4+ bx + 72® + 52° (7.4.53)
go(z) = —g + 54 T2 + 1222 + 1923 + 1424 (7.4.54)
gr(z) = —g + 6 + 92 + 172 + 3323 + 562 + 4225 (7.4.55)

It is quite simple to spot patterns in these equations and write a general formula

for each

Fl(z) = % —1—2H,,_5Co(m — 1) — 2Hp_3C1 (m — 2)x — 2Hp_4Ca(m — 3)z>

— 2Hm_5C3(m - 4)%3 - ...
m—2
—1-2) (m—k—1)Cpa? (7.4.56)
k=0

m
T

gm(T) = *% + Hy2(C1(m —2) + Co) + Hp—3(Ca(m — 3) + C)x

+ Hm_4(03(m — 4) + 02)372 + Hm_5(C4(m — 5) + C3).T3 + ...
m—2
_ _% + 3 [(m — k — 2)Chy1 + Cil ™. (7.4.57)
k=0

In the first lines of each a step function Hj, has been introduced to cut the expression

so that it gives only the terms allowed for that m. This is neatly included within the
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summations in the final forms. Multiplying (7.4.56]) by C(z) using (7.4.37)) yields

00 m—2
fm(2)C(x) = L m—k—1)Crz®| Cra™
e =3 %12 S ke
0o —2
= Y |mCpp1—Cp =2 (m—k—1)CrCpry| 2"
n=m—1 k=0
m—2 m—2 m—2m—2
+m Z Cpiiz™ — Z Cpa™ —2 Z Z (m—k—1)CpCh_rz".
n=-—1 n=0 k=0 n=k
(7.4.58)
This implies that
m—2
D =mCri1 —Cn =2 (m—k —1)CrCpy (7.4.59)
k=0

and we have our result. We now just have to show that the rest of the terms are
taken care of by g(x). The final term in eq. (7.4.58) can be simplified using the
double sum identity
c ¢ c b

)IDIIAES 3) I (7450

a=0 b=a b=0 a=0
where a, b, c € Z4, which is found from changing the order of summation of a and b
to ¢ with the condition that a < b.

m—2m—2 m—2 n
Z Z (m — k- l)CkCn,ka:" = (m — k- 1)CkCn,kx”
k=0 n=k n=0 k=0
m—2 n
= [MmCyCpr — (k +1)CCpy] 2"
n=0 k=0
m—2
= [mChri1 — (2n+1)Cp] 2", (7.4.61)
n=0

where in the final line we have used Segner’s relation on the first term and (A.2.7)
on the second. Thus ([7.4.58) can be written as

o) m—2
fm(2)C(z) = Z Dy ™ + % - Z [Cr, — mChry1 +2mCpriq — 2(2n 4 1)Cp] 2.

n 1 n=0

(7.4.62)
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Using the recursion relation for Catalan numbers ([7.3.2))

oo m—2
m
fm(2)C(z) = Z Dy pz™ + Pl Z [Cp +mChy1 — (n+2)Chyq] 2™
n=m-—1 n=0
00 m m—2
= Z Dy ™ + i Z [(m—n—2)Chi1 + Cpl 2"
n=m-—1 n=0
= Di(z) — gm(z), (7.4.63)

which is simply the initial ansatz (7.4.36)).

7.5 Path Lengths in Catalan Trees

Now that the leaf depths have been calculated it is possible to begin the analysis of
the average leaf-to-leaf path distance A, ,. In a similar way to the complete trees
of chapter [6] and leaf depths in the previous section, we shall first calculate the
summed leaf-to-leaf path length S, which is defined as the total number of vertices
that connect two leaves of separation r when summing over all possible trees with
n vertices. For a tree with n vertices there are n 4 1 leaves and C), trees, therefore

for a separation r there are (n + 1 — r)C,, paths, hence

Ar L= Sr,n

R s pnre (7.5.1)

7.5.1 Nearest Neighbours (r = 1)

To derive the basic recursion relation, consider splitting the set of n vertex trees
into sub-trees with n — o — 1 and « vertices as shown in fig. [7.6] For the set of
a vertexed trees, the summed path length is simply Si . Similarly for the set of
n — o — 1 vertexed trees, the summed path length is S1 ,,—o—1. The path connecting
the two trees, i.e. the (n — oz)th leaf of the n — a — 1 vertex tree connecting to the
15 leaf of the « vertex tree, requires more discussion. The summed root-to-vertex
depth of the first leaf of the a vertex tree is D . We next consider just a single
path, with depth §;, within the set of paths that connect leaf n— « to the root in the
n—a—1 vertex tree as shown by the dashed line of fig. As there are C,, possible
trees with « vertices, d; will contribute C,, times in the sum of all connecting paths.
Similarly the root will contribute 1 x C,. The total length for paths connecting to
the first leg of the a tree containing d1 is D1 o + Co + Co61. To obtain the complete

summed path length we now sum over all C},_,—1 paths that connect leaf n — « to
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O .- 0 U0

Figure 7.6: Schematic of splitting an n vertex tree into a single vertex, an
n — o — 1 vertex tree and an « vertex tree. A possible path from leaf n — «
on the n — a — 1 vertex tree to the 1st leaf on the « tree is indicated as
dashed line.

the root in the n — a — 1 tree (01, d2, ..., d¢c, )

[Dl,oz + Ca + Ca(sl] + [Dl,a + Ca + Caé‘ﬂ +--+ [Dl,oz + Ca + Ca(snfafl] . (752)

As
Cnfafl

> 6k =Du-am-a-1, (7.5.3)

k=0

the summed path length becomes
Ca-Dn—oz,n—oc—l + Cn—a—lDl,a + Cn—a—lca- (754)

The inclusion of contributions from all « yields the equation

n—1
Sl,n = Z [Coan—a,n—a—l + Cn—a—lDl,a + Cn—a—lcoc
a=0
+ CaSLn—a—l + Cn—a—lsl,a] . (755)

It is possible to simplify eq. (7.5.5) by utilising Segner’s relation ([7.2.1)),
the fact that the tree sets and therefore subsets are left-right symmetric (D, =

Dy i9-mpn) and that the order in which a sum is performed is irrelevant (discussed
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in appendix [A.1)) resulting in

n—1
Sl,n = Cn + Z (Coan—oz,n—a—l + Cn—a—lDl,a + Casl,n—a—l + Cn—a—lsl,a)
a=0
n—1
= Cn + Z (CaDl,n—a—l + Cn—a—lDl,a + Casl,n—a—l + Cn—a—lsl,a)
a=0
n—1 n—1
=Co+2Y Cua1Dia+2) Cua 151 (7.5.6)
a=0 a=0

Using the first leaf depth function ((7.4.8) eq. (7.5.5)) can be written as a recursion

of just path lengths and Catalan numbers

n—1 n—1
Sl,n — Cn + 2 Z (Ca+1 - Ca) Cnfafl +2 Z Cnfaflsl,a
a=0 a=0
n—1 n—1 n—1
=C,+2 Z COH—1C —(a+1) — 2 Z CaCpa-1+2 Z Cn—a—lsl,a
a=0 a=0 a=0

n n—1
=Cn+2) CsChp—2C, —2C, +2> Cpoa-151a
B=0 a=0

n—1
=2Ch1—3Cn +2)  Cna-1510; (7.5.7)

a=0

where in the third line we have changed the index of the sum to § = a + 1 and
subtracted 2CyC),—¢ allowing the lower limit of the sum to be zero. On the final
line we use Segner’s relation for n + 1. From this recursion relation it is now
possible to use a generating function approach to find a result. The appropriate

generating function is defined as
o o
81(1‘) = Z Sl,nxn = Z Sl,n+1$n+1 (7.5.8)
n=0 n=0

as S10 = 0. To match the generating function multiply Sj,+1 by "' and sum
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over n to obtain

o0 o0 (o] o0 n
D St =2 Crpoa™ =3 Cria™ +2> ) ChaShaa™t!
n=0 n=0 n=0

n=0 a=0
2 (o] oo
= — (Z Cn(lln — C() — C’mc) -3 <Z CnCUn - CO)
X
n=0 n=0
+22> Y Hy oCnaS1ea" "2, (7.5.9)
n=0 a=0

where the first two terms on the right have been rearranged to match the generating
function for the Catalan numbers . In the final term, similar to in eq.
in the depth function derivation, we introduce a step function H,,_, to allow the «
index to go to infinity. Changing the n index on the final term to ¢ = n — « allows

the whole equation to be expressed in terms of generating functions

Si(z) = % C(x) —1] —2—=3C(x) + 3+ 2x i i H,Cyz15 oz
a=0qg=—«a
= ; [C(z) —1]+1—-3C(x) + 2z i iquqSLaxa
a=0 ¢=0
_ % C(x) — 1] + 1 — 3C(x) + 22C(2)S1 (x). (7.5.10)
Solving for Si(n) gives
2[C(x) —1]+1—3C(x)
i) = 1 —2xC(x)
2C(z)? —3C(x) + 1
B Vv1—4dz
= [2(n+1)Crpy1 = 3(2n + 1)Cp + (n + 1)Cp] 2", (7.5.11)
n=0

where on the second line we have used C?(z) = % from eq. 1| The final

line is obtained using \/ﬁ =32 J(a+1)Cqz?, \/% =35> ,(2n+1)Cyz" and
C2(x)

e Yoo o(n+1)Cpp1a™ derived in appendix |A.2

Equation (|7.5.11)) can be readily compared to the generating function (7.5.8))
to get the result

Sin=2(n+1)Chy1 — (5n+2)C,. (7.5.12)
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This can be simplified using the recursion rule for Catalan numbers ([7.3.2))

2(n+1) [(4n + 2)Cy)
n—+ 2

Sl,n = - (5n+2)0”

3n2C,
=2 (7.5.13)

The total number of paths is nC,, so the average leaf-to-leaf path length (A; )

becomes 5
n
A, = . 7.5.14
1,n n+2 ( )
In the infinite n limit this is
Al,oo = lim Al,n = 3. (7515)
n—oo

7.5.2 General Path Lengths

As in section the discussion begins with the set of trees decomposed into an
a and n — a — 1 vertex tree. For this discussion we will split the full expression
into terms coming from paths within each of the sub-trees (the recursion term) and
those paths that connect them.

The recursion term [Syp]rec is simply the contribution to the summed path
length from the two sub-trees S, ,_o—1 and S,, with appropriate degeneracies as
before

n—1

[Sr,n]rec - Z [CaST,n—a—l + Cn—oe—lsr,a]

a=0
n—1

- Z [Cn—l—asnn—(n—l—a)—l + Cn—a—lsr,a]

a=0
n—1

=2 Cna-15na: (7.5.16)

a=0

where in the second line we are effectively summing from n — 1 down to 0 in the
first term.

The connecting paths are somewhat more complicated; in the case of nearest
neighbours there is only one path that connects the two subtrees; for general paths
there are r connecting paths. Figure (a) shows the three connecting paths for
r = 3. We observe that this is only true for certain values of «, near the edges of the
tree the boundary prevents the existence of all r connecting paths. Figure (b)

gives an example for r = 3 again. We shall thus refer to the terms away from the
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« n—a-—1 \L n—1
| PR .Y 1§ QM §
(a) =~ (b)

Figure 7.7: The connecting paths for » = 3 (a) away from the edges of the
tree and (b) at the edge of the tree. The legs highlighted in red are those
which have no connecting path due to the tree edge.

AN AN N

NN

0 L?lz/l , 1 L;z—? , « n—a-1 ..y, |n—2 1 , n‘J 0
I —0 T 1 PP T W o1 1T O I
~_ ~N o —~ . ~
a—2+0 B=1—3
boundary bulk boundary

Figure 7.8: Diagrammatic decomposition showing the bulk and boundary
contributions to the leaf-to-leaf path length. Again, the legs highlighted in
red are those which have no connecting path due to the tree edge.

edges as the bulk and the terms affected by the edge as the boundary, both of which
shall be treated separately.

The bulk terms are the simplest ones to create an expression for; they are
just the generalisation of the nearest neighbour case. As before, the length of each
connecting path is the addition of the depth of the leg in the left hand sub-tree, the
root node and the depth of the leg in the right sub-tree. Here, we are again looking
for the summed path lengths so need to use the depth functions D, ,, for the depth
of the legs in the left and right sub-trees, each has a degeneracy given by the number
of trees in the opposing sub-tree and the root contributes 1 for each combination.
We then need to sum over the r different positions that the connecting paths can
start and end on labelled by S and also sum over the sub-tree combinations labelled
by «, noting that the limits on the o sum are given by when this bulk behaviour is
satisfied.

As a simple example take r = 3 again, shown schematically in fig. The

{8 index runs over the three paths connecting leg 5 in the right sub-tree and leg
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8 n—a—1 = 8 n—a—1

9.5 V. ¥ § P 0§ |3 SN 4 V. S 0 | QU §
\/ .

Figure 7.9: The connecting paths when r = n — 2. The long range paths
are equivalent to short range paths due to the left-right symmetry of the
sub-trees.

a — 2+ [ in the left. The bulk behaviour is present for a = 2 to n — 3 thus

n—3 3

[S3.n )bk = Z Z (Cr—a—1Da—2480 + CaDgp—a-1+ CaCpn_a—_1] (7.5.17)
a=2 =1

This discussion generalises easily for r < (n 4+ 1)/2 after which there is no obvious

bulk contribution as the lower limit on the o sum becomes larger than the upper

limit.
n—r r
[Sr,n]blk = Z Z [Cn—a—lDaJrlfrJrB,a + CaDﬁ,nfafl + CaCn—a—l]
a=r—1p8=1
n—r r
= Z Z [Cn*alel—H"—ﬁ,oa + CaDB,n—a—l + CozCnfafl]
a=r—1p=1

n—-r T
= Z Z [Cn—a—lDﬁ,a + Cn—r—H“—1—aD5,n—(n—r+r—1—a)—1 + CaCn—a—l]

a=r—1p=1
n—r T
+1
= Y S 2Cu-a1Dpa+ CaCra] 5 r< " . (7.5.18)
a=r—1p8=1

where we have used the left-right symmetry of the depth function (Dy,r, = Dpt2—m.n)
to get to line two. To get to line three we have summed the 5 index from the upper
limit for the first term and summed the « index from the top on the second term.
The paths where r» > (n + 1)/2 have equivalent bulk terms due to the left-
right symmetry of the sub-trees as shown in fig. In this sense r = n is the same
asT=1,r=mn—11is equal to r = 2 and so on. The contribution to the bulk form

these long range terms will have the same form as for » < (n + 1)/2, but in the
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« n—a—1

... 1 Lul
B=1=2a+1 r—1—a+p

Figure 7.10: The legs that are involved in boundary paths when o < n —
a — 1. All of the legs are involved in the left sub-tree, only the legs r away
are involved in the right sub-tree labelled by » — 1 — a + .

limits on the sums r will be replaced by n +1 —r

r—1 n—r+4l1

[Sr,n]blk = Z Z [2Cn—a—1D6,a + CaCn—a—l] 5 r>

a=n—r f[=1

n+1
2

(7.5.19)

The boundary terms are limited by the fact that one of the subtrees has fewer
than r legs, meaning that there cannot be all » connecting paths. In the boundary
case for r < (n + 1)/2 there are a + 1 contributions rather than r, so the § index
is limited by a4 1. The limits on the o sum are given by the set of sub-trees with
fewer than r legs and hence r — 1 vertices. As shown in fig. when o <n—a—1
all of the legs of the left sub-tree contribute but only those that are r legs away from
a starting point do in the right sub-tree. This set starts with leg r —a — 1 and goes
up with 8. The a < n — «a — 1 refer to left hand boundary as shown in fig. The
right hand boundary is identical due to the left-right symmetry of sub-trees. The

total expression is

r—2 a+l1
[Sr,n]bnd =2 Z Z [Cn—a—lDﬂ,a + COCDT,1,Q+/3,”,&,1 + Cacn—oc—l]
a=0 B:l
r—2 a+l1 - .
=2 Z Z [Cr—a-1Dga +CaDr pr1n—a-1+CaCna-1] ; < 5
a=0 B:l
(7.5.20)

where to get to the final line we have summed the 5 index of the second term from

top to bottom. As with the bulk terms the » > (n + 1)/2 is identical except for
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replacing » withn+1—1r

n—r—1a+1

[Sr,n]bnd =2 Z Z [Cn—a—lDﬁ,a + Coan—l-Q—r—B,n—a—l + Cacn—a—l]
a=0 pg=1
n—r—1a+1 n+1
=2 z;) ﬁz:l [CnfaleB,a + CozDr—B+1,n—a—1 + Cozcnfozfl} ;1T < 9
a= =

(7.5.21)

where we have again used Dy, , = Dy42-m n and changed the order of the sum on

the second term. When put together the full recursion relation is

n—r r—1 nal
Z Z (2Cn*a*1Dﬁ+1,a + Cacnfafl) ;T < B
a=r—1 =0
[Sr,n]blk = re1 m—r i (7.5.22)
Z Z (QCnfaleB—i—l,a +CoaCna-1) ;7> 9
\ a=n—71 =0
r—2 « 1
2 Zoﬁz;) (Cnfozleﬁ-i-l,Oc + Ca-D’I‘—ﬂ,TL—a—l + Cacnfafl) 3T < 5
a=0 8=
[Sr,n]bnd =Y rrel o O
n
2 Z Z (Cnfale,B—s—l,a + CozDr—ﬂ,n—a—l + Cacnfozfﬂ > 9
\ a=0 =0
(7.5.23)
n—1
[S”":n]rec = 2 Z Cn—oc—ISr,a- (7524)
a=0

Note that the limits on the sums imply that

Srn =10 Vr > n. (7.5.25)

)

We combine the bulk and boundary terms to create the source (17 ,), which

seeds the recursion and sets the boundary properties. Thus the full equation becomes

n—1

Sen=Trn+2Y _ Cna-15a- (7.5.26)

a=0
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7.5.3 Next-to-Nearest Neighbours

Using the full recursion relation it is simple to obtain an expression for next-to-

nearest neighbours (r = 2)

n—1
Som = 6Cni1 — 14Cy +2C, 1 +2)  Cpoa-1520. (7.5.27)

a=0

As in section we can use a generating function to obtain a closed form for the
path lengths. Let

Sz(x) = Z ngn.%'n = Z Sg’n+1.%'n+l, (7.5.28)
n=0 n=0

where Sy g = 0 due to (7.5.25)). As before we start with Sy ,,41, multiply eq. (7.5.27)

by z"*! and sum to get

o oo o n
D Spnr1z™ = (6Cnia — 14Ch11 +2C)a" T +2) 0> " Cr0Sp0a"
n=0 n=0 n=0 a=0

(7.5.29)
Putting in a step function and summing to infinity as in eq. (7.5.10)) we obtain

6 oo o o
So(z) = . Z C’n+2x"+2 — 14 Z Cn+1xn+1 4 2z Z Cpx"
n=0 n=0 n=0

00 0
+ 2z Z Z anacnfaslal‘n

n=0 a=0
= g Clz) —2—1) =14 (C(x) — 1) + 22C(x) + 22 Y Y HyCquSp 02"
a=0g=—«
6 (o] o0
= — —_ —_ q @
—(Clx) = 1) +8 = 14C(2) + 22C(x) + 22 az:% q:Z% Cyx98y o
= 6C%(x) + 8 — 14C(z) + 22C(x) + 22C(x)Sa () (7.5.30)

where we have used ¢ = n — a on the second line and xC?(x) = C(x) — 1 (from
eq. (7.3.5))) on the final line. Collecting the Sa(z) terms on the right and applying

1 —22C(x) = v/1 — 4z (from eq. (7.3.7)) gives

_ 6C%(x) + 8 — 14C(x) + 21:(,’(3:)'

52() N

(7.5.31)
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Then using eqs. (A.2.16)), (A.2.18) and (A.2.22)), as in the r = 1 case, the final result

can be obtained

Nk

So(z) = [6(n+1)Chy1 — 14(2n+ 1)Cy, 4+ 8(n + 1)Cy, + 22(2n + 1)C ) 2™

i
o

[6(n 4+ 1)Chi1 — (200 + 6)Cp] 2" +2) (20 + 1)Cp_12”

n=1

i
o

o

[6(7”L + 1)Cn+1 — (20n + 6)Cn + 2(2n + 1)Cn71] " +6C1 — 6Cy

3
Il
—

ot

[6(n 4 1)Cry1 — (200 + 6)Cp + 2(2n + 1)Cpy_q] 2™ (7.5.32)

3
Il
i

This now gives an expression for S ,,, which can be tidied up with ((7.3.2)

Son = 6(n+1)Cpy1 — (20n+6)C,, +2(2n + 1)Cp—y

B (n—1)(5n — 2)
= —— Ch. (7.5.33)

To obtain the average path length we need to divide by the number of possible
paths, which is (n — 1)C), to get

_dn—2
2 g

(7.5.34)

In the infinite n limit Ay o = 5.

7.5.4 Larger Separations

Using the same method as above it is possible to get an expression for r = 3

(n —2)(13n2 — 18n + 2)C,,

Sy, — 7.5.35
5 (n+2)(2n — 1) ( )
Dividing through by (n — 2)C,, gives the average:
13n% — 18n + 2
Ay =20 nt (7.5.36)

’ (n+2)2n—1)
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The method can be generalised for any r given an appropriate source function 7,(z).
Starting with ((7.5.26]) and using the generating functions

00
Si(@)= > Sppa”, (7.5.37)
n=r—1
00
To(x) = Y Tpnz” (7.5.38)
n=r—1
we proceed as before,
o) 00 oo n-—1
> S = > Trpa"+2 Y Y Cna 154"
n=r—1 n=r—1 n=r—1a=0
oo 0o o0
Sr(x) = Z Tr,nxn+2 Z ZHn—a—ICn—a—lsr,axn
n=r—1 n=r—1 a=0
0o 0o oo
= ZTT,WT” + 2z Z Srat™ Z H,Cyx?
r—1 a=0 q=r—a—2
oo oo oo
= Z Trpa" 4 22 Z Sy ar® Z Cyx?
r—1 a=r—1 q=0

o0 oo
— Z Trna" + 2x Z Srar®C(x)
r—1

a=r—1

= Tr(z) 4+ 22C(2)S,(x), (7.5.39)

where on the third line we have made use of the step function H, and recalled that
Srn = 0 when r» < n so the lower limit of the o sum can be raised to match the

rest. Collecting the S, (x) terms and dividing by [1 — 2zC(x)] again gives

T-(z)

Sr(@) = 1—2xC(x)’

(7.5.40)
The issue now is finding a general form for the source, which appears to be as hard
as finding a general equation for the path lengths. It is possible to use the gener-
alised recursion relation to get a single case, but the number of terms grows rapidly
with r and it soon becomes impractical to obtain these by hand. Using algebraic
mathematics software such as Mathematica widens the scope of practicality, but a

general expression has still not been found using this method.
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7.5.5 General Solution
In additional work [I4] it was shown that the depth function D, , and the summed
path length S, ,, are very closely related

Srn=M+1—=7)Dpy. (7.5.41)

This in fact means that the average path length for a separation r is equal to the
average depth when m =r, i.e.
(n+1—7)Dyy

A = r 1o, (754

This can be observed for » = 1,2 by comparing egs. ((7.4.9) and ((7.4.19)) with ([7.5.14))
and (7.5.34). Reference [14] shows that the solution to the depth function ((7.4.59))

can be expressed explicitly without the summation as

2m(m +1)(2n —2m + 1)(2n — 2m + 3)
e (n+1)(n+2)

CpiCrmn — Cp. (7.5.43)

2r(r+1)2n—2r+1)(2n — 2r 4+ 3) C,.Cy—,

= CESVEES) oL (7.5.44)

Large n behaviour can be accessed by using the factorial form of the Catalan
numbers ([7.3.1]) along with Stirling’s approximation [172]

nl ~ V2mn (%)n (7.5.45)

For large n the Catalan numbers are therefore

1
Cp ~ ——2%", 7.5.46
" ny/nm ( )
Using this in eq. ((7.5.44) gives
L 8r(r+1)
Ao = nh_>n010 = TC’T — 1. (7.5.47)
For large r as well (0 < 7 < n) we get
64
Aroo ~ kil (7.5.48)
™
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Figure 7.11: Graphical representation of the equivalence between leaf-to-
leaf path length on a Catalan graph with n = 3 nodes and a rooted path
connecting the same nodes created by deforming the tree. (a) All possible
paths on a particular tree are shown, paths with separation r are mapped
to depths in trees with m = r. The thick green line denotes the path. (b)
Example of the degeneracy of rooted paths, showing the (n —r + 1) = 3
cases where n = 3 and r = 1 that map to the same rooted tree.

hence the asymptotic behaviour of the path lengths follow a square root in 7.
There is a simple geometric interpretation of the result of . For
example, take a leaf-to-leaf path and deform the tree such that the left hand leaf is
above the root, making the first vertex the new root (a physical example is given
in appendix . Now it is clear that any path with separation r can be expressed
as a leg depth with m = r, as shown in fig. [7.11)(a). As the set of Catalan trees is
complete in the sense that all possible binary trees are part of the set of Catalan
trees, the newly deformed tree is also one of the set. By observation in, for example,
fig.[7.11|(b), one can see that (n—r+1) paths map to each unique rooted tree depth.
The degeneracy coming from the number of possible vertices to the right of the right
hand leaf, which can be the original root, highlighted in fig. by the dashed edge.
The complete set of paths and their corresponding leaf depths are given in appendix
[A4 Figure plots A, , against r for various values of n. The form of the plots
are similar to those of tSDRG in chapter [5|in that they have a point beyond which
the average path length gets shorter, which was not seen in the case of the complete
trees of chapter @ The asymptotic form is however very different from that

found for the complete trees exhibiting a square root form rather than logarithmic
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Figure 7.12: Average length of a leaf to leaf path A,, versus separation
r for n = 50 (solid black line), 100 (solid red), 200 (solid blue) and large
n = 5,000 (dashed black line), 10,000 (dashed red), 20,000 (dashed blue).
The solid green line denotes A, , the dotted line corresponds to r while the
dashed-dotted line shows the corresponding result of chapter [6] for complete
binary trees (c.b.t.).

dependence on 7. Furthermore the Catalan trees have a different path structure to
those generated by tSDRG, which also have a logarithmic asymptotic scaling. This
in turn means that when increasing r the average path length increases much more
rapidly in the case of Catalan trees. This is shown in fig. by comparing the
green (A, o) line with the dashed-dotted line for complete binary trees. The reason
for the much larger average path length is due to the fact that the complete binary
is the most compact that a tree of n vertices can be. The Catalan trees have many
more variants that are often more extended, even to the maximal case where a path

can contain all n vertices.

7.6 Random Binary Trees

In this section we numerically calculate the average leaf-to-leaf distance A;’fn of all
possible pairs of leaves of separation r in a random binary tree with n vertices. The
random trees are constructed from the ground up, that is starting with L = n + 1

leaves and inserting vertices that join two neighbours until the root node. The
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Figure 7.13: A complete set of random binary trees for n = 1,2 and 3
(L = 2,3,4). Circles and lines are as in fig. Notice that unlike the
Catalan trees in fig. the centre two trees with n = 3 have the same
structure and are therefore degenerate.

structure can then be defined by a vector that gives the order in which the vertices
can be placed, in much the same way as the order vector described in chapter
The trees are random in the sense that the vector that defines their structure can
be generated randomly from the n! different permutations of the structure vector.
This full set of trees is different to the Catalan trees in that there can be two vectors
that create the same structure despite constructing the tree in a different order, as
shown in fig. [7.13] This degeneracy changes the average path lengths in the trees.

For small n it is possible to generate all n! permutations, shown in fig.[7.14{(a),
while for large n, fig. [7.14(b), we average over a finite number N < n! chosen
randomly. We see in fig.|7.14{a) that, similar to the complete binary trees considered
in chapter [ the path lengths increase approximately logarithmically with r until
they reach a maximal value. Like the paths in the Catalan trees, the path length
decreases rapidly beyond this maximal value. We also see that when we choose
10,000 random binary trees from the 10! = 3,628, 800 possible trees at n = 10 the
average leaf-to-leaf distance for each r is distinguishably different from the average
over all possible permutations. This suggests that rare tree structures are quite
important.

In fig. b) we nevertheless show estimates of Afn for various n for 500
randomly chosen trees. As before, the shape of the curves for large n is similar to
those for small n, with the asymptotic logarithmic scaling more apparent. For these
larger values of n the path lengths are now longer than those of the complete tree,

where they are shorter in fig. [7.14(a).
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Figure 7.14: (a) Average leaf-to-leaf path length through a random binary
tree connecting two leaves of separation r averaged over all possible trees
for n = 8,9 and 10 (solid symbols, lines are guide to the eye only). The
open symbols (dashed line guide to the eye) refer to an average over 10000
randomly chosen trees from the 10! possibilities for n = 10. The grey crosses

(x) and line correspond to Jasd (r) from the complete binary trees in chapter
6] (b) Average leaf-to-leaf distance constructed from 500 randomly chosen
binary trees with n = 99, 499 and 999 (dashed lines). The open symbols
(o) denote the first 10 data points. The closed symbols (red e) and the solid
line correspond to the L = 10 data from (a). The grey line corresponds to

Eg%)(r) as in (a). Error bars have been omitted in (a) and (b) as they are
within symbol size.

7.7 Conclusion

In this chapter we continue the analysis of the structure of TTNs using graph theo-
retic techniques. We find an analytic expression for the average path length between
two leaves of a Catalan tree when averaged over all possible pairs of leaves and all
possible trees. The average path length for separation r is found to be identical to
the average depth of a leaf with m = r. Figure[7.15|shows that the form of the path
lengths in Catalan trees is very different from those found in tSDRG (chapter [5) and
complete binary trees (chapter @, exhibiting a square root asymptotic behaviour
rather than a logarithmic one. When constructing the trees according to a random
vector as described in section [7.6] which allows degeneracy of the tree structures,
the logarithmic asymptotic form is recovered, but is still not identical to the tSDRG
results. Therefore it is clear that the set of trees under consideration plays a crucial
role in the form of the average path length and can alter their asymptotic form.
The selection process performed by the renormalisation group plays a critical role
in choosing the trees that make up the set in tSDRG.

Upon completion of the work on Catalan trees and writing of this thesis

166



3 0 T T

tSDRG
Catalan
Random
Complete

251

20

L L1 1 ‘
01 100

Figure 7.15: Comparing the leaf-to-leaf path lengths of the various trees
studied thus far, all with L = 150 apart from the complete binary tree
where we show the infinite limit. The red line gives path lengths from 2000
disorder realisations of tSDRG (from fig. [5.11). The blue line shows the
average path length from Catalan trees using eq. . The green line
is the average path length for 10000 random binary trees as discussed in
section |7.6, The black line is Eg%) (r) from the complete binary trees in

chapter @

chapter we learned of a proof of the average depth of a leaf of position m (eq.
(7.5.43))) by Kirchenhofer [173| 174] and a generalisation to all statistical moments
[175]. We have so far been unable to obtain refs. [I73, [174], but the methods outlined
in this chapter are distinct from those used in [I75], whilst finding the same result.
However, to the best of our knowledge, the discussion of the leaf-to-leaf path lengths

is still novel.
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Chapter 8

Summary and Outlook

8.1 Summary

To summarise, this thesis attempts to provide a pedagogical introduction to the field
of tensor networks, particularly for use on disordered quantum many-body systems.
The discussion of geometry and tensor networks is not new to this work, but we
extend the discussion from regular, translationally invariant networks to those with
more complex structures where the geometry is based on the random nature of the
underlying model. We also provide examples of the effect of the geometry, which
we believe are missing from the more conceptual papers on this subject.

The basic concepts of tensor networks were introduced in the context of an
MPS-based DMRG algorithm. The diagrammatic notation that is common within
most tensor network papers and talks was introduced and utilised throughout. The
notion of contraction, reshaping and SVD, which are the fundamental actions that
can be performed in tensor network algorithms, were discussed in the hope that
the reader might use them to write their own routines should they wish. A general
approach to the construction of MPO-based Hamiltonians was introduced with var-
ious examples given. The method by which DMRG is performed on MPSs is shown
for the case of the spin-1/2 Heisenberg model. This method is at the heart of many
modern DMRG algorithms for example the ITENSOR packages [79] used in chapter
We used the newly gained knowledge of DMRG to perform a detailed analysis of
the phase diagram of the disordered Bose-Hubbard model. Because DMRG encodes
the entanglement properties of the wavefunction, we use this as a general observable
to obtain the phase throughout the entire phase space without having to perform
multiple runs for every realisation.

We discuss the area law, which explains why DMRG works so well in cer-
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tain situations and poorly in others [97]. The arguments are based on geometry,
suggesting that DMRG is a special case within a wider range of tensor network
states and that the structure of the network plays an important role in its success.
The extension of the area law to critical systems highlights the connection between
tensor networks and holographic field theories based on AdS/CFT [44]. In light of
these holographic principles, we give examples of more appropriate tensor networks
that can be used for critical and two dimensional systems.

In chapter |5 we reformulate the numerical SDRG of Hikihara [124] for the
disordered spin-1/2 Heisenberg model in terms of a tensor network. This approach
traces out a TTN where the position of the tensors is determined by the disor-
der in the Hamiltonian rather than placed by hand as in all other tensor network
approaches. It is known for the disordered spin-1/2 Heisenberg model that upon
disorder averaging an effective CFT emerges. We suggest that the logarithmic scal-
ing of entanglement and power law decay of correlations are due to the holographic
nature of the wavefunction.

For the regular and translationally invariant tensor networks it is clear what
form the asymptotic average correlation function should take. For MPS it is simply
the number of sites between the two points of the correlation function; for MERA
there is a logarithmic scaling; for TTNs it is not so clear. The structure is not
translationally invariant and there are holographic structures that mean that for
a given separation there are many different path lengths that contribute to the
average. We analyse the complete binary tree graph as it has the same structure as
the regular TTN. We make a restriction that the leaves of the tree are fixed in an
order that mimics a one dimensional lattice and calculate the average path length
as a function of leaf separation. This result is generalised for m-ary splittings and
all statistical moments. The discussion of the structure of TTNs continues with the
Catalan trees which is the set of all unique binary trees with n internal vertices. We
again make the restriction that the leaves form the one dimensional lattice. We find
an analytic form for the depth of a lattice point m as well as the average path length
for separation 1,2,3. It was shown by Jon Fellows and co-authors in [14] that the
general form for the average path length of separation r is identical to the average
leaf depth at position m = r. The asymptotic form of the path lengths of complete
trees, Catalan trees and randomly generated trees are compared with the results of
the tSDRG trees to conclude that the choice of trees in the set plays a crucial role

in the form of the resulting average correlation function.
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8.2 Outlook

The use of tensor networks within the fields of condensed matter physics and quan-
tum information theory is becoming ever more common. MPS-based DMRG is
widely believed to be the most accurate method of numerically modelling one dimen-
sional systems and it is being applied in increasingly complicated scenarios [2], [30].
Projected entangled pair states (PEPS) are being used both as a numerical method
and as an analytic platform to uncover topological properties of matter [104, [105].
MERA and holographic tensor networks have become a useful tool within high en-
ergy physics and are being applied in linking entanglement with gravity in string
theory [176].

There are many ways that tensor networks can aid the study of disordered
systems. Although DMRG is in some ways imperfect for the modelling of disor-
der, it is so efficient that much can still be learned by applying it. Beyond the
Heisenberg and Bose-Hubbard models discussed in the thesis, there are still a myr-
iad of possible Hamiltonians that can be examined with DMRG. A current area of
intense research is many-body localisation (MBL), the generalisation of Anderson
localisation to interacting many-body systems [I77]. It is believed that the area law
holds for all excited states in systems with MBL up to some mobility energy, unlike
gapped quantum systems where only the ground state is area law satisfying [178].
This in principle should allow for an efficient MPS representation, and therefore ac-
curate DMRG simulation, of any state in a one-dimensional MBL spectrum. Strong
disorder renormalisation techniques such as tSDRG can be used as high precision
methods when disorder is strong. The method should be accurate for use with the
FM/AFM disordered spin-1/2 Heisenberg model where large effective spins would
be created as the renormalisation progresses [124]. Beyond spin-1/2 there have been
exciting discoveries in disordered spin-3/2 Heisenberg systems, where the rich phase
diagram contains topological phases as well as spin doublet and triplet phases [179].
It would be fascinating to uncover the optimal tensor network geometries in these
situations.

More generally we would like to be able to construct an algorithm that can
decide on the best network geometry for any system under consideration. Cur-
rently the geometry in most tensor network approaches is set by hand using prior
knowledge of the model. In a network that can self optimise the structure, the final
geometry can become a resource for learning about the properties of the wavefunc-
tion. Perhaps with these ideas, truly scalable two and three dimensional tensor

network algorithms may be a possibility with and without disorder.
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Appendix A

Proof of Catalan Number

Equations

A.1 Changing the Order of the Sum

It is possible to change the order in which a sum is performed, i.e. instead of counting
the indices upwards from some lower limit, count down from the upper limit. It is
trivial to perform this change, but can be useful in simplifying certain sums. The

general form is

B B
Zl‘i = Z To+p—i - (A].].)
= =«

A.2 Catalan Number Relations

The following expressions are frequently used throughout the chapter, this section

gives proofs for them. The generating function for the Catalan numbers satisfies

1

C(x) = T=2C() (A.2.1)
Proof Starting with eq. isolate one C(x)
xC*(z) —C(z)+1=0 (A.2.2)
C(x)[l —zC(x)] =1 (A.2.3)
1
C(x) = =) [ | (A.2.4)
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C%(z) can be expressed as

Cix) =) Cppra”™. (A.2.5)
n=0

Proof Starting from

= Z Cpirz® B (A.2.6)

The following two expressions are extensions of Segner’s relation ([7.2.1]) and

are used in the derivation of the nearest neighbour (r = 1) path lengths

n

(n+1)Cny1=> (2¢+1)CyCryq. (A.2.7)
q=0

Proof Using Segner’s relation, the right hand side can be written as a square of
terms that takes into account the degeneracy given by (2g 4+ 1). This can be easily
seen by first considering degeneracy (¢ + 1)

n

D (g4 1)CyChg = CoCh + C1Cp1 + CoChg + - -+ +CpCyy
q=0

4+ 0 +C1Ch1+0C5C, 9+ ---+C,,Ch
+ 04+ 0 +CCo+---+CoCh... (A.2.8)

This multiplied by two completes this square but double counts the terms along the
diagonal, which need to be removed. The complete square is clearly (n + 1) copies

of Segner’s relation.

(n+1)Cnp1 =2 (¢+1)CqCnyg— >  CqCnyq (A.2.9)
q=0 q=0
=Y (2¢q+1)C,Cry N (A.2.10)
q=0
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A similar related expression is

(2n+1)C, = zn:(q +1)CyChyg. (A.2.11)

q=0
Proof Starting with Eqn. (A.2.9)), noticing that the final term is just Segner’s
relation for Cj41

n

(n+1)Cn1 =2 (¢+1)CqChg — Cuta (A.2.12)
q=0
n+2)C, -
(2)“ =Y g+ 1)C,Cry. (A.2.13)
q=0

Using the recursion relation gives

n

(n+2)22n+1) ,
sy Cn= q;)(q +1)0yChyg (A.2.14)
2n+1)Ch=> (¢+1)CeCryq ® (A.2.15)
q=0

In the derivation of the r = 1 path length (eq. (7.5.11))) it is necessary to
simplify various expressions involving 1/(v/1 — 4z).

m Z (a+1)C (A.2.16)
Proof
i(a + 1)Cpz® =C(x) + {L‘QC(SU)
= “ Ox
_ —\/1—493_'_ 1 _1—\/1—433
N 2z v1—Adzx 2z
1
= | A2.17
Vv1—4x ( )

This result is then used for the other parts of eq. ([7.5.13))

1 = 436 Z (2n +1)C, (A.2.18)
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Proof

Coz® Y (B +1)Ca”
m Z ﬁz% ’

=0

(B4 1)CoCoa®th
a,B=0
=> ) (B+1)CrpCpa™ (A.2.19)
n=0 =0
=> @2n+1)Cpz” W (A.2.20)

where in the last line we have used Finally

m Z n+1)Cpyp12". (A.2.21)

Proof Starting with eq. (A.2.18)

C(z) ()< C(z) )
\/1—41‘ V1 —4x
Z 225—1—1051‘
0 —

o0

= ) (284 1)CaCpat
a,=0

— Z Z 20 + 1 n_gcgl‘n

n=0 =0
[ee]
=Y (n+1)Chyiz” N (A.2.22)

where in the last line we used [A.2.71

A.3 Left-Right Symmetry of the Depth function

As mentioned in section the depth function (7.4.21) is left-right symmetric
such that D, ,, = Dpio—mn. Proof In the same way as eq. (7.4.21)), a recursion
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Figure A.1: A Catalan tree with n = 7 constructed out of string. The path
with r = 3, highlighted by the blue leaves can be deformed so that one leaf
sits above the root node and the other is at m = 3. The dashed red edge
denotes the root node.

relation can be found for the pth leg from the right

n—p n—1
Dn+2fp,n =Ch + Z Dn—k—p+1,n—k—1Ck + Z Dn+2—p,kCn—k—l- (A31)
k=0 k=n—p+1

The first sum is where the (n + 2 — p)th leg is (n — k — p + 1) in the right sub-tree.
The second sum is where the left sub-tree is large enough to have n + 2 — p legs.

The degeneracies are given by the number of trees in the opposite block as before.
Setting m = n + 2 — p recovers eq. ([7.4.21]) as desired. B

A.4 Relationship Between Path Length and Leaf Depth

A neat way of visualising the connection between path lengths and leaf depths is by
constructing a physical tree, in fig. [A-1] out of string, and deforming it. In this way
all leaf-to-leaf paths can be mapped to leaf depths. Figure shows all possible
leaf-to-leaf paths and their corresponding leg depths for the set of Catalan trees
with n = 3.
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Figure A.2: All leaf-to-leaf paths and their corresponding leaf depths for
all Catalan trees with n = 3. Symbols and lines as in fig. [7.1] apart from
the dashed line that denotes the edge that would connect to the root from
above.



Appendix B

Word Cloud

Figure [B.1]is a diagrammatic representation of the frequency of use of words in this
thesis, known as a word cloud, created using the Wordle applet [I80]. It gives an
interesting and fun way of summarising the key ideas within the text, but is no

substitution for actually reading it!
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appears, larger words appear more frequently.
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